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1 Introduction 

Faster, higher, further – continuous improvement is the guiding principle of all technologies. 

Since the beginning of mankind, new technologies are meant to facilitate human’s life. As 

technological advances grow worldwide, so does the demand for scarce and exhaustible raw 

materials. Sustainability is therefore a term of rising importance. Besides the thrust toward 

renewable energies, development and use of energy-efficient technologies help to protect the 

environment. This represents a major challenge for all scientists due to considerably increased 

requirements for novel and already existing technologies.  

Both the automobile and electric light are revolutionary inventions of the 19th century. Since they 

represent large energy consumers, it is necessary to improve their ecological footprints. In the 

automotive sector, carbon emission as well as the use of fossil fuels shall be reduced by 

switching from internal combustion engines to electric vehicles, which will be charged with 

renewable energies. At the end of 2015, 1.26 million electric cars had already been registered 

worldwide. This is about twice as much as in 2014, and according to government officials this 

number should further be increased to 20 million electric cars by 2020.[1] In case of electric light, 

high potential for savings is seen for the replacement of inefficient incandescent light bulbs. In 

this light source, approximately 90% of the energy is lost in the form of heat and only remaining 

10% is converted into visible light.[2] Compact fluorescent lamps and light-emitting diodes (LEDs) 

represent energy-efficient alternatives and are commercially available since several years. 

Although LEDs have previously been of no importance for general illumination purposes, 

compact fluorescent lamps are currently more and more displaced by them. Due to their efficient 

conversion of electric energy into visible light, their exceptional durability and environmental 

friendliness, LEDs are meanwhile seen as the light sources of the future. According to an energy 

savings forecast given by the United States Department of Energy, a 75% reduction in energy 

consumption in the lighting sector by 2035 is predicted by using LEDs instead of incandescent 

light bulbs. This corresponds to the current energy consumption of approximately 45 million U.S. 

households.[3] 

Solid-state materials play an important role in many novel technologies, including innovations for 

electric vehicles and lighting.[4,5] Materials scientists and solid-state chemists deal with 

syntheses, comprehensive structural characterizations and materials property investigations of 
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novel compounds. Especially, the compound class of nitrides has gained significant importance 

over the last decade. Li-containing nitrides may find application as solid-state electrolytes in Li-

ion-batteries[6-8] with a possible use in electric vehicles. Thoroughly investigated Li2SiN2 is one 

example of a lithium nitridosilicate exhibiting Li-ion conductivity.[8-10] Regarding lighting industry, 

several nitrides show luminescence properties upon doping with rare earth ions like Eu2+ or Ce3+, 

and are applicable as luminescent materials in phosphor-converted light-emitting diodes (pc-

LEDs).[11-18] However, syntheses and handling of nitrides are fairly challenging. When exposed to 

air or moisture, most nitrides are easily hydrolyzed and oxidized. As a consequence, all 

manipulations have to be done under strict exclusion of oxygen. This behavior can be explained 

by the stability of chemical bonds and the differences in dissociation energies of O2 

(498 kJ·mol−1) and N2 (945 kJ·mol−1).[19] Because chemical bonds to oxygen are typically more 

stable than chemical bonds to nitrogen, most solid oxides are more stable than solid nitrides. 

Furthermore, because of the higher dissociation energy of N2 compared to O2, and unless a high 

degree of condensation within the nitride kinetically prevents dissociation, nitrides decompose 

more rapidly with the loss of N2 upon heating than oxides. 

Two classes of nitrides turned out to have a huge impact on technological developments, 

namely nitridosilicates and nitridoaluminates.[20,21] The crystal structures of both compound 

classes are usually described as nitridometallate anions, charge balanced by electropositive 

ions, for example, alkaline earth metal ions. In almost all cases, nitridometallate anions consist 

of SiN4 or AlN4 tetrahedra, which may be connected through common vertices or edges, by 

forming more- or less-condensed anionic frameworks. This leads to diverse structural 

possibilities, considerably more than for oxosilicates, which exhibit, except fibrous SiO2,
[22] only 

corner sharing SiO4 tetrahedra. Nevertheless, the existence of fibrous SiO2 has not yet been 

confirmed unequivocally. Structural motifs similar to nitridosilicates and nitridoaluminates can be 

found in closely related compound classes of nitridogallates and nitridogermanates. 

Nitridogallates derive from the binary nitride GaN and their crystal structures are made up of 

GaN4 tetrahedra with Ga in oxidation state +III. These may be linked through common corners 

and edges resulting in anionic substructures of infinite chains (e.g. Ba3Ga3N5),
[23] layers (e.g. 

Ca3Ga2N4)
[24] or three-periodic networks (e.g. Sr3Ga3N5).

[24] Moreover, nitridogallates containing 

isolated GaN3 units are known (e.g. Ca6GaN5).
[25] Alkaline earth metal ions thereby act as 

counter ions and are distributed among the voids of the anionic networks. Deviating from 

oxidation state +III, Ga may also occur in metallic CaGaN [26] with layers made up of Ga atoms, 
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the subnitride (Ca7N4)[Gax] 
[27] with linear chains of Ga atoms, in the Zintl phase Ca5Ga2N4,

[28] 

and in clusters like (Ba6N)Ga5.
[29] 

The importance of Ga-containing compounds has increased significantly since the investigations 

of InGaP, GaAsP, or AlGaAs, which represent solid-solutions of III-V-semiconductor materials 

that are technologically important for LEDs.[30] Based on the findings about electroluminescence 

by Henry J. Round in 1907 [31] and Oleg Losev in the mid 1920s,[32,33] the first LEDs in the visible 

using GaAsP as semiconducting red emitting material have been developed by Holonyak et al. 

in 1962.[34] Nowadays, GaN, especially its ternary alloys InGaN and AlGaN, find application as 

blue emitting semiconductor materials in high-performance pc-LEDs.[30,35-38] Prerequisite for this 

invention was the synthesis of high-quality GaN single crystals, which represented a major 

challenge for many years and has not been possible until the development of new crystal growth 

techniques like Metal Organic Vapor Phase Epitaxy (MOVPE) in the 1970s.[39-42] Besides, there 

are some nitridogallates known from literature that show luminescence in the visible region upon 

doping with Eu2+, even though the band gaps for nitridogallates are generally expected to be too 

small. The reason why these nitridogallates, namely, Mg3GaN3:Eu2+ (λmax = 578 nm),[43] 

Ba3Ga3N5:Eu2+ (λmax = 639 nm),[23] and Ba[Mg2Ga2N4]:Eu2+ (λmax = 649 nm)[44] do not find 

application as LED phosphors yet is the fact that they were obtained only as side phases during 

synthesis. Because of their promising luminescence properties, succeeding in optimizing 

synthesis would open up prospects for their application in pc-LEDs.  

Analogous structural motifs of nitridogallates can also be found in the class of nitridogermanates. 

They are made up of either isolated GeN3 triangles or GeN4 tetrahedra with Ge in oxidation state 

+IV. GeN4 tetrahedra may be linked through common vertices and edges, by resulting in more- 

or less-condensed anionic substructures, which are charge balanced by alkaline earth metal 

ions. In contrast to nitridosilicates, the field of nitridogermanates is quite unexplored so far. To 

the best of our knowledge, only six ternary compounds are known to date, namely, CaGeN2,
[45] 

Ca4GeN4,
[46] Ca7GeN6, Sr7GeN6,

[47] Sr5Ge2N6,
[48] and Ba9Ge3N10.

[49] All of these, except for 

CaGeN2, exhibit non-condensed anionic substructures containing isolated [GeN3]
5− triangles 

(Ba9Ge3N10), isolated [GeN4]
8− tetrahedra (Ca4GeN4 and M7GeN6) or [Ge2N6]

10− double 

tetrahedra (Sr5Ge2N6). A higher degree of condensation can be found in CaGeN2, and in 

quaternary nitridogermanates, of which only five are known. Sr3MgGeN4 
[50] and Ba3MgGeN4 

[51] 

exhibit infinite chains of alternating MgN4 and GeN4 tetrahedra; Sr[Mg3GeN4] 
[52] exhibits a three-

periodic anionic network made up of (Mg,Ge)N4 tetrahedra with mixed occupancy Mg/Ge. The 

Li-containing quaternary nitridogermanate Ca13Li4Ge6N18 
[53] is made up of infinite chains of 
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corner-sharing GeN4 tetrahedra, interconnected by chains of corner-sharing [Li2N6] ‘bow tie’ 

units. Furthermore, Sr3Li4Ge2N6 
[54] as the fifth example of quaternary nitridogermanates, exhibits 

non-condensed [Ge2N6]
10− double tetrahedra, and corner- and edge-sharing [Li2N6] ‘bow tie’ 

units. Layered nitridogermanates are not known to date. 

Further structural motifs beside GeN4 tetrahedra can be found, for example, in the ternary 

compounds M3Ge2N2 
[55,56] and M6Ge5N2 

[57] (M = Sr,Ba). Thereby, Ge occurs in oxidation states 

−II and +II, by forming infinite zigzag chains of Zintl anions Ge2−, and dumbbell-shaped anions 

[GeIIN2]
4−. As illustrated by the example of Sr11Ge4N6,

[58] which is composed of [Ge−IVN2Sr7]
4+ 

antiperovskite-type slabs and [Sr4Ge−IV]4+ layers, separated by sheets of [GeIIN2]
4− ions, Ge may 

also occur in oxidation state –IV and is thereby solely coordinated by metal ions. 

Elemental Ge is a semiconductor and finds application in transistors, optical devices, and in 

special alloys. The germanate Mg2GeO4 shows red emission upon doping with Mn2+, or 

Eu3+.[59,60] Luminescence of rare earth-doped nitridogermanates has not yet been observed. Due 

to the close structural relations to nitridogallates, -aluminates, and –silicates, basic research on 

novel nitridogermanates and accompanying structure elucidation is of great interest regarding 

their transferability to other compound classes, which may exhibit promising luminescence 

properties upon doping, for example, with Eu2+. Especially, quaternary compounds are in the 

focus of research, because they are expected to be more stable due to their hitherto observed 

higher degree of condensation. 

Syntheses of both classes of nitrides, nitridogallates and nitridogermanates, were typically 

performed using the NaN3 route. Therefore, pure elements as well as NaN3 and Na were sealed 

under inert conditions in Ta or Nb ampules. The reaction mixture was heated up to 

approximately 760 °C, held for a few hours and subs equently cooled down with slow cooling 

rates. During heating, NaN3 decomposes, by generating an increased nitrogen pressure within 

the reaction vessel. Na acts as flux (melting point 97.8 °C; boiling point 881.3 °C) [61] and helps to 

enhance diffusion rates of the solid-state reaction.[62] Moreover, the formation of nitrides is 

facilitated by addition of alkaline earth metal ions, which are able to increase solubility of 

nitrogen in liquid sodium.[63] Slow cooling rates encourage crystal growth of the products. 

The NaN3 route has become established because solid-state reactions generally show low 

diffusion coefficients and would require long reaction periods. This could be accelerated by 

increasing the reaction temperature, which is limited by decomposition of nitrides through the 

loss of N2, or by using a flux. Important factors for the choice of the flux agent are a low melting 
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point, ideally accompanied by a high boiling point, inertness to starting materials and products as 

well as removability after synthesis. Especially Na can easily be separated by evaporation at 

320 °C under vacuum. 

Unlike nitridogallates and nitridogermanates, there are plenty of synthesis routes that have been 

established for nitridosilicates.[20] Classical reactions were high-temperature reactions of binary 

nitrides at approximately 1700 °C, which are essent ial regarding high chemical and thermal 

stability of Si3N4. Because high-temperature reactions will mostly lead to thermodynamic 

products, the number of possible novel nitridosilicates using this method is limited, and new 

synthetic approaches had to be developed. These include precursor routes, by using, for 

example, alkaline earth metal amides and silicon diimide Si(NH)2 
[21,64] as reactive starting 

materials, flux methods, by using liquid Na or Li in combination with respective alkaline metal 

azides (NaN3 or LiN3),
[18,65] solid-state metathesis reactions, by using a reactive flux and 

coproducing a metathesis salt as driving force of the reaction,[66] and also ammonothermal 

syntheses in supercritical ammonia at elevated temperatures.[67] Nowadays, high-quality bulk 

GaN crystals, which represent the basis for several current technologies, are accessible by the 

ammonothermal technique.[68] 

The objectives of this thesis were synthesis, identification and structural characterization of novel 

nitridogallates, nitridogermanates and nitridosilicates. In order to investigate luminescence 

properties of resulting materials, 1-3 mol% Eu2+ were added as dopant to each synthesis 

approach. For nitridogallates, the emphasis lied on the development of new synthetic strategies 

in order to obtain novel quaternary compounds with high yields of the reaction product. For 

nitridogermanates and nitridosilicates, the main focus was on synthesis of novel Mg-containing 

compounds and their luminescence properties upon doping with Eu2+. Syntheses were 

performed either in weld shut Ta ampules in tube furnaces, or also in W crucibles, which were 

placed in a radio-frequency furnace and heated under N2 atmosphere. Different analytical 

methods helped to identify and characterize the reaction products. Therefore, energy-dispersive 

X-ray (EDX) spectroscopy was employed for quantitative and qualitative analyses. X-ray 

diffraction on powders and on single crystals was applied for structural elucidation. Calculations 

of bond-valence sums and of the Madelung part of the lattice energy, as well as electron 

microscopy was applied to confirm the structural models obtained from X-ray diffraction analysis. 

A luminescence microscope was applied to determine the remarkable luminescence properties 

of the presented nitridosilicate, which indicates its possible application as optical material in 

specialized fields.  
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2 Nitridogallates and Nitridogermanates 

2.1 Introduction 

The chemistry of Mg-containing nitridogallates and nitridogermanates is quite unexplored and 

only a small number of compounds have yet been reported in literature. These include the 

homeotypic compounds Sr[Mg2Ga2N4],
[1] Ba[Mg2Ga2N4] 

[2] and Sr[Mg3GeN4] 
[1] as well as the 

isotypic nitridogermanates Sr3MgGeN4 
[3] and Ba3MgGeN4.

[4] Because Mg and Ga, or Mg and Ge 

are part of the anionic tetrahedral network, the compounds can be more appropriately classified 

as nitridomagnesogallates and nitridomagnesogermanates. Whereas the latter two, Sr3MgGeN4 

and Ba3MgGeN4, exhibit chains of edge-sharing MgN4 and GeN4 tetrahedra in an alternating 

manner, the other compounds show disordering of tetrahedrally coordinated ions Mg2+/Ga3+ or 

Mg2+/Ge4+ within its three-periodic anionic substructures. Mixed occupation of network-building 

ions is also known from other compound classes, e.g. nitridoalumosilicates (CaAlSiN3)
[5,6] or 

nitridomagnesosilicates (Sr[Mg3SiN4]).
[7] One further Mg-containing compound is the ternary 

nitride Mg3GaN3.
[8] It contains both, MgN4 and GaN4 tetrahedra, which are connected via 

common corners and vertices. Due to the resulting uncharged tetrahedral network and its strong 

relationship to the binary nitrides Mg3N2 and GaN, Mg3GaN3 has to be designated as a double 

nitride of Mg and Ga instead of a nitridomagnesogallate. 

In the following, numerous novel Mg-containing nitridogallates and –germanates are presented. 

The first part of this chapter deals with the layered nitridomagnesogallates CaMg2GaN3 and 

CaMg2Ga2N4. Both compounds were synthesized by solid-state metathesis reactions, which 

represent a new synthetic approach for nitridogallates. The crystal structure of CaMg2GaN3 is 

isotypic with previously reported nitridomagnesoaluminate CaMg2AlN3 
[9] and homeotypic with 

Ca2Mg5GeN6, a novel nitridomagnesogermanate, which is thoroughly described in the second 

part of this chapter. The crystal structure of CaMg2Ga2N4 resembles that of CaMg2GaN3, with a 

slightly modified composition of layers. TEM investigations also provide indications of formation 

of composite crystals. The third part of this chapter includes a detailed description of the 

structurally related compounds Ca4Mg5Ge3N10 and Sr2Mg3GaN4.33. Its crystal structures are 

homeotypic with Ca2MgGa3N5 and represent higher condensed variants of the widely known 

MII
2Si5N8 (MII = Sr,Ba)[10] type of structure. Because several nitridosilicates as well as 

nitridogallates show interesting luminescence properties when doped with rare earth ions, the 
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Eu2+-doped nitridomagnesogermanate Ba[Mg3GeN4]:Eu2+ has been synthesized for 

luminescence investigations. Its crystal structure as well as theoretical calculations of electronic 

properties allow for comparison of Ba[Mg3GeN4]:Eu2+ with other compounds isostructural to 

UCr4C4. Results are summarized in the last part of this chapter. 
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Abstract: The quaternary nitrides CaMg2GaN3 and CaMg2Ga2N4 were synthesized by means of 

solid-state metathesis reactions. The crystal structures of both nitridomagnesogallates contain 

layers made up of either tetrahedral MN4 units (CaMg2Ga2N4) or both tetrahedral MN4 units and 

planar MN3 triangles (CaMg2GaN3) with mixed occupation of central atoms Mg and Ga. 

CaMg2GaN3 was obtained as a gray powder. Its crystal structure was determined on the basis of 

X-ray powder diffraction data [P63/mmc (no. 194), a = 3.43093(8) and c = 17.3989(5) Å, 

V = 177.368(9) Å3, Z = 2]. The compound is isotypic 

with CaMg2AlN3 and homeotypic with Ca2Mg5GeN6, 

ScAl3C3 and UAl3C3. The crystal structure of 

CaMg2Ga2N4 [�3��1(no. 164), a = 3.3859(3), 

c = 11.2378(11) Å, V = 111.57(2) Å3, Z = 1] was 

determined from single-crystal X-ray diffraction data 

and corroborated by Rietveld refinement. TEM 

investigations confirmed the metrics of both crystal 

structures and indicate the presence of both 

compounds as side products within one reaction 

batch. Structural similarities between CaMg2GaN3 

and CaMg2Ga2N4 are discussed. 
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2.2.1 Introduction 

The binary nitride GaN is an important direct wide-band-gap semiconductor and thus 

technologically useful. When doped by electropositive metals like Mg2+ or Zn2+ (p-doping), GaN 

shows electroluminescence resulting from the recombination of electrons and holes in a p-n-

junction. The p-doping of its ternary alloys InGaN as well as AlGaN is of fundamental importance 

for highly efficient blue light-emitting diodes (LED), and is key for LED-based lighting 

technologies.[1-5] 

In general, the structures of nitridogallates are derived from GaN and contain GaN4 tetrahedra 

as structural motifs. These tetrahedra may be linked through common corners and/or edges to 

form anionic substructures of infinite chains, layers, or three-dimensional networks. In addition, 

trigonal-planar GaN3 units occur in nitridogallates.[6-9] 

There is a close structural relationship between nitridogallates, nitridoaluminates, and 

nitridosilicates as illustrated by the structurally related compounds MMg2Ga2N4 (M = Sr,Ba),[10,11] 

MLiAl3N4 (M = Ca,Sr),[12,13] or MMg3SiN4 (M = Ca,Sr,Ba).[14,15] Unlike nitridogallates, the number 

of known quaternary or higher nitridoaluminates and nitridosilicates has increased significantly in 

the past few years. A possible reason for this may be the broad spectrum of synthetic 

approaches in the cases of nitridosilicates and nitridoaluminates (see below) that have been 

developed.[16-25] The classical reactions using binary nitrides (e.g. Si3N4 or AlN) as starting 

materials require high temperatures of 1550-1750 °C  because of the high chemical and thermal 

stability of both nitrides and the low diffusion coefficients in solid-state reactions.[22,23] To reduce 

the reaction temperature, new synthetic approaches leading to ternary or quaternary 

nitridoaluminates and nitridosilicates had to be developed. These include precursor routes 

(unreactive starting materials are replaced by reactive ones), flux methods (employment of liquid 

metals like sodium or lithium, which are able to dissolve a variety of metals), and solid-state 

metathesis reactions (reduction of the ignition temperature by using a reactive flux). None of the 

aforementioned synthetic approaches have been reported for nitridogallates so far. Syntheses of 

ternary or quaternary nitridogallates have been exclusively described by employing the NaN3 

route.[10,26-29] For this purpose, a mixture of NaN3, the respective elements, and Na metal was 

sealed under the exclusion of oxygen and moisture in Ta or Nb ampules and heated to 

approximately 760 °C. Sodium azide decomposes while  heating, thereby inducing an increased 

nitrogen pressure within the ampule. Solubility of nitrogen in sodium can be improved by the 

addition of electropositive metals like alkaline earth metals.[30] Reaction products of 
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nitridogallates often contain an inhomogeneous mixture of several compounds. Owing to 

inhomogeneity, and in some cases small crystal sizes or bad crystallinity, the combination of X-

ray powder diffraction with electron microscopy, especially selected-area electron diffraction 

(SAED), and energy-dispersive X-ray spectroscopy (EDX), is a reasonable approach for 

structure determination. However, the number of described quaternary or higher nitridogallates 

is relatively small. Only three quaternary compounds containing Mg within the anionic tetrahedral 

network are known to date, namely, Ca2MgGa3N5,
[27] SrMg2Ga2N4,

[10] and BaMg2Ga2N4.
[11] All of 

these compounds were synthesized by using the NaN3 route. 

In this contribution, we report on CaMg2GaN3 and CaMg2Ga2N4, two new nitridomagnesogallates 

with layered anionic substructures. Both compounds were synthesized by using solid-state 

metathesis reactions,[31-34] which represent a promising synthetic approach for nitridogallates. 

The crystal structures will be discussed in detail. 

 

2.2.2 Results and Discussion 

2.2.2.1 Syntheses and Chemical Analysis 

CaMg2GaN3 and CaMg2Ga2N4 were obtained from three different reaction batches after solid-

state metathesis reactions. The key feature of this reaction method is the employment of 

reactive starting materials by coproduction of a metathesis salt. 

 

CaMg2GaN3 

The nitridomagnesogallate was obtained as a gray powder from a mixture of Ca3N2, Mg3N2, 

GaF3, and Li3N. The starting materials were placed in a tungsten crucible, which was heated in a 

radiofrequency furnace under an N2 atmosphere to 850 °C. Equation (1) illustrates an idealized 

stoichiometric metathesis reaction. 

 

Ca3N2 + 2 Mg3N2 + 3 GaF3 + 3 Li3N  3 CaMg2GaN3 + 9 LiF    (1) 
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CaMg2Ga2N4 

A heterogeneous product with colorless blocklike single crystals of CaMg2Ga2N4 was obtained 

by reaction of Ca(NH2)2, Mg(NH2)2, GaF3, and Li3N in sealed Ta ampules in a tube furnace at 

1000 °C. CsCl was added as flux. A possible stoichi ometric reaction is given in Equation (2). 

 

Ca(NH2)2 + 2 Mg(NH2)2 + 2 GaF3 + 2 Li3N         CaMg2Ga2N4 + 6 LiF + 2 N2 + 6 H2 (2) 

 

CaMg2GaN3 and CaMg2Ga2N4 

The synthesis of both compounds as side products within one reaction batch was performed in 

an open tungsten crucible in a radiofrequency furnace under a N2 atmosphere at 850 °C with 

Ca(NH2)2, Mg3N2, GaF3 and Li3N as starting materials. Equation (3) illustrates a possible 

stoichiometric metathesis reaction. 

 

6 Ca(NH2)2 + 4 Mg3N2 + 10 GaF3 + 10 Li3N 

2 CaMg2GaN3 + 4 CaMg2Ga2N4 + 30 LiF + 12 H2 +4 N2         (3) 

 

The thermodynamic driving force of all three reactions is the formation of LiF. Both 

nitridomagnesogallates are sensitive towards air and moisture. Elemental analyses were 

performed with the aid of EDX spectroscopy. It gave an atomic ratio of Ca/Mg/Ga/N of 

1.0:2.3:1.0:2.8 for powder samples of CaMg2GaN3 and 1.0:1.9:2.0:4.0 for single crystals of 

CaMg2Ga2N4. Besides small amounts of oxygen that can be ascribed to the high sensitivity to 

moisture, no further elements were detected. 
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2.2.2.2 Structure Determination 

CaMg2GaN3 

The crystal structure of CaMg2GaN3 was determined with the charge-flipping algorithm based on 

X-ray powder diffraction data. The compound crystallizes in the hexagonal space group 

P63/mmc with lattice parameters a = 3.43093(8) and c = 17.3989(5) Å. It is isotypic with 

CaMg2AlN3 and homeotypic with Ca2Mg5GeN6, ScAl3C3, and UAl3C3.
[31,35,36] In contrast to 

CaMg2GaN3 and Ca2Mg5GeN6, the crystal structures of CaMg2AlN3 and the carbides can be 

described by two different space groups (P63mc (no. 186) and P63/mmc (no. 194)). Generally, 

owing to identical systematic absence conditions, it is not possible to distinguish between the 

five space groups P31c (no. 159), �3�1� (no. 163), P63mc (no. 186), �6�2� (no. 190), and P63/mmc 

(no. 194). For CaMg2GaN3, minimal R values and the most reasonable structural parameters 

were found for refinement in space group P63/mmc. Relevant crystallographic data as well as 

atomic coordinates are given in Tables 1 and 2. Rietveld refinement showed the presence of the 

secondary phases LiF, MgO, and CaO as well as small amounts of an unidentified side phase 

(Figure 1).[37-39] The assignment of the reflections for hexagonal metrics of CaMg2GaN3 was 

validated by electron diffraction (Figure 2). Formation of LiF is due to the reaction mechanism; 

formation of MgO and CaO can be attributed to the sensitivity of the starting materials as well as 

the product towards air and moisture. 
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Table 1.  Crystallographic data for CaMg2GaN3. 

Formula CaMg2GaN3 

Space group P63/mmc (no. 194) 

Lattice parameters /Å, a = 3.43093(8) 

c = 17.3989(5) 

Cell volume /Å3 177.368(9) 

Formula units per unit cell Z 2 

Density /g·cm−3 3.652 

µ /mm−1 24.436 

T /K 298(2) 

Diffractometer Stoe StadiP 

2θ range /° 5.00 ≤ 2θ ≤ 98.75 

Data points 6251 

Number of parameters / background parameters 46 / 12 

Constraints 5 

Weight percent of the content /% 76 

Background function Shifted Chebychev 

Rwp 0.080 

Rexp 0.073 

Rp 0.059 

RBragg 0.033 

GoF 1.101 
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Figure 1. Observed (black line) and calculated (red line) powder diffraction pattern of CaMg2GaN3 as well 
as secondary phases LiF, MgO, and CaO. The difference profile (gray line) and Bragg reflections of 
CaMg2GaN3 (green bars), MgO (violet bars), LiF (light blue bars), and CaO (dark blue bars) are displayed 
below the refinement. Unidentified reflections are marked with asterisks. 

 

 

Figure 2.  Tilt series of thick microcrystals of CaMg2GaN3. Experimental pattern and tilt angles (top); 
simulated data based on the structure model from X-ray data (bottom). 
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Figure 3 shows the crystal structure of CaMg2GaN3. It is characterized by a layered anionic 

network with mixed occupation Mg/Ga in the centers of tetrahedral MN4 units and planar MN3 

triangles. Each layer within CaMg2GaN3 can be described as a highly condensed planar double 

layer of corner-sharing (Mg/Ga)N4 tetrahedra (Mg1/Ga1), forming condensed dreier rings[40] in 

the ab plane. These (Mg/Ga)N4 tetrahedra are linked by N atoms in the middle of the double 

layer, which in turn form highly condensed dreier rings, centered by another Mg/Ga site 

(Mg2/Ga2). In general, the arrangement of Mg/Ga atoms within double layers can be described 

as hexagonal close packing with an A−B−A−B stacking order (Figure 3b). 

 

Table 2.  Atomic coordinates and equivalent isotropic displacement parameters /Å2 of CaMg2GaN3. 

Atom Wyckoff-

site 

x y z Beq s.o.f. 

Ca1 2a 0 0 0 0.0067(10) 1 

Mg1/Ga1 4f 1/3 2/3 0.63242(12) 0.0126(9) 0.66(4)/0.34(4) 

Mg2/Ga2 2c 1/3 2/3 1/4 0.022(2) 0.79(8)/0.20(8) 

N1 4f 1/3 2/3 0.0932(4) 0.013(2) 1 

N2 2d 1/3 2/3 3/4 0.013(2) 1 

 

The structural motif of the trigonal planar coordination of Mg2+ or Ga3+ ions by N also occur in 

Ca6GaN5, Sr6GaN5, Sr3GaN3, Sr4GaN3O, LiBa5GaN3F5, and Mg3BN3, for example.[6-9,41] The 

bond lengths of these compounds range from 1.88 to 1.96 Å for Ga−N and 2.05 Å for Mg−N. 

The averaged (Mg/Ga)−N bond length of 1.98 Å found in CaMg2GaN3 agrees well with these 

typical distances and also with the sum of the ionic radii.[42] Distances to N found for tetrahedrally 

coordinated Mg/Ga ions range from 2.05 to 2.10 Å, also in good agreement with the sum of the 

ionic radii as well as with typical Mg/Ga−N bond lengths (e.g., Ca2MgGa3N5 1.95-2.12 Å or 

SrMg2Ga2N4 1.97-2.10 Å).[10,27,42] Detailed data of selected bond lengths and angles in 

CaMg2GaN3 are listed in Table 5. The site occupation factor was refined by assuming full 

occupancy of Mg/Ga sites. Refinements lead to 66% Mg and 34% Ga on Mg1/Ga1 site and 80% 

Mg and 20% Ga on the Mg2/Ga2 site. Bond valence sum (BVS) calculations[43] also show a 

predominant occupation of Mg on both sites. Ca2+ is surrounded by six N, which results in an 

octahedral coordination. Ca−N bond lengths of 2.56 Å are in good agreement with typical values 

of other nitridogallates and the calculated sum of the ionic radii.[26,27,42,44,45] 



2.2 Layered Nitridomagnesogallates CaMg2GaN3 and CaMg2Ga2N4 
 

 
19 

 

 

Figure 3.  Crystal structure of CaMg2GaN3 with (Mg/Ga)N4 tetrahedra of the Mg1/Ga1 site (turquoise), 
(Mg/Ga)N3 units of the Mg2/Ga2 site (blue). Atom types: Ca (yellow), Mg/Ga (turquoise), N (dark blue). a) 
Perspective view of a quadruple cell; b) viewing direction along [001]. 

 

CaMg2Ga2N4 

Structure solution and refinement of CaMg2Ga2N4 were performed in the trigonal space group 

�3��1 from single-crystal X-ray diffraction data. Crystallographic data is summarized in Table 3. 

Atomic coordinates and equivalent isotropic displacement parameters are listed in Table 4. 

The crystal structure of CaMg2Ga2N4 is related to that of CaMg2GaN3. It consists of a layered 

anionic network with mixed-occupation Mg/Ga of tetrahedral centers. The point symbol 

{38.424.53}{330.445.53} of this new layered structure was determined by using TOPOS software.[46] 

Figure 4a shows the crystal structure of CaMg2Ga2N4 with planar layers, which can be divided 

into four sublayers A, A’, B, and B’. (Mg/Ga)N4 tetrahedra of each sublayer are connected 

through three edges forming highly condensed dreier rings (illustrated in Figure 4b with the 

example of sublayer A). By reflection at a mirror plane mA (mB), sublayer A (B) can be converted 

to sublayer A’ (B’). (Mg/Ga)N4 tetrahedra of sublayers A’ and B’ are linked through three edges 

to one another, forming sechser ring channels along [001] (Figure 4c). Ca ions are positioned in 

the center of sechser ring channels (Figure 4d) and octahedrally coordinated by six N atoms. 
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Figure 5 displays (Mg/Ga)N4 polyhedra of both crystallographic Mg/Ga sites (sublayers A and B: 

Mg1/Ga1; sublayers A’ and B’: Mg2/Ga2). Whereas Mg1/Ga1 exhibits tetrahedral coordination 

by four N in a regular manner; (Mg2/Ga2)N4 tetrahedra show one elongated bond length 

(Mg2/Ga2)‒N1. Its coordination can alternatively be described as nonplanar, pyramidal 

(Mg/Ga)N3 units. A similar transition between nonplanar, pyramidal, and tetrahedral coordination 

was reported for the borates M6B22O39·H2O (M = Fe,Co)[47] as well as for Al5C3N.[48] Similar to 

distorted BO3 units in M6B22O39·H2O (M = Fe,Co), thermal ellipsoids of Mg2/Ga2 and adjacent N 

atoms in CaMg2Ga2N4 show displacements of Mg2/Ga2 and N1 nearly parallel to their 

connecting line. Nonplanar, pyramidal (Mg/Ga)N3 units can thus also be considered as an 

intermediate state between a trigonal planar (Mg/Ga)N3 group and a (Mg/Ga)N4 tetrahedron. 

Distances (Mg/Ga)−N (2.02-2.09 Å) of the crystallographic Mg1/Ga1 site as well as bond lengths 

Ca−N within CaN6 octahedra (2.53 Å) are in good agreement with the calculated sum of ionic 

radii as well as with typical distances in comparable nitrides.[26,27,42,44,45,49-51] (Mg2/Ga2)N4 

tetrahedra show a rather long distance (Mg/Ga)−N of 2.20 Å. Precise details of selected bond 

lengths and angles are given in Table 5. 

 

Figure 4.  Crystal structure of CaMg2Ga2N4 with Ca (yellow), Mg/Ga (turquoise), and N (dark blue). 
a) Viewing direction along [010] with a detailed description of planar layers, which can be divided into four 
sublayers A, A’, B and B’. Sublayer A (B) can be mirrored at mA (mB) resulting in sublayer A’ (B’); 
b) corner-sharing (Mg/Ga)N4 tetrahedra of sublayer A forming highly condensed dreier rings; c) (Mg/Ga)N4 
tetrahedra of sublayers A’ and B’, linked via three edges to one another forming sechser ring channels 
along [001]; d) crystal structure of CaMg2Ga2N4 with viewing direction along c. 
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Table 3.  Crystallographic data for CaMg2Ga2N4. 

Formula CaMg2Ga2N4 

Space group �3��1(no. 164) 

Lattice parameters /Å a = 3.3859(3) 

c = 11.2378(11) 

Cell volume /Å3 111.57(2) 

Formula units per unit cell Z 1 

Density /g·cm−3 4.229 

µ /mm−1 13.353 

T /K 293(2) 

Diffractometer D8 Venture 

Radiation Mo-Kα (λ = 0.71073 Å) 

F(000) 134 

2θ range /° 10.88 ≤ 2θ ≤ 60.95 

Total no. of reflections 3383 

Independent reflections 172 

Refined parameters 15 

Goodness of fit 1.203 

R1 (all data) / R1 [F
2> 2σ(F2)] 0.0614 / 0.0545 

wR2 (all data) / wR2 [F
2> 2σ(F2)] 0.1014 / 0.0968 

∆ρmin, ∆ρmax / e·Å
−3 −2.716, 3.310 

 

 

Table 4.  Atomic coordinates and equivalent isotropic displacement parameters /Å2 of CaMg2Ga2N4. 

Atom Wyckoff-

site 

x y z Ueq s.o.f. 

Ca1 1a 0 0 0 0.0028(6) 1 

Mg1/Ga1 2d 1/3 2/3 0.2084(2) 0.0051(5) ½ / ½ 

Mg2/Ga2 2d 1/3 2/3 0.5851(2) 0.0166(6) ½ / ½ 

N1 2d 1/3 2/3 0.3890(10) 0.009(2) 1 

N2 2d 1/3 2/3 0.8568(10) 0.010(2) 1 
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Figure 5.  Coordination polyhedra of mixed Mg/Ga sites. a) Tetrahedral coordination of Mg1/Ga1 of 
sublayers A and B; b) tetrahedral or nonplanar, pyramidal coordination of Mg2/Ga2 of sublayers A’ and B’, 
drawn with 50% thermal ellipsoids. 

 

 

Table 5.  Selected bond lengths and angles in the crystal structures of CaMg2GaN3 and CaMg2Ga2N4.
[a] 

 Bond length /Å  Bond angle /°  

CaMg2GaN3 Ca1−N1 2.560(4) N1−Ca1−N1 180.0(1) (3x) 

 Mg1/Ga1−N1 2.095(2)  84.2(1) (6x) 

 Mg1/Ga1−N2 2.046(2) (3x)  95.8(1) (6x) 

 Mg2/Ga2−N2 1.9809(1) (3x) N1−Mg1/Ga1−N1 109.9(1) (3x) 

   N1−Mg1/Ga1−N2 109.0(2) (3x) 

   N2−Mg2/Ga2−N2 120.0 (3x) 

CaMg2Ga2N4 Ca1−N2 2.532(7) (6x) N2−Ca1−N2 180.0(4) (3x) 

 Mg1/Ga1−N1 2.029(11)  83.9(3) (6x) 

 Mg1/Ga1−N2 2.088(4) (3x)  96.1(3) (6x) 

 Mg2/Ga2−N1 1.976(2) (3x) N1−Mg1/Ga1−N2 110.6(3) (3x) 

  2.204(11) N2−Mg1/Ga1−N2 108.4(3) (3x) 

   N1−Mg2/Ga2−N1 117.9(2) (3x) 

    98.5(3) (3x) 

[a] Standard deviations are given in parentheses. 
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As seen from Table 3, there is a high residual electron density within the crystal structure of 

CaMg2Ga2N4. In general, possible reasons for the remaining electron density after structure 

refinement may be due to incorrect assignments of atom types or space groups as well as 

twinning problems. For CaMg2Ga2N4, elemental analyses confirmed the respective metals. 

Twinning problems could be excluded since no splitting of reflections within reciprocal lattice 

sections (nkl, hnl, hkn with n = 0-3), reconstructed from single-crystal X-ray data, can be 

observed. We also found no typical indications for a merohedric twin. To check for overlooked 

lower symmetry, the structure solution and refinement were also performed in �1 (no. 1) as well 

as �3� (no.147). Subsequent examination with PLATON [52,53] confirmed symmetry �3��1 (no. 

164). Refinement of the site occupation factor of Mg/Ga sites was performed based on the 

assumption of full occupancy and led to Mg1/Ga1 = 0.54(2)/0.46(2) and 

Mg2/Ga2 = 0.64(2)/0.36(2), which means an increased Mg content for CaMg2Ga2N4. As these 

experimental data do not lead to electroneutrality of the sum formula, the occupancy Mg/Ga of 

both crystallographic sites was fixed at ½ / ½. In addition, bond valence sum (BVS) calculations 

were performed and show a mixed occupancy with ratio 1:1 for Mg and Ga, thereby resulting in 

electroneutrality. Visualization of the residual electron density was performed by using the 

program package Jana.[54] As shown in Figure 6 as red spheres, it is located at (⅓, ⅔, z) and 

(0, 0, z), which correspond to atomic coordinates of the metal atoms Ca and Mg/Ga in the 

structurally closely related compounds CaMg2GaN3 and CaMg2Ga2N4 (Tables 2 and 4). TEM 

investigations and simultaneous EDX analyses corroborate the presence of both 

nitridomagnesogallates within one reaction batch and show the additional presence of a further 

nitridomagnesogallate as a minor side phase (trigonal metrics with a = 3.51 and c = 18.17 Å). 

Since the lattice parameters as well as chemical composition of this phase show similarities to 

CaMg2GaN3 and CaMg2Ga2N4, the existence of a further phase with slightly different layer 

sequences could be possible. Figure 7 shows an example of the formation of a possible 

composite crystal. Combination of layers out of CaMg2Ga2N4 with layers of CaMg2GaN3 would 

lead to a new unit cell with an elongated c axis. The residual electron density observed for 

CaMg2Ga2N4 therefore could originate from a composite crystal consisting of layers out of both 

nitridomagnesogallates described here. 
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Figure 6.  Unit cell of CaMg2Ga2N4 with residual electron density marked as red spheres with contour level 
1.5 e·Å−3. 

 

 

Figure 7.  Combination of unit cells of CaMg2Ga2N4 (left) and CaMg2GaN3 (center) and a possible 
composite crystal (right) with an elongated c axis. 
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2.2.3 Conclusion 

In this contribution, we report on CaMg2GaN3 and CaMg2Ga2N4, two new nitridomagnesogallates 

with layered crystal structures. Syntheses of both compounds were performed on the basis of 

solid-state metathesis reactions, thereby representing a new synthetic approach for 

nitridogallates. The crystal structure of CaMg2GaN3 was determined by using powder X-ray 

diffraction data combined with TEM investigations. Structure solution and refinement of 

CaMg2Ga2N4 was carried out by using single-crystal X-ray diffraction data. The metrics of both 

nitridomagnesogallates were confirmed by using TEM investigations. CaMg2GaN3 is isotypic 

with CaMg2AlN3 and homeotypic with Ca2Mg5GeN6 with a layered anionic network, which 

emphasizes structural relations between the compound classes of nitridoaluminates, 

-germanates, and -gallates. The crystal structure of CaMg2Ga2N4 is closely related to that of 

CaMg2GaN3. The respective lattice parameters a and b are quite similar; the structures differ 

only in the composition of anionic layers and their stacking along c. In addition, TEM studies 

show the presence of another nitridomagnesogallate with trigonal metrics as a minor side phase. 

The nitridomagnesogallates discussed here have a marked degree of similarity within the ab 

plane but other dimensions along [001], therefore the formation of composite crystals seems 

likely. 

In summary, solid-state metathesis reactions seem to be a good alternative to the common 

NaN3 route for an explorative search of new structures within the class of quaternary 

nitridogallates. Besides small amounts of single crystals, powder samples containing 

nitridogallates in high percentages could also be obtained. 

 

2.2.4 Experimental Section 

2.2.4.1 General 

Because of the sensitivity against air and moisture of some starting materials as well as the 

products, all manipulations were performed under inert-gas conditions using argon-filled glove 

boxes (Unilab, MBraun, Garching, O2 < 1 ppm, H2O < 1 ppm) and combined Schlenk/vacuum 

lines (10−3 mbar). Argon was dried with silica gel (Merck), KOH (Merck, ≥85%), molecular sieves 

(Fluka, 4 Å), P4O10 (Roth, ≥99%), and titanium sponge (Johnsen Matthey, 99.5%) at 700 °C 

before use. The starting materials were ground in an agate mortar and placed in a crucible. Ta 
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ampules (length 30 mm, inner diameter 9.5 mm, wall thickness 0.5 mm) as well as W crucibles 

were used as reaction containers. The Ta ampules were arc-welded under Ar while cooling the 

crucible holder with water to avoid chemical reactions. The sealed ampules were heated within 

an evacuated glass ampule up to 1000 °C in a tube f urnace. Further syntheses were performed 

in W crucibles in a water-cooled silica glass reactor of a radio-frequency furnace (Type AXIO 

10/450, max. electrical output 10 kW, Hüttinger Elektronik, Freiburg) at 850 °C. 

 

2.2.4.2 Synthesis of CaMg 2GaN3 

A powder sample containing CaMg2GaN3 was obtained after the reaction of Li3N (0.42 mmol, 

14.7 mg, Sigma-Aldrich, 99.99%), Ca3N2 (0.10 mmol, 18.8 mg, synthesized according to 

literature procedures),[55] Mg3N2 (0.20 mmol, 20.2 mg, Sigma-Aldrich, 99.5%) and GaF3 

(0.30 mmol, 38.0 mg, Alfa Aeser, 99.999%) in a radio-frequency furnace under nitrogen 

atmosphere. EuF3 (5.3·10−3 mmol, 1.1 mg, Sigma-Aldrich, 99.99%) was added for doping 

experiments. The finely ground powder was placed in a tungsten crucible and heated to 850 °C 

over 1.5 h. The temperature was maintained for 17.5 hours. Subsequently, the reaction mixture 

was quenched to room temperature by switching off the furnace. 

 

2.2.4.3 Synthesis of CaMg 2Ga2N4 

Single crystals of CaMg2Ga2N4 were isolated after reaction of Li3N (0.43 mmol, 15.0 mg, Sigma-

Aldrich, 99.99%), Ca(NH2)2 (0.20 mmol, 14.4 mg, synthesized according to literature 

procedures),[55] Mg(NH2)2 (0.24 mmol, 13.5 mg, synthesized according to literature 

procedures),[55] and GaF3 (0,22 mmol, 28.0 mg, Alfa Aeser, 99.999%) in a Ta ampule at 1000 

°C. CsCl (0.48 mmol, 80.0 mg, Sigma-Aldrich, 99.9%)  was added as flux; EuF3 (4·10−3 mmol, 

0.84 mg, Sigma-Aldrich, 99.99%) was added for doping experiments. The sample mixture was 

heated within a tube furnace up to 950 °C, held for  24 h, and then fired to 1000 °C. This 

temperature was maintained for another 24 h and subsequently cooled down to 500 °C with a 

rate of 3.4 °C ·h−1. Subsequently, the reaction mixture was quenched to room temperature by 

switching off the furnace. 
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2.2.4.4 Synthesis of a Mixture of CaMg 2GaN3 and CaMg 2Ga2N4 

A powder sample containing CaMg2GaN3 and CaMg2Ga2N4 was synthesized by heating a 

mixture of Li3N (0.42 mmol, 14.7 mg, Sigma-Aldrich, 99.99%), Ca(NH2)2 (0.30 mmol, 21.6 mg, 

synthesized according to literature procedures),[55] Mg3N2 (0.20 mmol, 20.2 mg, Sigma-Aldrich, 

99.5%), and GaF3 (0.30 mmol, 38.0 mg, Alfa Aeser, 99.999%) in a radio-frequency furnace 

under a nitrogen atmosphere. EuF3 (6·10−3 mmol, 1.25 mg, Sigma-Aldrich, 99.99%) was added 

for doping experiments. The finely ground powder was filled in a tungsten crucible and heated to 

850 °C. The temperature was maintained for 48 hours  and subsequently cooled down to 600 °C 

in 16 h. The reaction mixture was quenched to room temperature by switching off the furnace. 

 

2.2.4.5 Scanning Electron Microscopy 

Elemental analyses were performed by using energy dispersive X-ray spectroscopy. Therefore, 

samples of the products were placed on an adhesive conductive carbon pad and coated with a 

conductive carbon film (BAL-TEC MED 020, Bal Tec AG). The chemical composition of the 

reported products was determined by using a FEI Helios G3 UC scanning electron microscope 

equipped with an EDX detector, scanning transmission detector, and focused ion beam. 

 

2.2.4.6 Transmission Electron Microscopy 

Solvent-free samples for TEM were prepared on a copper grid (Plano) under an argon 

atmosphere and transferred on a double-tilt holder into the microscope. For TEM investigations, 

a Jeol 2010 operated at 200 kV and equipped with a LaB6 emitter, TemCam F216 with 2048 x 

2048 pixels (TVIPS), and an Apollo XLT EDX-detector (EDAX) was used. The data was 

evaluated with the following software: Digital Micrograph,[56] Process Diffraction,[57] JEMS [58] (all 

SAED), and TEAM[59] (EDX spectra). 

 

2.2.4.7 Single-Crystal X-ray Diffraction 

Single crystals of CaMg2Ga2N4 were isolated from the product by using a microscope, washed in 

dried paraffin oil, and sealed within glass capillaries. Data collection was performed with a D8 
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Venture diffractometer (Bruker, Billerica MA, USA). Absorption corrections were done by using 

the multi-scan method (SADABS).[60] Structure solution was performed by using direct methods 

(SHELXS), and structure refinement by full-matrix least-squares methods (SHELXL-97).[61] 

Further details of the crystal structure investigations of CaMg2Ga2N4 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 depository number CSD-

432099) 

 

2.2.4.8 Powder X-ray Diffraction 

The powder samples were investigated by using powder X-ray diffraction. The samples were 

finely ground with an agate mortar, filled into glass capillaries (inner diameter 0.18 mm), and 

sealed under Ar. Powder X-ray diffraction data were recorded with a STOE STADI P 

diffractometer (Cu-Kα1 radiation, Ge(111) monochromator, MYTHEN 1 K detector) in Debye-

Scherrer geometry. Secondary phases were identified by using the program package 

WinXPOW.[62] Simulation of the powder diffraction pattern, calculated on the basis of single-

crystal structure data, was carried out with WinXPOW. Structure solution and structure 

refinement was performed by using the TOPAS Academic 4.1 package.[63] The reflections of the 

powder pattern were indexed by using the SVD-algorithm,[64] and their intensities were extracted 

with the Pawley-method. The structural model of CaMg2GaN3 was obtained by using the charge-

flipping algorithm[65-67] and the final refinement was carried out by using the Rietveld method, by 

employing the fundamental parameters approach with direct convolution of source emission 

profiles, axial instrument contributions, crystallite size, and microstrain effects.[68,69] The preferred 

orientation of the crystallites within the capillary was corrected by using the spherical harmonics 

model of the fourth order.[70] The capillary absorption correction was performed with regard to the 

calculated absorption coefficient and the diameter of the capillary. The background function was 

handled by using a shifted Chebychev function. 

Further details of the crystal structure of CaMg2GaN3 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 depository number CSD-

432100) 
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Abstract.  The nitridomagnesogermanate Ca2Mg5GeN6 was synthesized at 780 °C using a 

sodium flux in sealed tantalum ampules. Pure metals were used as starting materials and 

sodium azide NaN3 was added as nitrogen source. Ca2Mg5GeN6 was obtained as a byproduct in 

the form of colorless platelet-like crystals. Solution and refinement of the crystal structure [space 

group P63/mmc (no. 194), Z = 1, a = 3.453(2), c = 17.506(13) Å and V = 180.8(2) Å³] were 

performed on the basis of single-crystal X-ray diffraction data. Ca2Mg5GeN6 represents the first 

layered nitridogermanate. Its structure is made up of 

corner-sharing (Mg/Ge)N4 tetrahedra and corner-

sharing trigonal planar (Mg/Ge)N3 units with mixed 

occupancy of Mg and Ge. Ca2+ ions are located in 

between the sheets. The crystal structure is closely 

related to that of the nitridomagnesoaluminate 

CaMg2AlN3 as well as to the carbides ScAl3C3 and 

UAl3C3. 
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2.3.1 Introduction 

There are structural relations between nitridogermanates and nitridogallates on one hand and 

nitrodoaluminates and -silicates on the other.[1-3] Doped with Eu2+ or Ce3+, the two latter ones are 

widely applied as luminescent materials in high performance light-emitting diodes.[4-6] In general, 

the number of known nitrides increased significantly during the last decade. Especially, ternary 

and quaternary compounds were in the focus of interest, most of them containing heavier 

alkaline earth ions. One reason is the quite similar ionic radius of these ions, especially Sr2+, with 

respect to the dopant Eu2+ as well as the higher solubility of nitrogen in sodium melts in the 

presence of alkaline earth metals during synthesis.[7] Nitridogallates and nitridogermanates have 

predominantly been synthesized from elements in sealed Ta or Nb ampules. They were fired at 

around 760 °C employing molten sodium as flux and N a azide supplying nitrogen pressure by 

thermal dissociation. Whereas GaN4 tetrahedra and trigonal planar GaN3 units are the most 

common structural motifs found in the class of nitridogallates,[1,2,8-17] Ge shows more varieties of 

building blocks. Sr2GeN2 
[18] is an example for Ge in oxidation state +II and its crystal structure is 

containing isolated dumbbell-shaped [GeN2]
4− units. Furthermore, extended Zintl anions [Ge]2− 

forming zigzag chains occur e.g. in Sr3Ge2N2 
[18] and isotypic Ba3Ge2N2 

[19] as well as in 

Sr6Ge5N2.
[20] Additionally, nitridogermanates are known containing Ge in oxidation state +IV with 

GeN4 tetrahedra or trigonal planar GeN3 units as structural motifs. Whereas compounds 

containing Ge in different oxidation states are mostly metallic and of black appearance,[20-22] 

compounds containing Ge4+ are translucent crystals of different color and shape.[22-24] The 

structures of nitridogermanates are typically built up of more or less condensed nitridometallate 

anions coordinated by alkaline earth atoms as counterions. This results in different 

dimensionalities, ranging from 0D anion structures up to 3D networks. Ca4GeN4,
[22] Sr5Ge2N6,

[23] 

and Ba9Ge3N10 
[25] are examples containing less condensed building units of either [GeN4]

8− 

tetrahedra, [Ge2N6]
10− double-tetrahedra or trigonal planar [GeN3]

5− units. Examples of 1D 

condensed nitridomagnesogermanates are isostructural Sr3GeMgN4 
[26] and Ba3GeMgN4 

[27] with 

infinite chains of edge-sharing alternating GeN4 and MgN4 tetrahedra as well as Ca5Ge2N6.
[22] 

Additionally, there is only one 3D condensed nitridomagnesogermanate known so far, namely 

SrMg3GeN4.
[1] 

In summary, there are only four compounds within the class of nitridogermanates with higher 

dimensional nitridometallate networks so far. Three of them contain both Ge and Mg as center 

ions of the building blocks. As none of the quaternary 1D and 3D nitridogermanates contain Ca 

as counterion, it is focused on the synthesis of Ca-containing nitridomagnesogermanates with 
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the aim of a new, highly condensed compound whose structure could be transferred to 

nitridoaluminates or -silicates. In this way it is hit upon Ca2Mg5GeN6, the first layered (2D) Mg-

containing nitridogermanate. In this contribution, the synthesis and crystal-structure elucidation 

of the compound crystallizing isotypically to the nitridomagnesoaluminate CaMg2AlN3 
[28] and 

homeotypically to the carbides ScAl3C3 and UAl3C3 is reported.[29] 

 

2.3.2 Results and Discussion 

Ca2Mg5GeN6 was obtained as colorless platelets with hexagonal shape, which were isolated 

from a heterogeneous product. The compound is sensitive towards air and moisture. SEM 

measurements indicated a new composition with atomic ratio Ca:Mg:Ge:N = 1.9:5:1:4.6 that 

corresponds approximately to the composition of Ca2Mg5GeN6. Due to unavoidable 

manipulations of the sample carrier in air for a short time, the product was partially hydrolyzed. 

Small amounts of oxygen were detected. Even though EuF3 was added as reactant with 

intention to investigate luminescence properties of the Eu-doped material, no luminescence 

could be observed and no Eu was detected by EDX measurements. 

 

Single-Crystal Structure Analysis 

The crystal structure of Ca2Mg5GeN6 was solved and refined using single-crystal X-ray 

diffraction data. The compound crystallizes in the hexagonal space group P63/mmc (no. 194) 

with a = 3.453(2) and c = 17.506(13) Å. All atoms were refined anisotropically. Crystallographic 

data as well as atomic coordinates and anisotropic displacement parameters are given in 

Table 1, Table 2, and Table 3. Besides one octahedrally coordinated Ca-site there are two 

crystallographic sites with mixed occupation of Mg and Ge. Whereas Mg1/Ge1 shows 

tetrahedral environment, the coordination of Mg2/Ge2 can be described as trigonal planar with 

two additional nitrogen atoms in enlarged distance, resulting in an elongated trigonal bipyramidal 

coordination (see Figure 1). Selected bond lengths and angles are shown in Table 4. Free 

refinement of the occupancy of both crystallographic sites leads to 84% Mg and 16% Ge on 

Mg1/Ge1 site and 82% Mg and 18% Ge on Mg2/Ge2 site. This corresponds to electrostatic 

neutrality. 
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Table 1.  Crystallographic data for Ca2Mg5GeN6. 

 Ca2Mg5GeN6 

Molar Mass / g·mol-1 358.36 

Crystal system Hexagonal 

Space group P63/mmc (no. 194) 

Cell parameters /Å a = 3.453(2) 

c = 17.506(13) 

Cell volume /Å³ 180.8(2) 

Formula units per unit cell 1 

Density /g·cm−3 3.292 

Abs. coefficient µ /mm−1 6.031 

F(000) 174 

Temperature 293(2) 

Diffractometer Bruker D8 Quest 

Radiation /Å Mo-Kα (λ = 0.71073) 

θ range /° 4.657 ≤ θ ≤ 31.437 

Total no. of reflections 2943 

Independent reflections 150 

Refined parameters 13 

Goodness of fit 1.153 

R1 (all data) / R1 [F²>2σ(F²)] 0.0588/0.0399 

wR2 (all data) / wR2 [F²>2σ(F²)] 0.0963/0.0873 

∆ρmax, ∆ρmin /e·Å
−3 1.469, −1.547 

 

Aside from Ca2Mg5GeN6 there are further examples of quaternary compounds containing mixed 

occupation of network-building cations. Ca2Ga3MgN5 
[8] and SrMg2Ga2N4 

[1] represent some 

examples within nitridogallates, SrMg3GeN4 
[1] is the only known example of a nitridogermanate 

so far. Further compounds crystallizing with UCr4C4 structure type,[30] namely MMg2Al2N4 

(M = Ca,Sr,Ba,Eu),[2] also show mixed occupancy. The bond lengths (Mg/Ge)−N found in 

Ca2Mg5GeN6 range from 1.9936(12) to 2.110(3) Å. Due to mixed occupancy, those are averaged 

values of Ge−N and Mg−N bond lengths. This is in good agreement with the averaged bond 

length (Mg/Ge)−N of 2.04 Å in SrMg3GeN4. Furthermore, it is likewise similar to the respective 

value of 2.03 Å in Ca2Ga3MgN5. It also complies to Mg−N and Ge−N distances observed in other 
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known ternary or quaternary nitrides (2.04 to 2.30 Å for Mg−N and 1.84 to 1.99 Å for Ge−N) as 

well as to the sum of the ionic radii pursuant to Baur.[22,23,26,27,31-33] 

 

Figure 1. Coordination of cation sites. (a) Octahedral coordination of Ca1; (b) trigonal planar coordination 
of Mg2/Ge2 in combination with elongated bond lengths Mg2/Ge2−N2, resulting in trigonal bipyramidal 
coordination; (c) tetrahedral coordination of Mg1/Ge1. 

 

 

Figure 2. Crystal structure of Ca2Mg5GeN6 with (Mg/Ge)N4 tetrahedra (turquoise), trigonal planar 
(Mg/Ge)N3 units (blue). Atom types: Ca (yellow), Mg/Ge (turquoise), N (dark blue). a) Viewing direction 
along [010]; b) condensed dreier rings of one double layer; c) viewing direction along [001]. 
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According to the degree of condensation (i.e. the atomic ratio (Mg/Ge):N) of κ = 1, a three-

dimensional anionic network of Ca2Mg5GeN6 could be expected. In contrast to expectations, the 

nitridogermanate shows a two-dimensional anionic substructure. The crystal structure is closely 

related to that of CaMg2AlN3, ScAl3C3, and UAl3C3 
[29] It is the first layered structure known for a 

nitridogermanate. Its layers are built up of highly condensed planar double layers of corner-

sharing (Mg/Ge)N4 tetrahedra, forming condensed dreier rings (see Figure 2a and b).[34] Each 

nitrogen atom on the exterior of the double layer connects three neighboring Mg/Ge tetrahedron 

centers. N atoms in the midst of the sheets connect two Mg/Ge tetrahedron centers, one of 

every sublayer. These N atoms additionally form dreier rings, centered by a second site with 

mixed occupation Mg/Ge. Trigonal planar coordination of Ge4+ and Mg2+ ions can be found in 

Ba9Ge3N10,
[35] or Mg3BN3,

[31] the latter is structurally related to Ca2Mg5GeN6. Thus, mixed 

occupancy of trigonal planar coordinated ions are conceivable for further compounds. Besides, 

there is one Ca site, octahedrally coordinated by N. These cations separate the sheets built up 

of tetrahedra and trigonal planar units. Figure 2c shows the crystal structure along [001]. In this 

viewing direction, hexagonal channels containing Ca2+ ions can be seen. The sheets are stacked 

along [001]. 

As already mentioned, there is one peculiarity concerning trigonal planar coordinated Mg2/Ge2 

site in Ca2Mg5GeN6. It shows a large displacement parameter, comparable to one Al site in 

CaMg2AlN3, ScAl3C3 and UAl3C3 after structure refinement in the space group P63/mmc, 

respectively.[28,36] In case of the carbides, its coordination is described as trigonal bipyramidal, 

alternatively as a split position with tetrahedral environment of adjacent Al atoms.[37] Subsequent 

studies with structural refinements in the space group P63mc resulted in tetrahedrally 

coordinated Al atoms.[29] Structural studies on the nitridomagnesoaluminate resulted in ordering 

of Mg and Al sites, also with a split Al position or rather a large displacement parameter of Al in 

the space group P63/mmc as well as tetrahedral environment of all network building ions Mg2+ 

and Al3+ after refinement in the space group P63mc.[28] Even with calculations of the Madelung 

part of the lattice energy (MAPLE) for both structural models, none of the structural models could 

be validated. 

In contrast to these three compounds, analysis of the electron density of Ca2Mg5GeN6 in 

PLATON, plotted in P1, does not show any signs of a split position (see Figure 3). Crystal 

structure refinement in space group P63mc, as reported by Meyer et al. for CaMg2AlN3 as well as 

for ScAl3C3 and UAl3C3 was not successful. In contrast to the nitridomagnesoaluminate, 

Ca2Mg5GeN6 does not show ordering of Ge and Mg. 
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Figure 3.  Electron density map of Ca2Mg5GeN6 without symmetry restraints on the planes (010) with 
y = 2.9904 and contour level 0.8 e·Å³ (green = positive electron density, red = negative electron density). 
(a) two unit cells highlighted; (b) enlarged Mg2/Ge2 site. 

 

Table 2. Atomic coordinates and equivalent isotropic displacement parameters /Å² of Ca2Mg5GeN6. 

Atom Wyckoff-

site 

x y z Ueq s.o.f. 

Ca1 2a 0 0 0 0.0085(5) 1 

Mg1/Ge1 4f ⅔ ⅓ 0.13226(10) 0.0101(5) 0.841(9)/0.159(9) 

Mg2/Ge2 2c ⅓ ⅔ ¼ 0.0551(18) 0.82(2)/0.18(2) 

N1 2d ⅔ ⅓ ¼ 0.019(2) 1 

N2 4f ⅓ ⅔ 0.0928(4) 0.0195(16) 1 

 

Table 3. Anisotropic displacement parameters /Å² of Ca2Mg5GeN6. 

Atom U11 U22 U33 U23 U13 U12 

Ca1 0.0078(6) 0.0078(6) 0.0103(8) 0 0 0.0039(3) 

Mg1/Ge1 0.0113(6) 0.0113(6) 0.0065(7) 0 0 0.0056(3) 

Mg2/Ge2 0.0063(10) 0.0063(10) 0.157(5) 0 0 0.0031(5) 

N1 0.014(3) 0.014(3) 0.030(5) 0 0 0.0071(16) 

N2 0.015(2) 0.015(2) 0.029(4) 0 0 0.0075(11) 
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Table 4.  Selected bond lengths /Å and angles /° in Ca 2Mg5GeN6. 

Bond lengths  Bond angles  

Ca1− N2 2.572(5) (6x) N2−Ca1−N2 84.3(2) 

(Mg1/Ge1)− N1 2.061(2) N2−Ca1−N2 95.7(2) 

 N2 2.110(3) (3x) N2−Ca1−N2 180.0(3) 

(Mg2/Ge2)− N1 1.9936(12) (3x) N1−(Mg1/Ge1) –N2 109.1(2)  

 N2 2.752(1) (2x) N2−(Mg1/Ge1) –N2 109.9(2) 

   N1−(Mg2/Ge2) –N1 120.0 

   N2−(Mg2/Ge2) –N2 180.0 

   N2−(Mg2/Ge2) –N1 90.0 

 

2.3.3 Conclusions 

Reaction of pure elements (Ca, Mg, Ge) and NaN3 in molten sodium yielded the new quaternary 

compound Ca2Mg5GeN6. As both Mg and Ge are part of the network, the compound can be 

classified as nitridomagnesogermanate. It is the first layered compound within nitridogermanates 

known so far. Furthermore, there are only three examples of quaternary nitridogermanates 

containing alkaline earth elements as counterions, namely Sr3GeMgN4, Ba3GeMgN4, and 

SrMg3GeN4. Those compounds, including ternary Ca5Ge2N6, represent the only examples within 

nitridogermanates with a 1D or higher-dimensional anionic substructure. Quaternary 

nitridogermanates containing Ca are not known to date. 

The crystal structure of Ca2Mg5GeN6 contains highly condensed planar double layers, which in 

turn are built up of tetrahedra and trigonal planar units with mixed occupation of Mg2+ and Ge4+ 

as center ions. The sheets are stacked along [001] forming hexagonal channels containing Ca2+ 

as counterions, which concurrently separate the sheets from each other. The crystal structure is 

closely related to that of CaMg2AlN3, ScAl3C3, and UAl3C3. All of them show a large 

displacement parameter for trigonal coordinated crystallographic site. But in contrast to the 

carbides and the nitridoaluminate, for Ca2Mg5GeN6 a split position can be excluded. 

Despite different charges of center ions (Al3+/Ge4+), both nitridogermanates and 

nitridoaluminates show similarities in their crystal structures and thus to nitridosilicates. As Eu2+-

doped nitridoaluminates and -silicates are suitable for application in high-performance pc-LEDs, 

research on novel structures within the class of nitridogermanates is quite promising. These can 
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be transferred to nitridoaluminates and -silicates, and thus pave the way to new host lattices with 

possible application in pc-LEDs. 

 

2.3.4 Experimental Section 

2.3.4.1 Synthesis of Ca 2Mg5GeN6 

Ca2Mg5GeN6 was synthesized in sealed Ta ampules (30 mm length, 10 mm diameter, 0.5 mm 

thickness) using NaN3 (0.306 mmol, 19.9 mg), Ca (0.237 mmol, 9.5 mg), Mg (0.712 mmol, 

17.3 mg), Ge (0.237 mmol, 17.2 mg), and EuF3 (4.31·10−3 mmol, 0.9 mg) as starting materials in 

Na-flux (2.13 mmol, 48.9 mg). All manipulations were done in an argon filled glove box (Unilab, 

MBraun, Garching; O2 < 1 ppm, H2O < 1 ppm). In order to prevent the ampule from oxidation, 

the weld shut crucible was placed in a quartz tubing under vacuum. It was fired to 780 °C at a 

rate of 50 K/h and after holding at 780 °C for 48 h , the reaction mixture was cooled down to 

200 °C with a rate of 3 K/h. Afterwards the tube fu rnace was switched off. The Ta ampule was 

opened in a glove box and Na melt was removed via sublimation at 320 °C under vacuum. 

 

2.3.4.2 Single-Crystal X-ray Diffraction 

Under a microscope, single-crystals were isolated from the heterogeneous product mixture and 

sealed within glass capillaries to avoid hydrolysis. Measurements were performed on a Bruker 

D8 Quest diffractometer (PHOTON 199 CMOS detector, Mo-Kα radiation). Absorption correction 

was done using multi-scan methods (SADABS).[38] The structure was solved by direct methods 

implemented in SHELXS, structure refinement with anisotropic displacement parameters for all 

atoms by full-matrix least-squares calculation on |F|² were done in SHELXL-97.[39] 

Further details of the crystal structure investigations 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 depository number CSD-

431362. 
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2.3.4.3 Scanning Electron Microscopy 

To determine both chemical composition and morphology, the product was prepared on an 

adhesive conductive carbon pad and coated with a conductive carbon film (BAL-TEC MED 020, 

Bal Tec AG). Within a FEI Helios G3 UC equipped with an EDX detector, scanning transmission 

detector and Focused Ion Beam, the chemical composition of the reported product could be 

confirmed. 

 

2.3.4.4 Powder X-ray Diffraction 

The reaction product was pulverized in an agate mortar and enclosed in a glass capillary. 

Powder diffraction data were recorded on a STOE STADI P diffractometer (Cu-Kα1 radiation, 

Ge(111) monochromator, Mythen1K detector) in Debye-Scherrer set-up. The WinXPOW 

program package[40] served to identify secondary phases as well as simulation of powder 

diffraction pattern, calculated on the basis of single-crystal structure data. The content of the 

different phases were determined using the Rietveld method. Refinement was carried out using 

the TOPAS package.[41] 
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Abstract: The quaternary nitrides Ca4Mg5Ge3N10 and Sr2Mg3GaN4.33 were synthesized 

employing the Na azide route in weld-shut Ta ampules. The two compounds are homeotypic and 

crystallize in the monoclinic space group C2/m (no. 12). The crystal structures were solved and 

refined on the basis of single-crystal X-ray diffraction data [Ca4Mg5Ge3N10: a = 11.269(3), 

b = 3.3267(11), c = 8.008(3) Å, β = 109.80(2)°, V = 282.44(16) Å3, Z = 1; Sr2Mg3GaN4.33: 

a = 11.737(2), b = 3.4610(7), c = 7.8610(16) Å, β = 108.03(3)°, V = 303.65(12) Å3, Z = 1). The 

three-periodic anionic substructures of both nitrides 

are made up of MN4 tetrahedra with mixed 

occupation of central atoms M = Mg/Ge and Mg/Ga, 

respectively. Corner- and edge-sharing of MN4 

tetrahedra results in vierer and sechser ring channels 

along [010]. Alkaline earth metal ions are located 

within sechser ring channels. The crystal structures 

are also homeotypic with that of known Ca2MgGa3N5 

and represent a more highly condensed variant of the 

MII
2Si5N8 (M

II = Sr,Ba) type of structure. 
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2.4.1 Introduction 

Understanding of the structural characteristics of nitrides is of growing importance, since they 

are an interesting class of materials regarding their outstanding chemical and physical 

properties.[1-15] Especially Mg-containing nitrides are of key interest, since they play an important 

role as host lattices for lanthanide-doped luminescent materials such as Sr[Mg3SiN4]:Eu2+,[16] 

Ba[Mg3SiN4]:Eu2+,[17] M[Mg2Al2N4]:Eu2+ (M = Ca,Sr,Ba) and Ba[Mg2Ga2N4]:Eu2+.[1] Up to now, 

only a small number of quaternary compounds containing Ge or Ga have been reported, and 

only a few also contain Mg.[1,18-25] 

Most syntheses of nitridogermanates and nitridogallates start from the pure elements and 

employ the Na azide route.[19-22,26-30] Therefore, the starting materials as well as NaN3 and Na 

were filled into Ta or Nb ampules, which were hermetically closed by arc welding and fired at 

around 760 °C. By thermal dissociation, NaN 3 supplies an increased nitrogen pressure in the 

ampule. Due to enhanced solubility of nitrogen in liquid Na on addition of alkaline earth metals, 

most nitridogermanates and nitridogallates contain Ca, Sr, or Ba as one of the constituent 

elements. 

The crystal structures of previously known Mg-containing compounds in both classes of nitrides 

are built up of tetrahedra that are connected through common corners and/or edges to form 

anionic substructures. Tetrahedral centers are thereby occupied by Ge/Mg or Ga/Mg and the 

compounds can therefore be classified as nitridomagnesogermanates and nitrido-

magnesogallates, respectively. Electropositive alkaline earth metals balance the charges and 

are distributed among the cavities of the anionic framework. 

The dimensionality of nitridomagnesogermanates is diverse. There are anionic substructures of 

infinite chains (M3MgGeN4 with M = Sr,Ba),[18,20] layers (Ca2Mg5GeN6),
[22] and three-periodic 

networks (Sr[Mg3GeN4]).
[19] In case of nitridomagnesogallates, only layered (CaMg2GaN3 and 

CaMg2Ga2N4)
[31] and three-periodic anionic frameworks (Ca2MgGa3N5, M[Mg2Ga2N4] with 

M = Sr,Ba) are known.[1,19,21] Since the homeotypic nitrides Sr[Mg3GeN4] and M[Mg2Ga2N4] 

illustrate the structural similarities between the two compound classes, we assume that further 

compounds exist that are structurally related to already known nitridomagnesogermanates and 

-gallates, respectively.  

Herein, we report on the synthesis and structure elucidation of the nitrides Ca4Mg5Ge3N10 and 

Sr2Mg3GaN4.33, which are closely related to Ca2MgGa3N5. Similarities between these compounds 
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and particular structural features of Sr2Mg3GaN4.33 are discussed in detail. Structural analogies 

to thoroughly investigated M2Si5N8 (M = Sr,Ba) are also presented. 

 

2.4.2 Results and Discussion 

2.4.2.1 Synthesis 

Ca4Mg5Ge3N10 as well as Sr2Mg3GaN4.33 were synthesized by employing the NaN3 route from 

the pure elements with sodium azide NaN3 as nitrogen source and sodium as fluxing agent in 

weld-shut tantalum ampules at 780 and 760 °C, respe ctively. Both nitrides could be isolated as 

crystalline side phases from heterogeneous reaction mixtures. Rod-shaped single crystals of 

Ca4Mg5Ge3N10 and Sr2Mg3GaN4.33 show yellow to red body colors and are sensitive to air and 

moisture. Energy-dispersive X-ray (EDX) analyses yielded an average atomic ratio of 

Ca/Mg/Ge = 3.9:5.4:3.0 for Ca4Mg5Ge3N10 (normalized according to the Ge content) and an 

average atomic ratio of Sr/Mg/Ga = 2.0:3.2:1.2 for Sr2Mg3GaN4.33 (normalized according to the 

Sr content). Besides a small amount of oxygen, which can be attributed to the high sensitivity of 

the products to air and moisture, no further elements were detected. 

 

2.4.2.2 Single-Crystal Structure Analysis 

The crystal structures of Ca4Mg5Ge3N10 and Sr2Mg3GaN4.33 were solved and refined by using 

single-crystal X-ray diffraction data. Both compounds crystallize in the monoclinic space group 

C2/m (no. 12). Crystallographic data are summarized in Table 1, and atomic coordinates and 

isotropic displacement parameters are given in Table 2. Table 3 lists selected bond lengths of 

Ca4Mg5Ge3N10 and Sr2Mg3GaN4.33; selected bond angles of both compounds can be found in the 

Supporting Information. 
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Table 1.  Crystallographic data for Ca4Mg5Ge3N10 and Sr2Mg3GaN4.33. 

Formula Ca4Mg5Ge3N10 Sr2Mg3GaN4.33 

Crystal system Monoclinic Monoclinic 

Space group C2/m (No. 12) C2/m (No. 12) 

Lattice parameter /Å, ° a = 11.269(3) 

b = 3.3267(11) 

c = 8.008(3) 

β = 109.80(2) 

a = 11.737(2) 

b = 3.4610(7) 

c = 7.8610(16) 

β = 108.03(3) 

Cell volume /Å3 282.44(16) 303.65(12) 

Formula units per unit cell 1 2 

Density /g·cm−3 3.761 4.138 

µ /mm−1 10.027 22.243 

T /K 293(2) 293(2) 

Diffractometer Bruker D8 Quest Bruker D8 Quest 

Radiation Mo-Kα (λ = 0.71073 Å) Mo-Kα (λ = 0.71073 Å) 

F(000) 306 346 

θ range /° 2.703 ≤ θ ≤ 29.114 2.725 ≤ θ ≤ 33.781 

Total no. of reflections 2312 4631 

Independent reflections 435 698 

Refined parameters 35 33 

Goodness of fit 1.142 1.071 

R1 (all data) / R1 [F
2 > 2σ(F2)] 0.0586/0.0416 0.0738/0.0545 

wR2 (all data) / wR2 [F
2 > 2σ(F2)] 0.1108/0.0998 0.0956/0.0901 

∆ρmin/∆ρmax / e·Å
3 −1.290/1.138 −1.447/2.715 

 

 

Ca4Mg5Ge3N10 is homeotypic with Ca2MgGa3N5 
[21] and also exhibits disordering of tetrahedrally 

coordinated Mg2+ and Ge4+ ions on the same site. An analogous situation was observed for the 

quaternary compounds Ca2Mg5GeN6 
[22] and Sr[Mg3GeN4].

[19] Since Mg2+ and Ge4+ are both part 

of the tetrahedral network, the compounds can be classified as nitridomagnesogermanates. 

In Ca4Mg5Ge3N10, there are two crystallographic tetrahedral positions. The (Mg/Ge)‒N distances 

vary between 1.954(2) and 2.115(8) Å and are in good agreement with the (Mg/Ge)‒N bond 
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lengths found in Ca2Mg5GeN6 and Sr[Mg3GeN4] [1.99 to 2.11 Å] as well as to averaged Mg‒N 

and Ge‒N bond lengths known from other ternary or quaternary nitrides.[18-20,27,28,32-35] 

(Mg1/Ge1)N4 tetrahedra are linked through common corners to adjacent tetrahedra. In contrast, 

(Mg2/Ge2)N4 units are connected through common corners and edges, whereby edge-sharing 

can solely be observed between (Mg2/Ge2)N4 tetrahedra. The linkage of tetrahedra results in 

vierer ring[36] channels and sechser ring channels along [010], and the respective ring types 

alternate vertically and iterate horizontally (see Figure 1). Ca ions are located within sechser ring 

channels, coordinated by seven N atoms. The Ca‒N distances range from 2.437(1) to 

2.820(7) Å, in compliance with Ca‒N bond lengths of other Ca-containing nitrides {Ca2MgGa3N5: 

2.41-2.61 Å, Ca2Mg5GeN6: 2.57 Å, Ca[LiAl3N4]: 2.52-2.91 Å}[3,21,22] and the sum of ionic radii 

reported by Baur.[37] 

 

 

Figure 1.  (a) Crystal structure of Ca4Mg5Ge3N10, viewed along [010]. (b) Corner- and edge-sharing 
(Mg/Ge)N4 tetrahedra building sechser rings. Atom types: Ca (yellow), Mg/Ge (turquoise), N (dark blue). 

 

The crystal structure of Ca4Mg5Ge3N10 is closely related to that of M2Si5N8 (M = Sr,Ba),[38] as has 

previously been reported for Ca2MgGa3N5.
[21] M2Si5N8 crystallizes in the orthorhombic space 

group Pmn21 (no. 31), and its crystal structure consists of SiN4 tetrahedra that are connected via 

common vertices, forming vierer and sechser ring channels, the latter of which contain alkaline 

earth metal ions. In contrast to Ca4Mg5Ge3N10 and Ca2MgGa3N5, network-building SiN4 

tetrahedra in M2Si5N8 are linked solely through vertices, and this results in a different order of 

vierer and sechser ring channels (see Figure 2). Additional edge sharing in the crystal structures 

of Ca4Mg5Ge3N10 and Ca2MgGa3N5 leads to a higher degree of condensation (i.e., the atomic 
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ratio of the number of network-building ions to the number of nitrogen atoms surrounding them) 

compared with that of M2Si5N8 [Ca4Mg5Ge3N10 and Ca2MgGa3N5: κ = 8:10, M2Si5N8: κ = 5:8]. In 

general, a higher degree of condensation is closely associated with an increase in the stability 

and rigidity of the anionic network, which is of great interest, for example, regarding application 

of rare earth doped nitrides of p-block elements as luminescent materials in phosphor-converted 

light-emitting diodes.[2,3,17,39] Therefore, further investigations of compounds crystallizing 

isostructural to Ca4Mg5Ge3N10 and Ca2MgGa3N5 are one subject of our research. 

 

 

Figure 2.  (a) Crystal structure of (Sr,Ba)2Si5N8 with a corrugated arrangement of vierer ring channels and 
neighboring sechser ring channels with different orientation of inclination. Viewing direction [100]; (b) 
edge-sharing SiN4 tetrahedra building sechser rings. Atom types: Sr,Ba (orange), Si (turquoise), N (dark 
blue). 

 

Sr2Mg3GaN4.33 is homeotypic with Ca4Mg5Ge3N10, is another nitride isostructural to Ca2MgGa3N5, 

and therefore also exhibits strong relations to M2Si5N8. The crystal structure contains two 

crystallographically independent sites with mixed occupancy Mg/Ga. The sites Mg2/Ga2 and 

N2/N3 were described with split positions (see Table 2) with site occupation factors of 

0.844(3)/0.156(3) and 0.35(8)/0.65(8), respectively. N4 is partially occupied; free refinement led 

to an occupation factor of 0.22(2). Within the standard deviations of site occupation factors [Mg: 

2.97(2), Ga: 1.03(2), N: 2.2(7)], the chemical composition Sr2Mg2.97Ga1.03N4.2 resulting from 

single-crystal X-ray diffraction data complies with charge-balanced formula Sr2Mg3GaN4.33. 



2.4 Ca4Mg5Ge3N10 and Sr2Mg3GaN4.33 – 
Two Mg-Containing Nitrides and Their Structural Relation to (Sr,Ba)2Si5N8 

 

 
51 

 

Mg/Ga sites are tetrahedrally surrounded by four N atoms. The (Mg/Ga)‒N bond lengths 

[1.97(3)-2.19(3) Å] correspond to the sum of the ionic radii and to those of other 

nitrido(magneso)gallates.[1,19,21,26,30,40-43] According to Ca4Mg5Ge3N10 and Ca2MgGa3N5, the 

alkaline earth metal ion is located within sechser ring channels and sevenfold-coordinated by N. 

The distances Sr‒N range from 2.60(1) to 2.94(6) Å, which is in good agreement with those in 

other Sr nitridogallates and with the calculated sum of the ionic radii.[26,37,44,45] 

Figure 3 shows the unit cell of Sr2Mg3GaN4.33 with exemplary coordination spheres of the split 

positions Mg2/Ga2. Since the occupation factors of N4 and Ga2 are in the same range, 

tetrahedral coordination of Ga2 as well as trigonal (Mg2)N3 units can be assumed. 

 

 

Figure 3.  Perspective view of a unit cell of Sr2Mg3GaN4.33. Mg2/Ga2 and N2/N3 are split positions; N4 is 
partially occupied. Atom types: Sr (orange), Mg (light blue), Ga and Mg/Ga (turquoise), N (dark blue). 

 

A trigonal coordination environment of Mg ions is unusual, but has already been reported for 

Mg3BN3.
[46] Additionally, further nitrides, namely, CaMg2GaN3 and CaMg2Ga2N4,

[31] exhibit 

comparable surroundings of disordered Mg/Ga sites. In CaMg2GaN3, the coordination of one 

Mg/Ga site can be described as 3+2 (trigonal planar with two long distances to N atoms parallel 

to the c-axis direction). Moreover, Mg/Ga coordination spheres in CaMg2Ga2N4 exhibit one 

elongated (Mg/Ga)−N bond length in (Mg/Ga)N4 tetrahedra and can also be described as 

nonplanar, pyramidal (Mg/Ga)N3 units. In accordance with M6B22O39·H2O (M = Fe,Co),[47] these 
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units are considered to be an intermediate state between a trigonal-planar (Mg/Ga)N3 group and 

an (Mg/Ga)N4 tetrahedron. 

Reciprocal lattice sections, reconstructed from single-crystal X-ray data, helped to further 

investigate the crystal structure of Sr2Mg3GaN4.33. Thereby, splitting of reflections, iterating along 

c*, could be observed in reciprocal lattice sections hnl (−2 ≤ n ≤ 2). This is an indication for the 

coexistence of two crystal structures with almost identical metrics, which might be caused by 

segregation of a high-temperature modification while cooling. The crystal structure presented 

here is therefore an average structural model of both crystal structures. Occurrence of lamellar 

domain structures is typical for segregation in solid-state materials. At sufficient size of these 

domains, the layered morphology can be visualized with the aid of electron microscopy. Figure 4 

shows SEM images of rod-shaped single crystals of Sr2Mg3GaN4.33. Both images clearly show 

the platelike assembly of single crystals, which corroborates previous assumptions. 

 

Figure 4.  SEM images of rod-shaped single crystals of Sr2Mg3GaN4.33. 

 

Up to now, there are only two examples of isotypic nitridogallates with equal sum formulas 

known in the literature, namely, Sr3Ga2N4 
[26] and Ba3Ga2N4 

[42] as well as Sr[Mg2Ga2N4]
[19] and 

Ba[Mg2Ga2N4].
[1] The crystal structures of corresponding Ca analogues are rather 

different.[26,31,40] Conversely, it can be stated that Sr and Ba compounds isotypic with known Ca 

nitridogallates are lacking. This may be explained by differences in the ionic radii of alkaline 

earth metal ions, which act as counterions and therefore stabilize the anionic network. With 

regard to Ca2MgGa3N5 and structurally related Sr2Mg3GaN4.33, an exchange of Ca2+ by Sr2+ 

simultaneously requires an expansion of the anionic network. As observed in Sr2Mg3GaN4.33, this 
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can be realized by inversion of the atomic ratio Mg/Ga (ionic radii of fourfold-coordinated ions 

Mg2+/Ga3+: 0.64/0.48 Å).[37] However, due to different charges of the ions (Mg2+/Ga3+) and in 

order to maintain electroneutrality, this inversion must be accompanied by modifications in the 

anionic network. 

However, a similar phenomenon is also known from nitridogermanates. Since the ionic radii of 

Ca2+ and Ba2+ are rather different, there are no examples of isotypic Ca- and Ba-containing 

nitridogermanates. Depending on the anionic network, Sr2+ can be isotypic with its 

corresponding Ca analogue or Ba analogue, respectively, as has been observed for Ca7GeN6 

and Sr7GeN6 as well as for the isotypic compounds Sr3Ge2N2 and Ba3Ge2N2.
[28,48,49] 

 

Table 2.  Atomic coordinates and equivalent isotropic displacement parameters /Å² of Ca4Mg5Ge3N10 and 
Sr2Mg3GaN4.33. 

Ca4Mg5Ge3N10       

Atom Wyck. x y z Ueq s.o.f. 

Ca1 4i 0.16409(14) 0 0.6256(2) 0.0090(4) 1 

Mg1/Ge1 4i 0.53857(12) 0 0.2799(2) 0.0143(4) ½ / ½ 

Mg2/Ge2 4i 0.16711(17) 0 0.0454(2) 0.0127(4) ¾ / ¼ 

N1 4i 0.3650(7) 0 0.1065(11) 0.0258(18) 1 

N2 2d 0 ½ ½ 0.0115(18) 1 

N3 4i 0.1440(7) 0 0.2861(10) 0.0192(15) 1 

Sr2Mg3GaN4.33       

Atom Wyck. x y z Ueq s.o.f. 

Sr1 4i 0.16929(6) 0 0.63436(9) 0.0093(2) 1 

Mg1/Ga1 4i 0.17047(12) 0 0.0445(2) 0.0090(4) 0.641(6)/0.359(6) 

Mg2a 4i 0.5411(3) 0 0.2271(6) 0.0083(7) 0.844(6) 

Ga2a 4i 0.5376(6) 0 0.2625(10) 0.0083(7) 0.156(6) 

N1 4i 0.1420(5) 0 0.2893(8) 0.0123(11) 1 

N2a 4i 0.364(2) 0 0.082(9) 0.114(17) 0.35(16) 

N3a 4i 0.3598(13) 0 0.115(5) 0.114(17) 0.65(16) 

N4 2d 0 ½ ½ 0.0123(11) 0.22(2) 
a Split positions 
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Table 3.  Selected bond lengths in the crystal structures of Ca4Mg5Ge3N10 and Sr2Mg3GaN4.33. Standard 
deviations are given in parantheses. 

Ca4Mg5Ge3N10    

Ca1−N1 (2x) 2.820(7) Mg1/Ge1−N2 1.954(2) 

Ca1−N2 (2x) 2.437(1) Mg1/Ge1−N3 (2x) 2.035(4) 

Ca1−N3 (2x) 2.628(6) Mg2/Ge2−N1 (2x) 2.020(5) 

Ca1−N3 2.650(8) Mg2/Ge2−N1 2.115(8) 

Mg1/Ge1−N1 1.978(8) Mg2/Ge2−N3 2.031(7) 

Sr2Mg3GaN4.33    

Sr1−N1 (2x) 2.727(5) Mg1/Ga1−N2,N3 2.19(3), 2.12(2) 

Sr1−N1 2.631(6) Mg2−N1 (2x) 2.068(4) 

Sr1−N2,N3 (2x) 2.94(6), 2.72(3) Mg2−N2,N3 2.10(3), 2.04(1) 

Sr2−N4 (2x) 2.560(1) Ga2−N1 (2x) 2.093(5) 

Mg1/Ga1−N1 2.053(6) Ga2−N2,N3 2.10(3), 2.05(1) 

Mg1/Ga1−N2,N3 (2x) 1.97(3), 2.10(2) Ga2−N4 2.048(8) 

 

 

2.4.3 Conclusions 

Ca4Mg5Ge3N10 and Sr2Mg3GaN4.33 are new Mg-containing nitrides with a three-periodic anionic 

network. By employing the Na azide synthesis route, single crystals of the title compounds could 

be obtained and isolated. Both nitrides are homeotypic to Ca2MgGa3N5 and show structural 

similarities to M2Si5N8 (M = Sr,Ba). The anionic network consists of corner- and edge-sharing 

tetrahedra with Mg/Ga or Mg/Ge mixed occupation on tetrahedral sites. The tetrahedra build 

vierer and sechser rings, which are stacked along [010], forming channels. Alkaline earth metal 

ions are located inside the channels of sechser rings; vierer ring channels are not filled. In 

Sr2Mg3GaN4.33, one tetrahedra site with mixed occupancy Mg/Ga was described with a split 

position. Additionally, one nitrogen atom position is also split and another N site is partially 

occupied. SEM images, which show a platelike assembly of single crystals of Sr2Mg3GaN4.33, 

and investigations of reciprocal lattice sections, suggest the coexistence of two crystal structures 

with almost identical metrics. Additional studies with the aid of electron diffraction would lead to 

more detailed information about the crystal structure and its domains. Tempering of the reaction 

product containing Sr2Mg3GaN4.33 and high cooling rates during synthesis are two possibilities to 
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avoid segregation. First experiments regarding these considerations led to average structure 

models as described here. However, since Ca4Mg5Ge3N10 and Sr2Mg3GaN4.33 can be viewed as 

more highly condensed variants of the M2Si5N8 structure, the title compounds illustrate the 

strong relationship between nitridogermanates, nitridogallates and nitridosilicates. The higher 

degree of condensation is possibly caused by incorporation of additional Mg atoms in the 

tetrahedral network, which modifies the charge and covalency of the anionic substructure. Since 

nitridosilicates are known as highly efficient luminescent materials when doped with Eu2+ and 

due to their strong relationship to nitrido(magneso)germanates and –gallates, the latter are 

interesting candidates as host lattices for Eu2+ doping. Recently investigated Ba3Ga3N5:Eu2+ as 

well as Ba[Mg2Ga2N4]:Eu2+ demonstrate the potential as luminescent materials. 

 

2.4.4 Experimental Section 

2.4.4.1 General 

To avoid oxidation and hydrolysis of starting materials and products, all manipulations were 

done under inert-gas conditions by using a combined Schlenk/vacuum line and an argon-filled 

glove box (Unilab, MBraun, Garching; O2 < 1 ppm, H2O < 1 ppm). Ar was dried and purified by 

passage through glass tubes filled with silica gel (Merck), molecular sieves (Fluka, 4 Å), KOH 

(Merck, ≥85%), P4O10 (Roth, ≥99%), and titanium sponge (Johnsen Matthey, 99.5%). Under Ar, 

arc-welded Ta ampules (length 30 mm, diameter 10 mm, wall thickness 0.5 mm) were used as 

reaction containers. Two at a time were transferred into a silica tube and heated under vacuum. 

 

2.4.4.2 Synthesis of Ca 4Mg5Ge3N10 

Single crystals of Ca4Mg5Ge3N10 were obtained by reaction of NaN3 (0.46 mmol, 29.9 mg, Acros, 

99%), Ca (0.80 mmol, 32.1 mg, Sigma-Aldrich, 99.99%), Mg (0.79 mmol, 19.3 mg, Alfa Aesar, 

99.9%), Ge (0.40 mmol, 29.1 mg, Sigma-Aldrich, 99.99%) and EuF3 (1.63·10−2 mmol, 3.4 mg, 

Sigma-Aldrich, 99.99%) in Na flux (2.21 mmol, 50.7 mg, Sigma-Aldrich, 99.95%). The starting 

materials were heated to 780 °C at a rate of 50 °C ·h−1, maintained at that temperature for 48 h, 

and subsequently cooled to 500 °C at a rate of 3 °C ·h−1. Subsequently, the reaction mixture was 

quenched to room temperature and the Ta ampule was opened in a glove box. Excess of the Na 

flux was removed by sublimation at 320 °C under vac uum. 
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2.4.4.3 Synthesis of Sr 2Mg3GaN4.33 

Sr2Mg3GaN4.33 was synthesized by heating a mixture of NaN3 (0.46 mmol, 29.9 mg, Acros, 

99%), Sr (0.55 mmol, 48.4 mg, Sigma-Aldrich, 99.99%), Mg (0.28 mmol, 6.7 mg, Alfa Aesar, 

99.9%), and Ga (0.14 mmol, 9.6 mg, Alusuisse, 99.999%) in Na flux (1.96 mmol, 45.0 mg, 

Sigma-Aldrich, 99.95%) at a rate of 50 °C ·h−1 to 760 °C. The temperature was maintained for 

48 h before cooling to 200 °C at a rate of 3.4 °C ·h−1. After quenching to room temperature and 

opening the Ta ampule in a glove box, the Na melt was removed by sublimation at 320 °C under 

vacuum. 

 

2.4.4.4 Single-Crystal X-ray Diffraction 

Single crystals of Ca4Mg5Ge3N10 and Sr2Mg3GaN4.33 were isolated from the respective products, 

washed with dry paraffin oil, and enclosed in glass capillaries. To prevent hydrolysis of single 

crystals, the glass capillaries were sealed under argon. Single-crystal X-ray diffraction data were 

collected with a Bruker D8 Quest diffractometer (PHOTON 199 CMOS detector, Mo-Kα 

radiation). Absorption effects were corrected by using the multiscan method (SADABS).[50] The 

structures were solved by direct methods in SHELXS-97, structure refinements were carried out 

by full-matrix least-squares calculation on |F|2 in SHELXL-97.[51] 

Further details of the crystal structure investigations 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 depository numbers CSD-

432308 (for Ca4Mg5Ge3N10) and CSD-432309 (for Sr2Mg3GaN4.33). 
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Abstract: Nitridomagnesogermanate Ba[Mg3GeN4]:Eu2+ was synthesized by the NaN3 route in 

weld-shut tantalum ampules by reaction of the elements in molten sodium with NaN3 as nitrogen 

source at 780 °C. The crystal structure was solved and refined on the basis of single-crystal X-

ray diffraction data. Ba[Mg3GeN4]:Eu2+ crystallizes in the UCr4C4 structure type [space group 

I4/m (no. 87), a = 8.3921(12), c = 3.4813(7) Å, Z = 2] and exhibits a highly condensed anionic 

network made up of statistically disordered (Mg/Ge)N4 tetrahedra, which are connected to each 

other by common vertices and edges to form vierer 

ring channels along [001]. Ba2+ is located in every 

second channel and has cubelike coordination by 

eight N atoms. Theoretical calculations of the 

electronic properties of Ba[Mg3GeN4]:Eu2+ are 

discussed to understand the absence of 

photoluminescence in the visible range and for 

comparison with other luminescent materials that are 

structurally related to Ba[Mg3GeN4]:Eu2+. 
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2.5.1 Introduction 

Nitrides have gained significant importance during the last decades, since they are suitable for a 

variety of technological applications, such as nonlinear optical materials, lithium solid 

electrolytes, and efficient luminescent materials for phosphor-converted light-emitting diodes (pc-

LEDs).[1-14] Due to the sensitivity of nitride compounds towards hydrolysis, their synthesis and 

characterization are challenging. Recently, a number of new ternary or higher nitrides have been 

synthesized via different synthetic routes, for example, solid-state reactions, flux methods, 

precursor routes, and ammonothermal syntheses.[15,16] Despite these differing synthetic 

approaches, nitridogermanates have been exclusively synthesized by employing the NaN3 route 

starting from the pure elements in sodium flux with NaN3 as nitrogen source. Minor variations of 

the syntheses have been reported, for example, by substituting Ge metal through GeO2, or 

addition of small amounts of Li to facilitate crystal growth.[17-22] Nevertheless, the class of 

nitridogermanates is quite unexplored, and only a small number of compounds has been 

described so far. 

Almost all nitridogermanates contain Ge with oxidation state +IV and alkaline earth metal ions. 

Alkaline earth metals are supposed to enhance solubility of nitrogen in the flux. Most common 

structural motifs are GeN4 tetrahedra and trigonal-planar GeN3 units, forming more or less 

condensed nitridometallate anions surrounded by electropositive alkaline earth metal ions. 

Besides, Ge may also occur in oxidation states −IV (no coordination to nitrogen),[23,24] −II (Zintl 

anions ∞
1[Ge]2‒) [25-27] and +II (dumbbell shaped anions [GeN2]

4‒).[25,26,28] 

Yet, only four Mg-containing nitridogermanates have been reported: M3[MgGeN4] with 

M = Sr,Ba,[18,29] Ca2[Mg5GeN6],
[19] and Sr[Mg3GeN4].

[17] Since Mg and Ge are both part of the 

tetrahedral network, the compounds can be more accurately classified as 

nitridomagnesogermanates. Sr[Mg3GeN4] crystallizes in the UCr4C4 structure type[30] and 

exhibits a three-periodic anionic network of vertex- and edge-sharing (Mg/Ge)N4 tetrahedra 

resulting in a highly symmetrical coordination of Sr2+ by N. Furthermore, some other nitrides are 

isostructural with UCr4C4, namely, M[Mg2Ga2N4] (M = Sr,Ba), M[Mg2Al2N4],
[31] M[Mg3SiN4] 

(M = Ca,Sr,Ba),[32-33] and M[LiAl3N4] (M = Ca,Sr).[1,34] All of these compounds, except for 

Sr[Mg2Ga2N4], show red emission with rather narrow bandwidths on doping with Eu2+ and after 

irradiation with UV-to-green light.[1,31-34] 
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Herein, we report on the synthesis and structural elucidation of Ba[Mg3GeN4]:Eu2+, a new 

nitridomagnesogermanate with UCr4C4 structure type. Since Ba[Mg3GeN4]:Eu2+ does not show 

luminescence within the range of visible light after irradiation with UV-to-green light, theoretical 

calculations of electronic properties were performed. These findings, as well as the coherences 

and differences with regard to the aforementioned Eu2+-doped compounds crystallizing 

isostructural to UCr4C4, are discussed in detail. 

 

2.5.2 Results and Discussion 

2.5.2.1 Synthesis 

Ba[Mg3GeN4]:Eu2+ was synthesized by solid-state reaction at 780 °C with molten sodium as flux, 

NaN3 as nitrogen source, and EuF3 as dopant. In the absence of EuF3 as starting material, 

formation of undoped Ba[Mg3GeN4] was not observed. Synthesis yielded a heterogeneous 

product mixture, from which the title compound was isolated in the form of stretched double-

pyramids with orange body color. Due to sensitivity to air and moisture, decomposition of 

Ba[Mg3GeN4]:Eu2+ starts immediately when it is exposed to air. Energy-dispersive X-ray 

spectroscopy (EDX) was used to investigate elemental composition. This resulted in a Ba/Mg/Ge 

atomic ratio of 8/30/8, which is in fair agreement with the sum formula determined from single-

crystal structure analysis. Due to the method, accurate determination of light elements such as N 

next to heavier elements is not possible. As the concentration of Eu2+ in Ba[Mg3GeN4]:Eu2+ is 

quite low, it could not be detected with certainty by EDX analysis. Since EuF3 seems to be 

essential for successful synthesis of Ba[Mg3GeN4]:Eu2+ and obtained crystals show an orange 

body color, we assume incorporation of Eu2+ in its crystal structure. 

 

2.5.2.2 Single-Crystal Structure Analysis 

The structure of Ba[Mg3GeN4]:Eu2+ was solved and refined in tetragonal space group I4/m 

(no. 87) with a = 8.3921(12) and c = 3.4813(7) Å. Eu2+ was neglected during structure 

refinement because of its low concentration and its insignificant contribution to scattering 

intensity. Crystallographic data and further details of the structure determination are listed in 

Table 1. The site occupation factor was refined by assuming full occupancy of Mg1/Ge1 site and 

led to Mg/Ge = 0.759(6)/0.241(6). According to electroneutrality, the occupancy was fixed at 
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¾/¼. All atoms were refined anisotropically. Table 2 lists atomic coordinates and isotropic 

displacement parameters. Selected bond lengths and angles in the crystal structure of 

Ba[Mg3GeN4]:Eu2+ are listed in Table 3. Rietveld refinement based on powder X-ray diffraction 

data of finely ground single crystals of Ba[Mg3GeN4]:Eu2+ is shown in the Supporting Information. 

It confirmed the results of the single-crystal structure analysis. 

 

Table 1.  Crystallographic data of Ba[Mg3GeN4]:Eu2+. 

Formula Ba[Mg3GeN4]:Eu2+ 

Crystal system tetragonal 

Space group I4/m (no. 87) 

Lattice parameter /Å a = 8.3921(12) 

c = 3.4813(7) 

Cell volume /Å3 245.18(9) 

Formula units per unit cell 2 

Density /g·cm−3 4.591 

µ /mm−1 14.360 

T /K 293(2) 

Diffractometer Bruker D8 Quest 

Radiation Mo-Kα (λ = 0.71073 Å) 

F(000) 304 

θ range /° 3.433 ≤ θ ≤ 28.480 

Total reflections 1076 

Independent reflections 180 

Refined parameters 15 

Goodness of fit 1.330 

R1 (all data) / R1 [F
2> 2σ(F2)] 0.0215 / 0.0201 

wR2 (all data) / wR2 [F
2> 2σ(F2)] 0.0456 / 0.0451 

∆ρmin/∆ρmax / e·Å
3 −0.468/0.825 
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Table 2.  Atomic coordinates and equivalent isotropic displacement parameters /Å2 of Ba[Mg3GeN4]:Eu2+, 
standard deviations in parentheses. 

Atom Wyckoff x y z Ueq s.o.f. 

Ba1 2a 0 0 0 0.0142(2) 1 

Mg1/Ge1 8h 0.18582(13) 0.36290(12) 0 0.0144(3) ¾/¼  

N1 8h 0.4007(5) 0.2338(6) 0 0.0221(10) 1 

 

 

Table 3.  Selected bond lengths and angles in the crystal structure of Ba[Mg3GeN4]:Eu2+, standard 
deviations in parentheses. 

Bond length /Å Bond angle /°  

Ba1−N1 2.952(4) (8x) N1−Ba1−N1 110.35(6) 

Mg1/Ge1−N1 2.024(4) N1−Ba1−N1 69.65(6) 

Mg1/Ge1−N1 2.053(3) (2x) N1−Ba1−N1 180 

Mg1/Ge1−N1 2.104(4) N1−Ba1−N1 107.73(12) 

  N1−Ba1−N1 72.27(12) 

  N1−Mg1/Ge1−N1 117.3(1) 

  N1−Mg1/Ge1−N1 115.9(3) 

  N1−Mg1/Ge1−N1 109.5(3) 

  N1−Mg1/Ge1−N1 95.7(1) 

 

 

2.5.2.3 Crystal-Structure Description 

Ba[Mg3GeN4]:Eu2+ crystallizes in the UCr4C4 structure type[30] and is isotypic with Sr[Mg3GeN4] 

and homeotypic with M[Mg2Al2N4] (M = Ca,Sr,Ba,Eu) and M[Mg2Ga2N4] (M = Sr,Ba).[17,31] It 

consists of a highly condensed anionic network of (Mg/Ge)N4 tetrahedra with a degree of 

condensation (i.e. the (Mg/Ge)/N atomic ratio) of κ = 1. As shown in Figure 1, (Mg/Ge)N4 

tetrahedra are linked through edges to form strands along c. These strands are connected 

through corners to one another, resulting in vierer ring[35] channels along [001]. Ba2+ ions are 

located in every second channel and have cubelike coordination by N (Figure 2b). The Ba−N 

bond length is 2.952(4) Å, which corresponds to the sum of the ionic radii and to the distances in 
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other Ba-containing nitrides.[18,31,33,36] The central Mg2+ and Ge4+ ions of the tetrahedra are 

statistically disordered. Figure 2a shows tetrahedral coordination of the Mg/Ge site. Since Mg2+ 

and Ge4+ are both part of the tetrahedral network, the compound can be classified as a 

nitridomagnesogermanate.[37] The (Mg/Ge)‒N distances range from 2.024(4) to 2.104(4) Å, and 

correspond to averaged Mg‒N and Ge‒N bond lengths of other nitrides and to the calculated 

sum of the ionic radii according to Baur (Ge4+ 0.41; Mg2+ 0.64; N3− 1.46 Å).[18,28,36,38,39] The 

N−Mg/Ge−N bond angles in (Mg/Ge)N4 tetrahedra range from 95.7(1) to 117.3(1)°. Simila r 

distortions of tetrahedra can be found in Sr[Mg3GeN4] (97-119°), (Sr,Ba) 3MgGeN4 (90-119°), or 

CaMg2Ga2N4 (99-118°), [40] and may be due to strong interactions resulting from edge sharing of 

neighboring tetrahedra. Mixed Mg/Ge occupancy of tetrahedral sites also appears in 

Sr[Mg3GeN4] and Ca2[Mg5GeN6].
[17,19] The (Mg/Ge)‒N bond lengths vary between 1.990(6) and 

2.057(6) Å in Sr[Mg3GeN4] and 1.994(1) and 2.110(3) Å in Ca2[Mg5GeN6] and resemble the 

(Mg/Ge)‒N bond lengths in Ba[Mg3GeN4]:Eu2+. 

Table 4 gives an overview of nitrides with structural features identical to those of UCr4C4, 

including Na[Li3SiO4] and Cs[Na3PbO4] structure types, which resemble the UCr4C4 structure 

type quite closely.[1,17,31-34] M[Mg3SiN4] and M[LiAl3N4] (M = Ca,Sr) are isotypic with Na[Li3SiO4] 

and Cs[Na3PbO4], respectively. In contrast to nitrides with UCr4C4 structure type, the latter show 

crystallographic ordering of the tetrahedrally coordinated network atoms Mg/Si and Li/Al, 

respectively. This ordering is quite likely due to the marked differences in the ionic radii of 

fourfold-coordinated Si4+ (0.29 Å) and Mg2+ (0.64 Å) as well as Li+ (0.62 Å) and Al3+ (0.41 Å). 

However, nitrides crystallizing in the UCr4C4 structure type described here and also Ba[Mg3SiN4], 

which crystallizes in a triclinic variant of the UCr4C4 structure type, show disordering of 

tetrahedrally coordinated central ions despite comparable differences in ionic radii. In 

M[Mg2Al2N4] (M = Ca,Sr,Ba), the difference in Mg2+/Al3+ ionic radii is 0.23 Å, which is even 

slightly larger than the differences of Li+/Al3+ (0.21 Å) in M[LiAl3N4] (M = Ca,Sr). Thus, a reason 

for crystallographic disorder is not obvious. 
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Figure 1.  Crystal structure of Ba[Mg3GeN4]:Eu2+ along [001]. Ba (orange), Mg/Ge (turquoise), N (blue). All 
atoms are shown as ellipsoids with 90% probability. 

 

 

Figure 2.  (a) Cubic coordination of Ba1 (orange) by nitrogen atoms (blue). (b) Tetrahedral coordination of 
Mg1/Ge1 site (turquoise) by four nitrogen atoms (blue). 

 

The aforementioned AB2C2X4 and AB3CX4 structures also illustrate the substitutability of 

network-building ions B and C, provided that their total number (B+C) of four atoms with a 

positive charge of 10+ remains unchanged. As can be seen from Table 4, unlike 
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nitridomagnesoaluminates and -silicates, corresponding Ca analogues “Ca[Mg3GeN4]” and 

Ca[Mg2Ga2N4] are either still lacking or show marked differences in their crystal structures, 

respectively. There are further examples in the classes of nitridogallates and nitridogermanates 

showing this phenomenon, for instance, Sr3Ga2N4 and Ba3Ga2N4 as well as Sr3[MgGeN4] and 

Ba3[MgGeN4]. Whereas the Sr and Ba compounds are isotypic, corresponding Ca analogues are 

not known so far. One explanation might be that an increase in the radius of network-building 

ions[36] within one main group of the periodic table (Al3+/Ga3+: 0.41/0.48 Å, Si4+/Ge4+: 0.29/0.41 Å) 

accompanied by a decrease in the radius of counterions (Ba2+: 1.54, Sr2+: 1.23, Ca2+: 1.05 Å) 

may lead to a crystal structure that is not isotypic or rather may not exist. Ba[Mg3GeN4]:Eu2+ can 

therefore be designated as one of the last missing compounds in this compound class 

crystallizing in the UCr4C4 structure type. 

 

Table 4.  Overview of nitrides with identic structural features. Compounds with the UCr4C4 type of structure 
are marked with asterisks. 

AB2C2X4 structures AB3CX4 structures 

Ca[Mg2Al2N4]*  Ca[Mg3SiN4]  Ca[LiAl3N4] 

Sr[Mg2Al2N4]* Sr[Mg2Ga2N4]* Sr[Mg3SiN4] Sr[Mg3GeN4]* Sr[LiAl3N4] 

Ba[Mg2Al2N4]* Ba[Mg2Ga2N4]* Ba[Mg3SiN4]
 (*) Ba[Mg3GeN4]*  

 

 

2.5.2.4 Luminescence 

Eu2+-doped samples of Ba[Mg3GeN4] exhibit orange body color but show no luminescence under 

UV-to-green irradiation, neither at room temperature or on cooling with liquid nitrogen. Generally, 

emission of Eu2+-doped nitrides is derived from parity-allowed 4f – 5d broad-band transitions 

when excited by UV or blue light. Since the lowest 5d levels of Eu2+ are assumed to be located 

in or rather close to the conduction band of the host lattice, the band gap of the host lattice is 

decisive for emission characteristics of the Eu2+-doped compound. Therefore, to study the 

absence of luminescence, investigations on the band gap of Ba[Mg3GeN4] are of special 

interest. Since synthesis yielded a heterogeneous product with Ba[Mg3GeN4] as side phase, 

accurate separation of the title compound out of the reaction batch was not possible. Hence, 

DFT calculations utilizing the generalized gradient approximation (GGA) on the density of states 



2.5 The Crystal Structure of Nitridomagnesogermanate Ba[Mg3GeN4]:Eu2+ and 
Theoretical Calculations of Its Electronic Properties 

 

 
69 

 

(DOS) were conducted instead of UV/Vis measurements. Thus, the approximate electronic band 

gap was evaluated from differently ordered models of Ba[Mg3GeN4]. Chosen models are shown 

in Figure 3. The resulting values range from 0.2 in model B to 1.5 eV in model A, while the band 

gap of a supercell (see Figure 4), comprising a number of different Mg/Ge arrangements, 

amounts to 0.6 eV. This corresponds to the value calculated for model B. Thus, edge-sharing 

GeN4 tetrahedra appear to limit the electronic gap of the ordering models. 

 

Figure 3.  Chosen models for the ordering of Mg/Ge in Ba[Mg3GeN4] (A-C) and a supercell combining 
different arrangements. MgN4 tetrahedra (violet), GeN4 tetrahedra (turquoise). 

 

GGA is typically observed to underestimate the electronic band gap for nitride phosphor 

materials. Small band gaps in luminescent materials are often associated with increased thermal 

quenching behavior due to location of the Eu 5d state within or sufficiently close to the 

conduction band.[33,41] Additionally, we conducted meta-GGA calculations with the modified 

Becke-Johnson potential (mbj) (see Figure 5),[42] which yield band gaps closer to the 

experiment.[43] Resulting mbj values for Eg are 2.45 eV (model A), 0.65 eV (model B), and 2.8 eV 

(model C). Hence, the absence of luminescence in Ba[Mg3GeN4]:Eu2+ appears conclusive from 

the calculated band gap values. The experimentally observed orange body color of the crystals 
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would suggest an Eg value around 2.3 eV and is further in line with the mbj-corrected values 

suggesting that the disordered material would mainly consist of ordered variants A and C without 

the presence of edge-sharing GeN4 tetrahedra. 

 

 

Figure 4.  DOS for an ordered 2 x 2 x 2 supercell of Ba[Mg3GeN4] comprising different Mg/Ge 
arrangements. 

Up to now, there are no investigations concerning luminescence properties of Eu2+-doped 

nitridogermanates in the literature. As there are many examples of nitrides crystallizing in 

UCr4C4 or closely related structure types, luminescence investigations on Ba[Mg3GeN4]:Eu2+ are 

well suited for comparison between different compound classes. 

The crystal structures as well as luminescence properties of Eu2+-doped compounds with 

general formula AB2C2X4 and AB3CX4 listed in Table 4 have precisely been described in the 

literature. Important characteristics are summarized in Table 5. Compounds in the UCr4C4 

structure type show rather broader bandwidths than those with Na[Li3SiO4] and Cs[Na3PbO4] 

structure types, respectively. A close relation between luminescence and structural features can 

be inferred. 
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Figure 5.  Density of states (mbj-GGA) for the different Mg/Ge ordering models (A‐C) of disordered 
Ba[Mg3GeN4]. 

 

Generally, the number of crystallographic sites for the activator ion and its direct surroundings 

influence the bandwidth of the emission. An isomorphic and highly symmetrical crystal field for 

all crystallographic activator sites, ideally only one site, in a rigid host lattice has so far been 

expected to be beneficial for narrow emission. In the herein-presented AB2C2X4 and AB3CX4 

structures, Eu2+ is expected to occupy the single alkaline earth atom site having cubelike 

coordination by N. Thus, all of them provide promising conditions for narrow-band emission. The 

differences in the full widths at half-maximum (fwhm) may be explained by the occupancy of 

tetrahedral central ions. Unlike Na[Li3SiO4] and Cs[Na3PbO4], compounds with UCr4C4 structure 

type show disordering of tetrahedral central ions Mg2+/Al3+, Mg2+/Ga3+, Mg2+/Ge4+ or Mg2+/Si4+. 

Larger values of the fwhm of compounds with UCr4C4 structure type are presumably caused by 

varying distances of network-building ions to N, which entail differing in Eu‒N distances and 

therefore a broad range of crystal fields, which directly causes inhomogeneous line broadening 

of the emission band. Ordering of central ions is consequently an important characteristic for 

host lattices of narrow-band-emitting phosphor materials. Since Ba[Mg3GeN4]:Eu2+ also shows 

disordering of Mg2+ and Ge4+ network ion positions, broad-band red emission may be assumed. 

Due to the small band gap, no luminescence of Ba[Mg3GeN4]:Eu2+ was observed. 
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Table 5.  Emission data of compounds isostructural to Ba[Mg3GeN4]:Eu2+. Compounds with disordering of 
tetrahedrally coordinated network ions are marked with asterisks. 

Compound λem / nm fwhm / cm‒1 λexc / nm 

Ca[Mg2Al2N4]:Eu2+ (0.1%) * 607 1815 440 

Sr[Mg2Al2N4]:Eu2+ (0.1%) * 612 1823 440 

Ba[Mg2Al2N4]:Eu2+ (0.1%) * 666 2331 440 

    

Ba[Mg2Ga2N4]:Eu2+ (2.0%) * 649 2168 440 

    

Sr[Mg3SiN4]:Eu2+(2.0%) 615 1170 440 

Ba[Mg3SiN4]:Eu2+(0.5%) * 670 1970 450 

    

Ca[LiAl3N4]:Eu2+(5.0%) 668 1333 470 

Sr[LiAl3N4]:Eu2+(0.4%) 650 1180 466 

 

 

 

2.5.3 Conclusions 

Ba[Mg3GeN4]:Eu2+ was synthesized by solid-state reaction in weld-shut Ta ampules. The 

compound crystallizes in the UCr4C4 structure type and shows disordering of Mg and Ge atoms 

in the highly condensed rigid tetrahedra network. Ba2+ is located in vierer ring channels running 

along c and has cubelike coordination by N. At room temperature or under cooling with liquid 

nitrogen Ba[Mg3GeN4]:Eu2+ does not show luminescence in the visible region after irradiation 

with UV-to-green light. Theoretical investigations of the DOS corroborate this observation: the 

band gap for different ordering variants of statistically disordered Ba[Mg3GeN4] was calculated to 

be 2.45‐2.8 eV. 

In general, it is the aim to draw conclusions on the relation between structures and their 

luminescence properties. Thus, target-oriented research of new phosphors could be improved in 

an efficient way. Since commercially available phosphor materials that are currently applied in 

warm-white pc-LEDs show substantial energy loss in the IR region of the emission spectrum, 

further investigations on narrow-band red-emitting phosphors are one focus of current research. 



2.5 The Crystal Structure of Nitridomagnesogermanate Ba[Mg3GeN4]:Eu2+ and 
Theoretical Calculations of Its Electronic Properties 

 

 
73 

 

The UCr4C4 structure type seems to fulfil major requirements for narrow-band red-emitting 

phosphors. It shows a rigid framework of highly condensed tetrahedra and only one 

crystallographic site for the alkaline earth atom with a highly symmetric eightfold environment. 

Both properties are expected to reduce inhomogeneous line broadening, which is caused by 

different crystal fields around the activator site, which is expected to occupy the alkaline earth 

atom site. 

Despite the small band gap of Ba[Mg3GeN4]:Eu2+, research on nitridogermanates is of interest 

for investigation of new host lattices for Eu2+-doped phosphors. As substitutability of ions on 

tetrahedra positions within structure types UCr4C4 and ordered variants Na[Li3SiO4] and 

Cs[Na3PbO4] demonstrate, interesting structures of new nitridogermanates may be transferred to 

nitridoaluminates or nitridosilicates. Previous works show that host lattices of these two 

compound classes have potential for application in high-power phosphor-converted white-light-

emitting diodes. 

 

2.5.4 Experimental Section 

2.5.4.1 General 

To protect starting materials and products from both hydrolization and oxidation, all 

manipulations were performed under inert-gas conditions. A combined Schlenk/vacuum line and 

an argon-filled glove box (Unilab, MBraun, Garching; O2 < 1 ppm, H2O < 1 ppm) were used. Ar 

was purified over silica gel (Merck), molecular sieves (Fluka, 4 Å), KOH (Merck, ≥85%), P4O10 

(Roth, ≥99%), and titanium sponge (Johnsen Matthey, 99.5%). Starting materials were weighed 

into Ta ampules (length 30 mm, diameter 10 mm, wall thickness 0.5 mm), which were arc-

welded under argon atmosphere. Ta ampules were transferred into silica tubes and heated 

under vacuum. 

 

2.5.4.2 Synthesis 

Ba[Mg3GeN4]:Eu2+ was synthesized by firing Ba (0.24 mmol, 32.4 mg, Sigma-Aldrich, 99.99%), 

Mg (0.47 mmol, 11.4 mg, Alfa Aesar, 99.9%), Ge (0.24 mmol, 17.2 mg, Smart Elements, 

99.9999%), 2.6 mol-% EuF3 (6.24·10−3 mmol, 1.3 mg, Sigma-Aldrich, 99.99%), NaN3 
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(0.31 mmol, 20.1 mg, Acros, 99%) and Na (2.1 mmol, 48.3 mg, Sigma-Aldrich, 99.95%) in weld-

shut Ta ampules to 780 °C. The temperature was held  for 48 h, subsequently decreased to 

200 °C at a rate of 3 °C/h, and finally quenched to  room temperature. NaN3 decomposes with 

loss of N2 while heating, which leads to increased pressure in the ampule. Liquid sodium 

enhances solubility of nitrogen, which is further increased by the presence of Ba, and formation 

of nitrides is facilitated. Orange crystals of Ba[Mg3GeN4]:Eu2+ were isolated from the 

inhomogeneous product mixture. 

 

2.5.4.3 Single-Crystal X-ray Diffraction 

Single crystals of Ba[Mg3GeN4]:Eu2+ were selected under a microscope, washed with dry 

paraffin oil, enclosed in glass capillaries, and sealed under argon to avoid hydrolysis. X-ray 

diffraction data were collected with a Bruker D8 Quest diffractometer (PHOTON 199 CMOS 

detector, Mo-Kα radiation), and absorption correction was by multi-scan methods (SADABS).[44] 

The crystal structure was solved by direct methods implemented in SHELXS. Structure 

refinement with anisotropic displacement parameters for all atoms by full-matrix least-squares 

calculation on |F|2 were done in SHELXL-97.[45] 

Further details of the crystal structure investigations 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 depository number CSD-

432528. 

 

2.5.4.4 Powder X-ray Diffraction 

Single crystals of Ba[Mg3GeN4]:Eu2+ were selected under a microscope, pulverized in an agate 

mortar, enclosed in glass capillaries, and sealed under argon. Powder diffraction data were 

recorded with a STOE STADI P diffractometer (Cu-Kα1 radiation, Ge(111) monochromator, 

MYTHEN 1 K detector) in Debye-Scherrer geometry. Simulated powder diffraction patterns were 

calculated with the aid of WinXPOW, on the basis of single-crystal structure data.[46] Rietveld 

refinement was carried out with the TOPAS package.[47] 
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2.5.4.5 Theoretical Calculations 

Structural relaxations were conducted for all chosen ordering variants of Ba[Mg3GeN4] with 

respect to all internal cell parameters and internal coordinates by using the Vienna ab initio 

simulation package (VASP).[48-50] To ensure high precision, the total energy of the unit cell was 

converged to 10−7eV/atom with residual atomic forces below3×10−4eV/Å. For the exchange 

correlation we used the generalized gradient approximations of Perdew, Burke, and Ernzerhof 

(PBE) [51,52] with the projector-augmented-wave (PAW) method.[53,54] For all electronic 

calculations including those of the density of states a plane-wave cut-off of 535 eV and a 

Brillouin zone sampling on a Γ-centered k-mesh of 7 x 7 x 15 (4 x 4 x 8 for the respective 

supercell) produced by the method of Monkhorst and Pack was chosen.[55] Additional meta-GGA 

calculations were performed with the modified Becke‐Johnson formalism (GGA‐mbj).[42] 
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3 Nitridosilicates 

3.1 Introduction 

During the last decades, Eu2+-doped nitridosilicates emerged as highly efficient optical materials. 

M2Si5N8:Eu2+ (M = Sr,Ba)[1-3] represents one prominent example, which already finds application 

as luminescent material in phosphor-converted (pc)-LEDs. In recent years, further investigations 

have shown that, in particular, Mg- or Li-containing nitridosilicates (e.g. Sr[LiAl3N4]:Eu2+ and 

Sr[Mg3SiN4]:Eu2+)[4,5] exhibit excellent luminescence properties and comply with high demands 

that are crucial for an application in LED-based lighting products. Several novel nitridosilicates 

containing Mg and/or Li have been developed, namely, M[Mg3SiN4] (M = Ca,Sr,Ba,Eu),[5,6] 

Ca2Mg[Li4Si2N6], Li2Ca2[Mg2Si2N6],
[7] Ba[(Mg2−xLix)(Al4−xSix)N6] (x = 0-2),[8] 

Li2(Ca1−xSrx)2[Mg2Si2N6] (x = 0-0.06),[9] and Mg2Si5N8.
[10] Constituting ions Mg2+ and Li+ may 

thereby be part of the tetrahedral network, or act as counterions that balance the charges of the 

anionic framework. Additionally, Ba[(Mg2−xLix)(Al4−xSix)N6] and Li2(Ca1−xSrx)2[Mg2Si2N6] clearly 

illustrate the substitutability of network-building ions or counterions. Nitridosilicates represent 

therefore an intriguing class of materials with a wide variety of structural features. 

The following chapters deal with the novel Mg- and Li-containing nitridosilicate 

Ca3Mg[Li2Si2N6]:Eu2+. It represents the fourth example of a nitridosilicate that contains both, Li+ 

and Mg2+ ions. A detailed description of its crystal structure is given and a comparison to 

structurally related Ca2Mg[Li4Si2N6] is presented. Furthermore, exceptional luminescence 

properties of Ca3Mg[Li2Si2N6]:Eu2+ are discussed. 
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Abstract: Rare-earth-doped nitridosilicates exhibit outstanding luminescence properties and 

have been intensively studied for solid-state lighting. Here, we describe the new 

nitridolithosilicate Ca3Mg[Li2Si2N6]:Eu2+ with extraordinary luminescence characteristics. The 

compound was synthesized by the solid-state metathesis reaction in sealed Ta ampules. The 

crystal structure was solved and refined on the basis of single-crystal X-ray diffraction data. 

Ca3Mg[Li2Si2N6]:Eu2+ crystallizes in the monoclinic space group C2/m (no. 12) [Z = 4, 

a = 5.966(1), b = 9.806(2), c = 11.721(2) Å, β = 99.67(3)°, V = 675.9(2) Å3] and exhibits a 

layered anionic network made up of edge- and corner-sharing LiN4 tetrahedra and [Si2N6]
10‒ 

bow-tie units. The network charge is 

compensated by Ca2+ and Mg2+ ions. Upon 

irradiation with UV to blue light, red 

emission at exceptionally long wavelengths 

(λem = 734 nm, fwhm ≈ 2293 cm−1) is 

observed. According to emission in the 

near-infrared, application in LEDs for 

horticultural lighting appears promising. 
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3.2.1 Introduction 

Nitridosilicates are characterized by their manifold structural chemistry and intriguing materials 

properties. Because of the high sensitivity to air and moisture of both starting materials and 

products, synthesis of less-condensed nitridosilicates is quite challenging. Over the last years, 

different synthetic approaches leading to nitridosilicates have been elaborated. These include 

high-temperature reactions, precursor routes, ammonothermal syntheses, and flux methods by 

using, for example, liquid sodium.[1-9] Solid-state metathesis reactions have gained significant 

importance as well, because a variety of ternary or higher nitrides have recently been 

synthesized by this approach.[10-15] Thereby, a key feature is the employment of reactive starting 

materials by coproducing a metathesis salt, which on one hand drives the reaction 

thermodynamically and on the other hand concurrently acts as reactive flux. 

Common structural motifs of nitridosilicates are SiN4 tetrahedra, which may be linked through 

vertices and/or edges, forming more- or less-condensed anionic substructures ranging up to 

three-periodic anionic frameworks. The resulting structural diversity of nitridosilicates can be 

ascribed to the N atoms, which are able to connect up to four adjacent tetrahedral centers. 

Cations like alkaline earths (AE2+), Li+ or Mg2+ are distributed among the voids of the anionic 

networks and balance their charges. As some examples in the literature have already shown, 

the number of new nitrides can be further increased by partial substitution of Si4+ by Li+, Mg2+, or 

Al3+.[12,13,16-19] Complete exchange of Si4+ by Ga3+ or Ge4+ is also possible and results in the 

strongly related compound classes of nitridogallates and nitridogermanates, respectively (see 

homeotypical compounds Ba[Mg3SiN4], Sr[Mg3GeN4], and M[Mg2Ga2N4] with M = Sr,Ba).[17,20,21] 

Nitridosilicates show a great diversity of interesting materials properties, e.g. high mechanical 

strength and high thermal stability of silicon nitride ceramics, lithium ion conductivity (e.g. 

Li2SiN2)
[22,23] or luminescence when doped with Eu2+ or Ce3+.[22,24-28] (Sr,Ba)2Si5N8:Eu2+,[29-31] 

CaAlSiN3:Eu2+,[19] and Sr[Mg3SiN4]:Eu2+ [16] represent prominent examples of rare-earth doped 

nitrides, which show strong broadband emission in the red spectral region after irradiation with 

blue light, originating from parity allowed 4f65d1 � 4f7 transitions in Eu2+ and spin and parity 

allowed 4f05d1 � 4f1 transitions in Ce3+. Warm white light can be generated by a combination of 

red and green emitting phosphors, both covered on a blue LED chip, which is usually an 

(In,Ga)N semiconductor chip.[32,33] The so-called phosphor-converted light-emitting diodes (pc-

LEDs) are highly efficient and, over the past decade, developed into an energy-saving 

replacement for inefficient incandescent light bulbs. Because most commercially available warm 
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white pc-LEDs still show a large portion of its emission beyond the sensitivity of the human 

eye,[34,35] research for narrow-band red emitting luminescent materials is of particular interest for 

general illumination purposes. 

During our research for innovative red-emitting compounds, we came across 

Ca3Mg[Li2Si2N6]:Eu2+, a new nitridolithosilicate with outstanding emission properties at fairly long 

wavelengths. In this contribution, we report on the synthesis, structural elucidation, and optical 

properties of Ca3Mg[Li2Si2N6]:Eu2+. Unprecedented luminescence properties differ essentially 

from previously described Eu2+-doped nitridosilicates and are discussed in detail, also in 

comparison to recently reported narrow-band red emitting Eu2+-doped nitridosilicates. 

 

3.2.2 Experimental Section 

3.2.2.1 Synthesis 

Because of the sensitivity of the starting materials and the product toward air and moisture, all 

manipulations were performed under inert-gas conditions using argon filled glove boxes (Unilab, 

MBraun, Garching, O2 < 1 ppm, H2O < 1 ppm) and combined Schlenk/vacuum lines. Ar was 

dried and purified by passing it through glass tubes filled with silica gel (Merck), molecular sieve 

(Fluka, 4 Å), P4O10 (Roth, ≥99%), and titanium sponge (Johnsen Matthey, 99.5%). 

Ca3Mg[Li2Si2N6]:Eu2+ was synthesized by solid-state metathesis reaction using Ca(NH2)2 

(17.9 mg, 0.25 mmol, synthesized according to Brokamp),[36] CaH2 (8.3 mg, 0.20 mmol, Cerac, 

99.5%), MgF2 (15.5 mg, 0.25 mmol, ABCR, 99.99%), Si3N4 (6.9 mg, 0.05 mmol, UBE, 99.9%), 

1.7 mol% EuF3 (0.9 mg, 4.3 · 10‒3 mmol, Sigma-Aldrich, 99.99%), and Li (9.8 mg, 1.41 mmol, 

Alfa Aesar, 99.9%) as starting materials. The powdery reactants were finely ground and placed 

with metallic Li in a tantalum ampule, which was weld shut in an arc furnace. The reaction 

mixture was heated up to 950 °C with a rate of 300 °C ·h‒1, maintained for 24 h, subsequently 

cooled to 500 °C with a rate of 5 °C ·h‒1 and finally quenched to room temperature by switching 

off the furnace. Orange colored single crystals of Ca3Mg[Li2Si2N6]:Eu2+ were obtained embedded 

in an amorphous powder. Additionally, red rod-shaped crystals of Ca[Mg3SiN4]:Eu2+, colorless 

crystals of LiF, and some metallic residues were found as side phases of the reaction. The 

sample is sensitive toward air and moisture and partially shows intensive red luminescence 

under irradiation with ultraviolet (UV) to green light. 
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3.2.2.2 Single-Crystal X-ray Diffraction 

Single crystals of Ca3Mg[Li2Si2N6]:Eu2+ were isolated from the reaction product, washed with dry 

paraffin oil and enclosed in glass capillaries, which were sealed under argon to avoid hydrolysis. 

X-ray diffraction data were collected on a Stoe IPDS I diffractometer (Mo-Kα radiation, graphite 

monochromator). Structure solution was performed in SHELXS-97,[37] by using direct methods. 

The crystal structure was refined by full-matrix least-squares calculation on |F|2 in SHELXL-

97[38,39] with anisotropic displacement parameters for all atoms. Further details of the crystal-

structure refinement 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 depository number CSD-432605. 

 

3.2.2.3 Scanning Electron Microscopy 

The chemical composition of Ca3Mg[Li2Si2N6]:Eu2+ was confirmed by energy dispersive X-ray 

spectroscopy (FEI Helios G3 UC scanning electron microscope equipped with an EDX detector, 

scanning transmission detector, and focused ion beam). The reaction product was placed on an 

adhesive conductive carbon pad and coated with a conductive carbon film (BAL-TEC MED 020, 

Bal Tec AG). 

 

3.2.2.4 Luminescence 

Luminescence investigations on single crystals of Ca3Mg[Li2Si2N6]:Eu2+ were performed using a 

luminescence microscope, consisting of a HORIBA Fluorimax4 Spectrofluorimeter system, 

which is attached to an Olympus BX51 microscope via fiber optics. The single crystals were 

measured in sealed glass capillaries with an excitation wavelength of 440 nm. The emission 

spectrum was measured between 460 and 800 nm; the excitation spectrum was measured 

between 380 and 680 nm, with a step size of 2 nm. Because Ca3Mg[Li2Si2N6]:Eu2+ shows 

emission beyond 800 nm and the spectrometer is only calibrated for wavelengths up to 800 nm, 

emission peak in the near-infrared was simulated using a Gauss-fit. 
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3.2.3 Results and Discussion 

3.2.3.1 Synthesis and Chemical Analysis 

Solid-state metathesis reaction as described above yielded a heterogeneous reaction mixture 

containing single-crystals of Ca3Mg[Li2Si2N6]:Eu2+. The crystals show orange body color and 

undergo rapid hydrolysis when exposed to air. The elemental composition was determined by 

energy-dispersive X-ray spectroscopy (EDX). Using this method, light elements like N cannot be 

determined with a reasonable degree of accuracy, also Li is not determinable. The atomic ratio 

Ca/Mg/Si of 3.0/1.1/2.0 (six measurements on different crystals), normalized to the Ca content, 

is in good agreement with the sum formula obtained from single-crystal structure analysis. 

Besides a small amount of oxygen, which can be attributed to superficial hydrolysis of the 

product, no further elements were detected. 

 

3.2.3.2 Single-Crystal Structure Analysis 

The crystal structure of Ca3Mg[Li2Si2N6]:Eu2+ was solved and refined in the monoclinic space 

group C2/m (no. 12) with a = 5.966(1), b = 9.806(2), c = 11.721(2) Å, and β = 99.67(3)°. The 

crystallographic data are summarized in Table 1. Atomic coordinates, Wyckoff positions, and 

isotropic displacement parameters are listed in Table 2. Selected bond lengths and angles as 

well as anisotropic displacement parameters are given in the Supporting Information (Tables S1-

S3). Given the small dopant concentration and, therefore, the insignificant scattering intensity, 

Eu2+ was neglected during structure refinement. 
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Table 1.  Crystallographic Data of the Single-Crystal Structure Determination of Ca3Mg[Li2Si2N6]:Eu2+ 

formula Ca3Mg[Li2Si2N6]:Eu2+ 

crystal system monoclinic 

space group C2/m (no. 12) 

lattice parameters / Å,° a = 5.966(1) 

b = 9.806(2) 

c = 11.721(2) 

β = 99.67(3) 

cell volume / Å3 675.9(2) 

formula units / unit cell 4 

density / g·cm−3 2.935 

µ / mm−1 2.827 

T / K 293(2) 

diffractometer Stoe IPDS I 

radiation Mo-Kα (λ = 0.71073 Å), graphite monochromator 

F(000) 592 

profile range 4.04 ≤ θ ≤ 29.90 

index ranges −8 ≤ h ≤ 8 

 −13 ≤ k ≤ 13 

 −16 ≤ l ≤ 16 

independent reflections 1028 [R(int) = 0.0722] 

refined parameters 72 

goodness of fit  1.323 

R1 (all data); R1 (F
2> 2σ(F2)) 0.0770, 0.0618 

wR2 (all data); wR2 (F
2> 2σ(F2)) 0.1118, 0.1080 

∆ρmax, ∆ρmin / e·Å–3 0.826, −1.176 
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Figure 1.  Details of layers in Ca3Mg[Li2Si2N6]:Eu2+. Left: [Si2N6]
10‒ bow-tie units (turquoise) and achter 

rings of LiN4 tetrahedra (violet). Right: Layer made up of bow-tie units and achter rings forming two 
sublayers of condensed dreier rings; only one of them is shown for reasons of clarity. 

 

The crystal structure of Ca3Mg[Li2Si2N6]:Eu2+ is closely related to that of Ca2Mg[Li4Si2N6],
[12] 

which has already been reported in literature. Both structures contain identical layers of LiN4 and 

SiN4 tetrahedra as well as Ca and Mg ions, which are located between the layers. Since Li as 

well as Si are part of the tetrahedral network, the compounds can be more precisely classified as 

nitridolithosilicates. The arrangement of tetrahedra within one layer is shown in Figure 1. It 

consists of vertex- and corner-sharing LiN4 tetrahedra forming achter rings,[40] intercalated by 

edge-sharing [Si2N6]
10‒ “bow-tie” units. This results in layers of condensed dreier rings in the ab 

plane. The differences between the structurally related compounds Ca2Mg[Li4Si2N6] and 

Ca3Mg[Li2Si2N6]:Eu2+ are additional [Si2N6]
10‒ bow-tie units in the crystal structure of 

Ca3Mg[Li2Si2N6]:Eu2+. Together with the Ca2+ and Mg2+ ions, these bow-tie units are located 

between layers of dreier rings. A direct comparison of both crystal structures is illustrated in 

Figure 2. 
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Figure 2.  Crystal structures of Ca3Mg[Li2Si2N6]:Eu2+ (a) and Ca2Mg[Li4Si2N6] (b). 

 

[Si2N6]
10‒ bow-tie units were first described in Ba5Si2N6,

[2] and are also known in other 

nitridosilicates, e.g. Ca2Mg[Li4Si2N6], Li2Ca2[Mg2Si2N6],
[12] and Ca3[Li4Si2N6].

[41,42] Si−N bond 

lengths in these bow-tie units (Ca3Mg[Li2Si2N6]:Eu2+: 1.719(5)-1.843(7) Å) are slightly larger than 

distances found in other nitridosilicates.[1,5,16,43,44] This can be attributed to the repulsion of the Si 

atoms in the pairs of edge-sharing SiN4 tetrahedra (Si−Si: 2.363(4)-2.477(4) Å), which in turn is 

related to a reduced angle N-Si-N. Li−N distances range from 2.088(11) to 2.225(11) Å and are 

in good agreement with distances known from other nitrides and with the sum of the ionic 

radii.[11,44-46] 

Ca2+ and Mg2+ ions balance the charges of the anionic framework. Its coordination spheres are 

displayed in Figure 3. Ca2+ occupies two different sites with distorted octahedral coordination by 

N and with distances varying from 2.310(4)-2.744(5) Å. Mg2+ exhibits 4-fold rectangular 

surroundings by N. Mg−N bond lengths are in a range of 2.159(5)-2.199(5) Å. Additionally, there 

is one further N atom at a distance of 2.693(7) Å, its coordination to Mg1 is illustrated in Figure 3 

by a dashed line. Ca−N as well as Mg−N distances correspond to the sums of the ionic radii 

(2.55 and 2.10 Å, respectively)[45] as well as to distances known from other nitridosilicates.[1,12,16] 

The Madelung part of the lattice energy has been calculated to confirm the crystal structure of 

Ca3Mg[Li2Si2N6]:Eu2+.[45,47-49] Therefore, the charge, distance, and coordination spheres of 

constituting ions were taken into account. MAPLE values for Ca3Mg[Li2Si2N6]:Eu2+ and its 
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constituting binary and ternary nitrides are given in Table 3. The resulting deviation of 0.31% 

verifies the electrostatic consistency of the refined structure.  

 

 

Figure 3.  Coordination spheres of counterions Ca2+ and Mg2+. 

 

Table 2.  Atomic Coordinates, Wyckoff Positions, and Equivalent Isotropic Displacement Parameters of 
Ca3Mg[Li2Si2N6]:Eu2+ 

atom Wyck. x y z Ueq/Å
2 

Ca1 8j 0.0500(2) 0.32384(11) 0.24678(9) 0.0068(2) 

Ca2 4h 0 0.1840(2) ½  0.0085(3) 

Si1 4i 0.3521(3) 0 0.4192(2) 0.0050(4) 

Si2 4i 0.6885(3) 0 0.0632(2) 0.0048(4) 

Mg1 4i 0.0623(5) 0 0.2220(2) 0.0094(5) 

Li1 8j 0.1731(18) 0.1767(11) 0.0594(8) 0.015(2) 

N1 8j 0.2335(7) 0.1447(4) 0.3513(4) 0.0070(8) 

N2 8j 0.3413(7) 0.3566(5) 0.1179(4) 0.0064(8) 

N3 4i 0.3418(10) 0 0.5703(5) 0.0084(12) 

N4 4i 0.3943(11) 0 0.0921(5) 0.0068(11) 
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Table 3.  MAPLE Values and MAPLE Sums /kJ·mol−1 for Ca3Mg[Li2Si2N6]:Eu2+; ∆ is the deviation between 
the MAPLE sum of Ca3Mg[Li2Si2N6]:Eu2+ and the MAPLE sum of constituting binary and ternary nitrides [a] 

atom MAPLE atom MAPLE ∑, ∆ 

Ca12+ 2083 Li1+ 717  

Ca22+ 1812 N13− 5056  

Si14+ 9201 N23− 4951  

Si24+ 9202 N33− 5440 ∑ = 58949 

Mg12+ 2241 N43− 5439 ∆ = 0.31% 

Total MAPLE: 

Ca3Mg[Li2Si2N6] = Ca3N2 + ⅓·Mg3N2 + ⅔·Li2SiN2 + ⅔·LiSi2N3 = 59131 kJ·mol−1 

[a] Typical partial MAPLE values /kJ·mol−1: Ca2+: 1700-2200; Mg2+: 2100-2500; Li+: 

550-860; Si4+: 9000-10200; N3−: 4300-6200.[9, 16, 50-51] 

 

 

3.2.3.3 Luminescence 

Addition of EuF3 to the starting materials yielded a gray microcrystalline sample containing 

orange-colored crystals of Ca3Mg[Li2Si2N6]:Eu2+. Under blue irradiation, the sample shows 

luminescence in the red spectral region. Because of inhomogeneity of the sample, luminescence 

investigations have been performed on single crystals of Ca3Mg[Li2Si2N6]:Eu2+ in sealed silica 

glass capillaries. All crystals show comparable red emission under blue irradiation. Excitation of 

the title compound with a nominal dopant concentration of 1.7 mol% at 440 nm yields an 

emission band with a maximum at 734 nm and a full width at half-maximum (fwhm) of 2293 cm−1 

(124 nm). The Eu2+-doped compound exhibits a maximum absorption around 450 nm and is 

therefore efficiently excitable with UV to blue light, as provided, for example, by (In,Ga)N-LEDs. 

Excitation and emission spectra are illustrated in Figure 4. 
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Figure 4.  Excitation (blue) and emission (red) spectra of Ca3Mg[Li2Si2N6]:Eu2+. 

 

The broad emission band of Ca3Mg[Li2Si2N6]:Eu2+ is assigned to parity allowed 4f65d1 � 4f7 

transitions in Eu2+.[33,52,53] Since Eu2+ is expected to occupy the Ca site, we assume that 

luminescence originates from octahedrally coordinated Eu2+ ions. The presence of two 

crystallographically different Ca sites with slightly differing distortion of the octahedra and 

therefore different interatomic distances influences the width of the emission band by 

broadening. A comparable 6-fold coordination can also be found in Ba3Si6O12N2 
[54] and its solid-

solution series Ba1‒xSrxSi6O12N2 with x ≈ 0.4 and 1. These compounds doped with 2 mol% Eu2+ 

exhibit broad emission bandwidth maxima between 523 and 549 nm (green luminescence) when 

irradiated with near-UV to blue light. In general, both the spectral position and the band width of 

the emission strongly depend on the energy level of 5d states of the activator ion, which in turn 

is influenced by the host lattice. The stronger the covalent interactions between Eu2+ and its 

surroundings, the smaller is the transition energy between 4f and 5d orbitals of the activator ion 

(nephelauxetic effect). For this reason and because of the higher formal charge of N3‒ compared 

to O2‒, the 5d states of Eu2+ in Ca3Mg[Li2Si2N6]:Eu2+ are at lower energies than those in 

Ba3Si6O12N2:Eu2+ and Ba1‒xSrxSi6O12N2:Eu2+, respectively, and emission of Ca3Mg[Li2Si2N6]:Eu2+ 

occurs at longer wavelengths. 
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Typical Eu2+ emission of other compound classes are in a range of 356-461 nm (fluorides), 360-

540 nm (oxosilicates), 420-555 nm (aluminates and gallates), 470-660 nm (sulfides) and 529-

670 nm (nitrides).[55,56] The here presented nitridolithosilicate Ca3Mg[Li2Si2N6]:Eu2+ is to the best 

of our knowledge and, except for CaO:Eu2+ (λem = 733 nm)[57,58] and MH2:Eu2+ (M = Ca,Sr,Ba; 

λem = 728-764 nm),[59] the first and so far the only example of a Eu2+-doped nitridosilicate that 

emits at fairly long wavelengths of >700 nm.  

Recently, we reported on luminescence investigations of the nitridomagnesosilicate 

Li2(Ca1‒xSrx)2[Mg2Si2N6]:Eu2+ (x = 0 and 0.06),[60] with a nominal dopant concentration of 1 mol%. 

Just as Ca3Mg[Li2Si2N6]:Eu2+, the crystal structure of Li2(Ca1‒xSrx)2[Mg2Si2N6]:Eu2+ contains 

[Si2N6]
10‒ bow-tie units. In contrast to the here presented nitridolithosilicate with LiN4 and SiN4 

tetrahedra as network-building structural motifs and Ca2+ and Mg2+ as counterions, Li+ and Ca2+ 

compensate the negative charge of the network, which, in Li2(Ca1‒xSrx)2[Mg2Si2N6]:Eu2+, is made 

up of MgN4 and SiN4 tetrahedra. In the latter compound, chains of edge-sharing MgN4 tetrahedra 

are interconnected by bow-tie units, forming vierer and sechser ring channels along [100]. 

Whereas Li+ ions are located within vierer ring channels, Ca2+ (Sr2+) ions, and therefore also Eu2+ 

ions show distorted octahedral coordination by N within sechser ring channels. When irradiated 

with blue light, narrow-band red emission also occurs at rather long wavelengths of 638 nm 

(x = 0) and 634 nm (x = 0.06) with fwhm = 1513-1532 cm‒1, respectively. 

Both Li2(Ca1‒xSrx)2[Mg2Si2N6]:Eu2+ and Ca3Mg[Li2Si2N6]:Eu2+ exhibit similar body colors and show 

similarities in their absorption bands. The main difference between both nitridosilicates is the 

Stokes shift, which is larger for Ca3Mg[Li2Si2N6]:Eu2+. This can be attributed to differences in the 

chemical surroundings of Eu2+, which in each case is expected to occupy the Ca2+ (Sr2+) site, 

and also to differences in the phonon frequencies of respective host lattices. 

Li2(Ca1‒xSrx)2[Mg2Si2N6]:Eu2+ exhibits only one crystallographic Ca site (Wyckoff position 4g of 

space group C2/m) with three different Ca‒N distances between 2.49 and 2.75 Å. In 

Ca3Mg[Li2Si2N6]:Eu2+, nine interatomic distances Ca‒N of two Ca sites (Wyckoff positions 8j and 

4h of space group C2/m) vary between 2.31 and 2.74 Å. This is, in comparison, a significantly 

larger spread and entails chemical differentiation of both sites, which eventually leads to a 

composed emission band of Eu2+ on either of the crystallographic sites. Moreover, the shorter 

bond lengths Ca‒N in Ca3Mg[Li2Si2N6]:Eu2+, especially occurring on the lowest symmetry Ca1 

site, may entail efficient energy transfer from Eu2+ incorporated on the larger higher symmetry 

Ca2 site and thus also leads to a more pronounced red shift of the emission band for the Eu 

doping concentration investigated in this report. Whereas in Li2(Ca1‒xSrx)2[Mg2Si2N6]:Eu2+, infinite 

chains of edge-sharing MgN4 tetrahedra are interconnected by [Si2N6]
10‒ bow-tie units leading to 
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a three-periodic network, Ca3Mg[Li2Si2N6]:Eu2+ consists of layers made up of LiN4 and SiN4 

tetrahedra and isolated bow-tie units. Consequently, because of the lower degree of 

condensation and also the lower symmetry of the Ca1 site with its short Ca-N contact lengths, 

local lattice relaxation of Eu2+ in its excited state in Ca3Mg[Li2Si2N6]:Eu2+ is expected to be larger 

than in Li2(Ca1‒xSrx)2[Mg2Si2N6]:Eu2+,[61] resulting in a larger Stokes shift of the title compound. 

Red emission and extremely narrow band widths with fwhm <1200 cm‒1 have been reported for 

Sr[Mg3SiN4]:Eu2+ (1170 cm‒1) and Sr[LiAl3N4]:Eu2+ (1180 cm‒1).[16,34] Both compounds show a 

highly symmetric cube-like coordination of the alkaline earth ion by N. 

 

3.2.4 Conclusions 

In this contribution, we report on Ca3Mg[Li2Si2N6]:Eu2+, a new nitridolithosilicate with exceptional 

luminescence properties. The compound was synthesized by solid-state metathesis reaction and 

could be obtained as orange-colored single crystals within an amorphous powder. The crystal 

structure of Ca3Mg[Li2Si2N6]:Eu2+ is related to that of Ca2Mg[Li4Si2N6]. It consists of corner- and 

edge-sharing LiN4 tetrahedra, intercalated by [Si2N6]
10‒ bow-tie units forming anionic layers, 

which are separated by isolated [Si2N6]
10‒ bow-tie units and Ca2+ and Mg2+ ions. The latter two 

act as counterions and compensate the negative charge of the anionic framework. Up to now, 

only a small number of nitridosilicates containing Li+ and Mg2+ ions are known from literature, 

namely Ca2Mg[Li4Si2N6], Li2Ca2[Mg2Si2N6], and Li2(Ca1.88Sr0.12)[Mg2Si2N6].
[12,60] Thereby, Li+ and 

Mg2+ ions may either be part of the tetrahedral network or act as counterions. This behavior may 

significantly increase the variety of possible structures within the class of nitridosilicates. 

Recently, the quest for narrow-band red-emitting phosphors has been triggered by attempts to 

improve luminescence properties of commercially available pc-LEDs for general illumination and 

signaling purposes.[16,34,62] Meanwhile, LED technology for other specific applications is on the 

advance and will increasingly be pursued. This includes, for example, LED technology for plants, 

in order to replace currently used lamps to reduce costs and, seen in the long term, improve 

productivity by optimizing growth environments.[63] Similar to requirements for LEDs applied for 

general illumination, LEDs with regard to application in horticulture have to be cheap, 

environmentally friendly, highly efficient, and reliable. Luminescence investigations on 

Ca3Mg[Li2Si2N6]:Eu2+ show red emission peaking at 734 nm and a fwhm of 2293 cm−1 (124 nm). 

This represents an unexpected emission at fairly long wavelengths, not yet known for Eu2+-

doped nitrides. Despite emission >700 nm and, therefore, too high energy loss beyond the 
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sensitivity of the human eye when applied in pc-LEDs, Ca3Mg[Li2Si2N6]:Eu2+ may find application 

in more specialized fields like horticultural lighting. 
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4 Conclusion and Outlook 

Ga-containing nitrides are intriguing compounds regarding their crystal structures and their 

application in the emerging area of LED-technology. The ternary alloys InGaN/AlGaN represent 

the fundamentals of energy-efficient LED lighting for general illumination.[1] Additionally, as 

Mg3GaN3:Eu2+,[2] Ba3Ga3N5:Eu2+,[3] and Ba[Mg2Ga2N4]:Eu2+ [4] demonstrate, Eu2+-doped 

nitridogallates may show red luminescence after irradiation with UV to green light. This behavior 

makes them promising candidates for an application as luminescent materials in phosphor-

converted LEDs as well. Nevertheless, since nitridogallates have not yet been obtained as bulk 

materials, they are not suitable for a commercial application. Investigations of novel synthetic 

approaches may help to increase their yield and thus pave the way for practical application. 

Furthermore, by the employment of alternative synthetic strategies, formation of thermodynamic 

products may be avoided and novel structures can be obtained. 

The common synthesis route for nitridogallates starts from pure metals, NaN3 as nitrogen 

source, and Na metal as fluxing agent in weld-shut Ta ampules. It is known as NaN3 route. 

Thereby, already known nitridogallates Ca2MgGa3N5,
[5] Sr3Ga3N5,

[6] Ba3Ga2N4,
[7] and several 

others were obtained in the past. CaMg2GaN3 and CaMg2Ga2N4 represent the first quaternary 

nitridogallates, which were synthesized by employing a solid-state metathesis reaction. The 

driving force of this reaction is the formation of a metathesis salt, namely, LiF, which contributes 

to avoiding thermodynamic sinks and the synthesis of already known compounds. CaMg2GaN3 

and CaMg2Ga2N4 were obtained in high percentages. Since previous investigations of novel 

nitridogallates are based on single-particle approaches, solid-state metathesis reactions 

represent a breakthrough in preparative chemistry of nitridogallates. It opens up a completely 

new approach for novel nitridogallates and paves the way for their application as phosphors in 

the field of LED lighting. 

Regarding syntheses and crystal structures, nitridogermanates are very similar to nitridogallates. 

Syntheses are also performed by employing the NaN3 route, even with slight variations, for 

example, by substituting Ge metal through GeO2. Furthermore, and in contrast to nitridogallates, 

addition of small amounts of Li in order to facilitate crystal growth is reported. DiSalvo et al. 

described the charge balanced substitutability of 2 Ga3+ by Mg2+ and Ge4+, demonstrated by the 

example of Sr3MgGeN4 and the homeotypic nitridogallate Sr3Ga2N4.
[6,8] A few years later, they 
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reported on the homeotypic compounds Sr[Mg3GeN4] and Sr[Mg2Ga2N4],
[9] which represent the 

second example of substitutability and therefore close structural relationship between 

nitridogallates and nitridogermanates. Within this thesis, several new representatives showing 

the phenomenon of substitutability of network-building ions were synthesized, characterized, and 

compared with their isostructural compounds. These include the novel Mg-containing 

nitridogermanate Ca2Mg5GeN6, which is isostructural to CaMg2GaN3. Ca2Mg5GeN6 represents 

the first layered nitridogermanate known in the literature. 

Furthermore, the homeotypic nitrides Ca4Mg5Ge3N10 and Sr2Mg3GaN4.33 were investigated. 

Ca4Mg5Ge3N10 represents the Ge-containing equivalent to the already known nitridogallate 

Ca2MgGa3N5.
[5] As mentioned above, doubling the sum formula of Ca2MgGa3N5 leading to 

”Ca4Mg2Ga6N10”, followed by a charge balanced substitution of 6 Ga3+ by 3 Mg2+ and 3 Ge4+ 

results in Ca4Mg5Ge3N10. Thereby, the number of central atoms (8), their positive charge (+22) 

and, thus, the degree of condensation κ (i.e. the atomic ratio of network-building ions to the 

number of N atoms surrounding them) remains unchanged. Sr2Mg3GaN4.33 exhibits same 

structural motifs as Ca4Mg5Ge3N10, and Ca2MgGa3N5. Differences in their sum formulas arise 

from an exchange of Ca2+ by Sr2+, which entails an expansion of the anionic network. This leads 

to a destabilization of the anionic framework, which has to be compensated by further changes, 

here, by inverting the ratio Mg2+:Ga3+ from 1:3 to 3:1 (ionic radii of fourfold coordinated ions: 

Mg2+ 0.64 Å, Ga3+ 0.48 Å).[10] In order to maintain electroneutrality, this inversion is accompanied 

by modifications in the anionic network, more precisely, in the occupation factors of N sites. 

Regarding previously investigated nitridogallates, Sr2Mg3GaN4.33 is the first existing Sr-analogue 

of a known Ca-containing nitridogallate. Furthermore, it illustrates the structural versatility of 

nitridogallates. 

Ca4Mg5Ge3N10, Sr2Mg3GaN4.33, and Ca2MgGa3N5 represent higher condensed variants 

(κ = 0.80) of thoroughly investigated M2Si5N8 (M = Sr,Ba; κ = 0.625),[11] which is due to additional 

edge-sharing of tetrahedra in the Mg-containing nitrides. The higher degree of condensation 

may possibly be ascribed to the incorporation of Mg atoms, which modifies the charge as well as 

the covalency of the anionic substructure. Since (Sr,Ba)2Si5N8:Eu2+ (2-5-8-phosphor) shows 

intense orange to red emission and is currently applied in illumination-grade white pc-LEDs, 

Eu2+-doping and investigations of luminescence properties of the here presented higher 

condensed variants are of particular interest for subsequent research. Moreover, substituting 

Ge4+ by Si4+ in Ca4Mg5Ge3N10 would lead to “Ca4Mg5Si3N10”. Based on previous findings in the 

field of Eu2+-doped nitridosilicates, this “higher condensed 2-5-8-phosphor” is also expected to 
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show luminescence upon doping with Eu2+. Resulting luminescence properties and comparison 

with common 2-5-8-phosphors may help to understand structure-property relations in more 

detail. 

This same objective, understanding structure-property relations, was previously pursued by 

screening compounds crystallizing in the UCr4C4 and related structure types, which were 

discussed to be attractive host lattices for luminescent materials. Therefore, several compounds 

in the classes of nitridogallates (Ba[Mg2Ga2N4]), nitridoaluminates (M[Mg2Al2N4] with 

M = Ca,Sr,Ba, and M[LiAl3N4] with M = Ca,Sr),[4,12,13] and nitridosilicates (M[Mg3SiN4])
[14,15] were 

thoroughly investigated with respect to their luminescence properties upon doping with Eu2+. 

Nevertheless, there were no studies concerning luminescence properties of Eu2+-doped 

nitridogermanates known so far, not even in the UCr4C4 type of structure. In this thesis, the novel 

Mg-containing nitridogermanate Ba[Mg3GeN4]:Eu2+ was investigated and the absence of 

luminescence was discussed with the help of theoretical calculations of electronic properties. In 

summary, studies concerning the band gaps of nitridogallates and nitridogermanates reveal that 

they are mostly too small for an emission within the range of the visible light, and, therefore, an 

application in pc-LEDs. However, Mg-containing quaternary nitridogallates and 

nitridogermanates always show mixed occupation Mg/Ga, or Mg/Ge on tetrahedral center sites. 

The aforementioned investigations of nitrides crystallizing in UCr4C4 and related structure types 

show that ordering of tetrahedrally coordinated network ions leads to more advantageous 

luminescence properties compared to those, which exhibit disordered tetrahedral positions. An 

ordered framework within the classes of nitridogallates and nitridogermanates may be obtained 

by combination of, for example, Li+ and Ga3+/Ge4+ as tetrahedral network ions. The marked 

differences in the ionic charges will presumably result in an ordered network, as was already 

illustrated by the example of Ca[LiAl3N4]. Moreover, a few Li-containing nitridogallates and 

nitridogermanates are known in the literature, namely, LiMGaN2 (M = Ca,Sr),[16,17] 

LiBa5GaN3F5,
[18] and Li4Sr3Ge2N6.

[19] Thereby, Li+ acts as counter ion and helps to balance the 

charges of the anionic network. Novel compounds containing Li as tetrahedrally coordinated ion 

would increase both the number of known compounds, as well as the structural variety of 

nitridogallates and nitridogermanates. 

Li in tetrahedral coordination by N is, for example, known from the LED-phosphor 

Sr[LiAl3N4]:Eu2+.[13] In the course of this work, we came across Ca3Mg[Li2Si2N6]:Eu2+, a 

nitridosilicate with LiN4 and SiN4 tetrahedra as common structural motifs. The compound shows 

luminescence at wavelengths of >700 nm. Because a significant part of the emitted light is 
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outside the sensitivity range of the human eye, an application of Ca3Mg[Li2Si2N6]:Eu2+ as 

luminescent material in illumination-grade white pc-LEDs would not be beneficial. However, 

luminescent materials are not limited to an application in pc-LEDs for general illumination 

purposes. The nontypical deep-red luminescence of Ca3Mg[Li2Si2N6]:Eu2+ provides optimal 

conditions for application in more specialized fields, for example, in lifestyle products like smart 

bracelets, in the medical field, or, especially, in horticulture. 

In this thesis, a novel synthetic approach for nitridogallates could be established and several 

new compounds in the classes of nitridogallates, nitridogermanates, and nitridosilicates as well 

as their structural relations could be investigated. Moreover, exceptional luminescence 

properties of a novel Eu2+-doped nitridolithosilicate were presented. The findings of this thesis 

raise a further incentive to investigate novel compounds in the classes of nitridogallates, 

nitridogermanates and nitridosilicates in order to get detailed structural insights that will help in 

understanding structure-property relations and simultaneously enhance the structural variety of 

these interesting compound classes. 
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5 Summary 

5.1 Layered Nitridomagnesogallates CaMg 2GaN3 and CaMg 2Ga2N4 

The quaternary nitrides CaMg2GaN3 and CaMg2Ga2N4 were synthesized by means of solid-state 

metathesis reactions. A powder of CaMg2GaN3 was obtained from a mixture of Ca3N2, Mg3N2, 

GaF3, and Li3N, which was placed in a tungsten crucible and heated in a radio-frequency 

furnace under a N2 atmosphere to 850 °C. Block-like single crystals o f CaMg2Ga2N4 were 

obtained by reaction of Ca(NH2)2, Mg(NH2)2, GaF3, and Li3N in sealed Ta ampules in a tube 

furnace at 1000 °C. Thereby, CsCl was added as flux . 

The crystal structures were successfully solved and 

refined using X-ray diffraction on powders 

[CaMg2GaN3: P63/mmc (no. 194), a = 3.43093(8), 

c = 17.3989(5) Å, V = 177.368(9) Å3, Z = 2] and on 

single-crystals [CaMg2Ga2N4: �3��1 (no. 164), 

a = 3.3859(3), c = 11.2378(11) Å, V = 111.57(2) Å3, 

Z = 1]. TEM investigations confirmed the metrics of 

both crystal structures and showed the presence of 

both compounds as side products within one reaction 

batch. The crystal structures of CaMg2GaN3 and 

CaMg2Ga2N4 are closely related to each other and show a marked degree of similarity within the 

ab plane. They contain layers made up of either tetrahedral MN4 units (CaMg2Ga2N4) or both 

tetrahedral MN4 units and planar MN3 triangles (CaMg2GaN3) with mixed occupation Mg and Ga 

of tetrahedral central sites. Both structures differ in their composition of anionic layers and their 

stacking along c. Therefore, and as indicated by TEM studies, which show the presence of 

another nitridomagnesogallate with trigonal metrics and comparable parameters a and b as a 

minor side phase, the formation of composite crystals seems likely. In this contribution, we could 

show that solid-state metathesis reactions represent a promising and new synthetic approach for 

nitridogallates. It opens up a wide range of novel possible crystal structures and high yields of 

the obtained products. 
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5.2 Ca2Mg5GeN6 – A Layered Nitridomagnesogermanate 

The nitridomagnesogermanate Ca2Mg5GeN6 was synthesized from pure elements, NaN3, and 

Na metal as fluxing agent in sealed Ta ampules at 780 °C. It crystallizes in the form of colorless 

platelet-like crystals, which rapidly undergo hydrolysis when exposed to air and moisture. 

Structure solution and refinement of Ca2Mg5GeN6 was performed on the basis of single-crystal 

X-ray diffraction data [space group P63/mmc (no. 194), Z = 1, a = 3.453(2), c = 17.506(13) Å, 

and V = 180.8(2) Å³]. Ca2Mg5GeN6 represents the first 

example of a quaternary nitridogermanate containing 

Ca2+ as counterion and is even the first layered 

nitridogermanate known to date. Its layers are made 

up of corner-sharing (Mg/Ge)N4 tetrahedra and 

corner-sharing (Mg/Ge)N3 triangles with mixed 

occupancy of Mg and Ge. Ca2+ ions are located in 

between the sheets and balance the charges of the 

anionic network. Despite different charges of center 

ions (Al3+ and Ga3+ compared to Ge4+), the crystal structure of Ca2Mg5GeN6 is closely related to 

that of the nitridomagnesoaluminate CaMg2AlN3, the carbides ScAl3C3 and UAl3C3, and thus to 

CaMg2GaN3. This clearly shows the substitutability of center ions, leading to new compounds in 

other classes of nitrides while maintaining the same structural motifs. Since Eu2+-doped 

nitridoaluminates and -silicates are suitable for application in high-performance pc-LEDs, 

research on novel structures within the class of nitridogermanates is quite promising. These can 

be transferred to nitridoaluminates and -silicates, and thus pave the way to new host lattices with 

possible application in pc-LEDs. 
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5.3 Ca4Mg5Ge3N10 and Sr 2Mg3GaN4.33 – Two Mg-Containing Nitrides 

and Their Structural Relation to (Sr,Ba) 2Si5N8 

The quaternary nitrides Ca4Mg5Ge3N10 and Sr2Mg3GaN4.33 were synthesized employing the Na 

azide route in weld-shut Ta ampules at 780 and 760 °C, respectively. Both compounds are 

homeotypic and crystallize in the monoclinic space group C2/m (no. 12). The crystal structures 

were solved and refined on the basis of single-crystal X-ray diffraction data [Ca4Mg5Ge3N10: 

a = 11.269(3), b = 3.3267(11), c = 8.008(3) Å, β = 109.80(2)°, V = 282.44(16) Å3, Z = 1; 

Sr2Mg3GaN4.33: a = 11.737(2), b = 3.4610(7), 

c = 7.8610(16) Å, β = 108.03(3)°, V = 303.65(12) Å3, 

Z = 1). The three-periodic anionic substructures of 

both nitrides represent more highly condensed 

variants of the MII
2Si5N8 (M

II = Sr,Ba) type of structure 

and therefore illustrate the strong relationship 

between nitridogermanates, nitridogallates and 

nitridosilicates. The crystal structures of 

Ca4Mg5Ge3N10 and Sr2Mg3GaN4.33 are made up of 

MN4 tetrahedra with mixed occupation of central 

atoms Mg/Ge, or Mg/Ga. Corner- and edge-sharing of MN4 tetrahedra results in vierer and 

sechser ring channels along [010]. Alkaline earth metal ions Ca2+ and Sr2+ are located inside the 

channels of sechser rings, whereas the vierer ring channels are not filled. The same structural 

motifs can be found in the homeotypic nitridogallate Ca2MgGa3N5. The inverse ratio of central 

atoms Mg and Ga in Ca2MgGa3N5 (Mg:Ga = 1:3) and Sr2Mg3GaN4.33 (Mg:Ga = 3:1) may be 

explained by an expansion of the anionic network, which is due to the exchange of Ca2+ through 

larger Sr2+, and accompanied by slight modifications in the anionic network. 
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5.4 The Crystal Structure of Nitridomagnesogermanat e 

Ba[Mg 3GeN4]:Eu 2+ and Theoretical Calculations of Its Electronic 

Properties 

Ba[Mg3GeN4]:Eu2+ has been synthesized by the NaN3 route from pure metals Ba, Mg, and Ge, 

NaN3, and Na metal as fluxing agent in weld-shut Ta ampules at 780 °C. The crystal structure 

was solved and refined on the basis of single-crystal X-ray diffraction data. Ba[Mg3GeN4]:Eu2+ 

crystallizes in the UCr4C4 type of structure [space group I4/m (no. 87), a = 8.3921(12), 

c = 3.4813(7) Å, Z = 2] and exhibits a highly condensed anionic network made up of statistically 

disordered (Mg/Ge)N4 tetrahedra. These are 

connected to each other through common vertices 

and edges by forming vierer ring channels along 

[001]. Ba2+ is located within every second channel 

and has a cube-like coordination by eight N. The 

same structure can be found in the nitridoaluminates 

M[Mg2Al2N4] (M = Ca,Sr,Ba) and M[LiAl3N4] 

(M = Ca,Sr), the nitridogallate Ba[Mg2Ga2N4], and the 

nitridosilicates M[Mg3SiN4] (M = Sr,Ba). Upon doping 

with Eu2+, and after irradiation with UV to green light, 

all of these compounds show red luminescence. In contrast, Ba[Mg3GeN4]:Eu2+ show no 

luminescence under UV to green irradiation, neither at room temperature nor under cooling with 

liquid nitrogen. Theoretical calculations of electronic properties of Ba[Mg3GeN4]:Eu2+ were 

performed to understand the absence of photoluminescence within the visible range as well as 

to allow for comparison with other luminescent materials, which are structurally related to 

Ba[Mg3GeN4]:Eu2+. 
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5.5 Crystal Structure and Nontypical Deep-Red Lumin escence of 

Ca3Mg[Li 2Si2N6]:Eu 2+ 

A solid-state metathesis reaction in weld-shut Ta ampules yielded an inhomogeneous sample 

with orange-colored crystals of Ca3Mg[Li2Si2N6]:Eu2+. The crystal structure was solved and 

refined on the basis of single-crystal X-ray diffraction data. Ca3Mg[Li2Si2N6]:Eu2+ crystallizes in 

the monoclinic space group C2/m (no. 12) with a = 5.966(1), b = 9.806(2), c = 11.721(2) Å, 

β = 99.67(3)°, and Z = 4. The layered anionic networ k of the nitridolithosilicate is made up of 

edge- and corner-sharing LiN4 tetrahedra 

and [Si2N6]
10‒ bow-tie units. Layers are 

separated by further [Si2N6]
10− bow-tie 

units, and by Ca2+ and Mg2+ ions, which 

balance the charges of the anionic 

framework. The crystal structure of 

Ca3Mg[Li2Si2N6]:Eu2+ is closely related to 

that of Ca2Mg[Li4Si2N6]. The differences 

are the additional bow-tie units in between layers in the crystal structure of Ca3Mg[Li2Si2N6]:Eu2+. 

However, rare-earth-doped nitridosilicates have been intensively studied for solid-state lighting. 

Upon irradiation with UV to blue light, red emission of Ca3Mg[Li2Si2N6]:Eu2+ at exceptionally long 

wavelengths (λem = 734 nm, fwhm ≈ 2293 cm−1) is observed. Comparable luminescence 

properties are not yet known for any Eu2+-doped nitrides. According to emission in the near-

infrared, application of Ca3Mg[Li2Si2N6]:Eu2+ as luminescent material in LEDs for specialized 

fields, for example, in horticultural lighting appears promising. 
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Figure S2.  Rietveld refinement of the reaction product containing CaMg2GaN3 and CaMg2Ga2N4 as well 
as secondary phases LiF and MgO. Observed (black line) and calculated (red line) powder diffraction 
pattern. The theoretical reflection positions of CaMg2GaN3 (green bars), CaMg2Ga2N4 (violet bars), LiF 
(light blue bars) and MgO (dark blue bars) as well as the difference plot (gray line) are displayed below the 
refinement. 
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Table S1.  Details of the Rietveld refinement. 

Formula CaMg2GaN3 CaMg2Ga2N4 LiF MgO 

Formula mass / g · mol-1 200.44 298.19 25.94 40.30 

Crystal System Hexagonal Trigonal Cubic Cubic 

Space group P63/mmc (no. 194) �3��1 (no. 164) 
�3�� (no. 225) 
�3�� (no. 225) 

Lattice parameters / Å a = 3.42732(7) 

c = 17.3706(7) 

a = 3.38804(6) 

c = 11.2478(3) 

a = 4.0268(1) 

 

a = 4.21163(8) 

Cell Volume / Å3 176.71(1) 111.814(4) 65.294(7) 74.705(4) 

Formula units per unit cell 1 1 4 4 

X-ray density / g · cm-3 3.61(4) 4.09(3) 2.6388(3) 3.5835(2) 

Linear absorption coefficient / cm-1 241(2) 256(2) 30.955(3) 103.098(6) 

Number of observed reflections 53 67 5 6 

Constraints 5 4 0 0 

Weight percent of the content / % 19 54 15 12 

RBragg 2.534 2.656 0.995 1.761 

Rwp 6.690 

Rexp 6.051 

Rp 5.101 

Radiation Cu-Kα1 (λ = 154.059 pm) 

Monochromator Ge(111) 

Diffractometer Stoe StadiP 

Detector MYTHEN 1K 

2θ-range / ° 5-98 

Temperature 298(2) 

Number of parameters / background 

parameters 

70 / 12 

Program used TOPAS Academic 

Profile function fundamental parameters model 

Background function Shifted Chebychev 
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6.2 Supporting Information for Chapter 2.3 

 

Christine Poesl and Wolfgang Schnick, Z. Anorg. Allg. Chem. 2016, 642, 882-886. 

 

 

 

Figure S1.  Rietveld refinement of the reaction product. Observed (black line) and calculated (red line) 
powder diffraction pattern. The theoretical reflection positions of Ca2Mg5GeN6 (black vertical bars) and 
secondary phases Mg3N2 (pink vertical bars), Ca2GeN2 (blue vertical bars) and Ge (light blue vertical bars) 
as well as the difference plot (gray line) are displayed below the refinement. 

 

 



6 Appendix 
 

 
120 
 

Table S1.  Details of the Rietveld refinement. 

     

Formula Ca2Mg5GeN6 Mg3N2 Ca2GeN2 Ge 

Formula mass / g · mol-1 358.36 100.93 180.81 72.64 

Crystal System Hexagonal Cubic Tetragonal Cubic 

Space group P63/mmc (no. 194) Ia-3 P42/mbc Fd-3m 

Lattice parameters / Å a = 3.44793(5) 

c = 17.5129(4) 

a = 9.9661(2) a = 11.1872(2) 

c = 5.0449(1) 

a = 5.65609(8) 

Cell Volume / Å3 180.305(6) 989.86(5) 631.38(3) 180.946(7) 

Formula units per unit cell 1 16 8 8 

X-ray density / g · cm-1 3.09(2) 2.7090(1) 3.8036(2) 5.3307(2) 

Linear absorption coefficient / cm-1 204(1) 84.181(4) 396.41(2) 363.28(1) 

Number of observed reflections 53 84 184 9 

Constraints 2 0 0 0 

Weight percent of the content / % 48 29 13 10 

RBragg 3.389 2.155 2.202 2.212 

Rwp 5.683 

Rexp 2.853 

Rp 3.967 

Radiation Cu-Kα1 (λ = 154.059 pm) 

Monochromator Ge(111) 

Diffractometer Stoe StadiP 

Detector MYTHEN 1K 

2θ-range / ° 5-98 

Temperature 298(2) 

Number of parameters / 

background parameters 

68 / 12 

Program used TOPAS Academic 

Profile function fundamental parameters model 

Background function Shifted Chebychev 
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6.3 Supporting Information for Chapter 2.4 

 

Christine Poesl and Wolfgang Schnick, Eur. J. Inorg. Chem. 2017, 1498-1503. 

 

 

 

Table S1.  Selected bond angles in the crystal structures of Ca4Mg5Ge3N10 and Sr2Mg3GaN4.33.
[a] 

Ca4Mg5Ge3N10    

N1−Ge1−N2 99.4(3) N1−Ge2−N1 95.7(2) 

N1−Ge1−N3 116.6(2) N1−Ge2−N3 104.1(3) 

N2−Ge1−N3 106.5(2) N1−Ge2−N3 121.1(2) 

N3−Ge1−N3 109.6(3)   

Sr2Mg3GaN4.33    

N1−Mg1/Ga1−N2 109.7(19) N1−Mg2−N3 123.2(2) 

N1−Mg1/Ga1−N3 120.9(10) N1−Mg2−N4 92.8(2) 

N2−Mg1/Ga1−N1 114(2) N2−Mg2−N4 93(2) 

N2−Mg1/Ga1−N2 123(3) N3−Mg2−N4 85.0(12) 

N2−Mg1/Ga1−N2 96.1(7) N1−Ga2−N1 111.6(4) 

N2−Mg1/Ga1−N3 117(2) N1−Ga2−N2 119.0(7) 

N2−Mg1/Ga1−N3 99.5(7) N1−Ga2−N3 121.3(4) 

N2−Mg1/Ga1−N3 93.2(7) N1−Ga2−N4 101.1(3) 

N3−Mg1/Ga1−N3 97.3(5) N2−Ga2−N4 100(2) 

N1−Mg2−N1 113.6(3) N3−Ga2−N4 92.6(12) 

N1−Mg2−N2 122.9(3)   

[a] Standard deviations are given in parantheses.  
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Reciprocal lattice sections hnl (−2 ≤ n ≤ 2) 

The following figures illustrate the reciprocal lattice sections hnl (−2 ≤ n ≤ 2), in which the 

splitting of reflections is clearly visible. A few of them are highlighted with red boxes. Besides, 

there are a few reflections at low diffraction angles that cannot be indexed with the metrics of 

Sr2Mg3GaN4.33 and probably derive from impurities on the surface of the investigated single 

crystal.  

 

 

−h−2l −h−1l 
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6.4 Supporting Information for Chapter 2.5 

 

Christine Poesl, Robin Niklaus, and Wolfgang Schnick, Eur. J. Inorg. Chem. 2017, 2422-2427. 

 

 

 

Figure S1.  Rietveld refinement of the reaction product containing Ba[Mg3GeN4]:Eu2+. Observed (black 
line) and calculated (red line) powder diffraction pattern. The theoretical reflection positions of 
Ba[Mg3GeN4]:Eu2+ (green vertical bars) and the difference plot (gray line) are displayed below the 
refinement. Additional reflections, which are due to small amounts of secondary phases of the reaction 
product, are marked with asterisks. 
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Table S1.  Details of the Rietveld refinement.  

Formula Ba[Mg3GeN4]:Eu2+ 

Crystal System Tetragonal 

Space group I4/m (no. 87) 

Lattice parameters / Å a = 8.4132(11) 

c = 3.47836(6) 

Cell Volume / Å3 246.203(8) 

Formula units per unit cell 2 

X-ray density / g · cm-3 4.54(3) 

Linear absorption coefficient / cm-1 720(5) 

Number of observed reflections 75 

Constraints 1 

Weight percent of the content / % 100 

RBragg 2.932 

Rwp 8.370 

Rexp 8.041 

Rp 6.005 

Radiation Cu-Kα1 (λ = 154.059 pm) 

Monochromator Ge(111) 

Diffractometer Stoe StadiP 

Detector MYTHEN 1K 

2θ-range / ° 5-98 

Temperature 298(2) 

Number of parameters / background parameters 27 / 12 

Program used TOPAS Academic 

Profile function fundamental parameters model 

Background function Shifted Chebychev 
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6.5 Supporting Information for Chapter 3.2 

 

Christine Poesl and Wolfgang Schnick, Chem. Mater. 2017, 29, 3778-3784. 

 

 

   

Table S1.  Selected bond lengths /Å in the crystal structure of Ca3Mg[Li2Si2N6]:Eu2+. Standard 
deviations are given in parantheses. 
Bond Bond length Bond Bond length Bond Bond length 

Ca1−N1 2.310(4) Ca2−N1 (2x) 2.437(4) Si1−N1 1.719(5) 

Ca1−N1 2.437(4) Ca2−N1 (2x) 2.730(5) Si1−N1 1.720(5) 

Ca1−N2 2.516(5) Ca2−N3 (2x) 2.743(5) Si1−N3 1.783(6) 

Ca1−N2 2.508(5) Li1−N2 2.091(10) Si1−N3 1.810(7) 

Ca1−N3 2.744(5) Li1−N2 2.088(11) Si2−N2 (2x) 1.738(5) 

Ca1−N4 2.563(5) Li1−N2 2.225(11) Si2−N4 1.805(6) 

Mg1−N1 (2x) 2.199(5) Li1−N4 2.172(12) Si2−N4 1.843(7) 

Mg1−N2 (2x) 2.159(5)     
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Table S2.  Selected bond angles /° in the crystal structure o f Ca3Mg[Li2Si2N6]:Eu2+. Standard 
deviations are given in parantheses. 
N1−Ca1−N1 99.65(16) N1−Ca2−N1 161.8(2) N2−Si2−N2 107.9(3) 

N1−Ca1−N2 85.77(14) N1−Ca2−N1 (2x) 88.99(15) N2−Si2−N4 (2x) 114.17(17) 

N1−Ca1−N2 92.52(15) N1−Ca2−N1 (2x) 102.23(13) N2−Si2−N4 (2x) 112.89(19) 

N1−Ca1−N2 95.88(15) N1−Ca2−N1 104.1(2) N4−Si2−N4 94.5(3) 

N1−Ca1−N2 163.87(14) N1−Ca2−N3 (2x) 68.02(16) N1−Mg1−N1 80.4(2) 

N1−Ca1−N3 92.06(14) N1−Ca2−N3 (2x) 99.60(16) N1−Mg1−N2 (2x) 168.1(2) 

N1−Ca1−N3 68.16(16) N1−Ca2−N3 (2x) 156.92(16) N1−Mg1−N2 (2x) 97.94(15) 

N1−Ca1−N4 166.19(17) N1−Ca2−N3 (2x) 83.64(13) N2−Mg1−N2 81.2(2) 

N1−Ca1−N4 92.92(17) N3−Ca2−N3 97.77(18) N2−Li1−N2 113.3(5) 

N2−Ca1−N2 92.96(16) N1−Si1−N1 111.2(3) N2−Li1−N2 113.2(5) 

N2−Ca1−N3 159.95(16) N1−Si1−N3 (2x) 112.28(18) N2−Li1−N2 115.2(5) 

N2−Ca1−N3 107.09(16) N1−Si1−N3 111.32(18) N2−Li1−N4 88.5(4) 

N2−Ca1−N4 88.02(14) N1−Si1−N3 111.31(18) N2−Li1−N4 111.8(5) 

N2−Ca1−N4 72.12(17) N3−Si1−N3 97.8(3) N2−Li1−N4 112.0(5) 

N3−Ca1−N4 97.93(13)     

 

 

Table S3.  Anisotropic displacement parameters /Å2 for Ca3Mg[Li2Si2N6]:Eu2+. Standard 
deviations are given in parantheses. 
Atom U11 U22 U33 U23 U13 U12 

Ca1 0.0061(4) 0.0066(4) 0.0080(4) 0.0024(4) 0.0017(4) 0.0015(4) 

Ca2 0.0078(6) 0.0110(7) 0.0076(6) 0 0.0042(5) 0 

Si1 0.0036(8) 0.0055(8) 0.0059(8) 0 0.0002(6) 0 

Si2 0.0041(8) 0.0050(9) 0.0047(8) 0 ‒0.0005(6) 0 

Mg1 0.0099(12) 0.0054(11) 0.0109(12) 0 ‒0.0042(9) 0 

Li1 0.018(5) 0.014(5) 0.011(4) ‒0.004(4) 0.004(4) ‒0.004(4) 

N1 0.0060(18) 0.006(2) 0.0089(19) 0.0011(15) 0.0004(14) 0.0013(14) 

N2 0.0051(18) 0.007(2) 0.0068(19) 0.0002(14) ‒0.0006(14) 0.0001(14) 

N3 0.004(3) 0.016(3) 0.005(3) 0 0.003(2) 0 

N4 0.006(3) 0.011(3) 0.003(2) 0 0.002(2) 0 
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7 Publications 

7.1 List of Publications 

1 Layered Nitridomagnesogallates CaMg 2GaN3 and CaMg 2Ga2N4 

Christine Poesl, Lukas Neudert, and Wolfgang Schnick 

Eur. J. Inorg. Chem. 2017, 1067-1074 

 

For this contribution, writing the main part of the manuscript, screening of literature, 

syntheses of the samples, structure determination based on single-crystal and powder X-

ray diffraction data, and Rietveld refinement were done by Christine Poesl. Bond valence 

sum calculations, TOPOS analyses as well as TEM investigations, and interpretation of 

measured data were performed by Lukas Neudert. Sample preparation for TEM 

investigations was done by Christine Poesl in close collaboration with Lukas Neudert. Help 

of Lucien Eisenburger for TEM investigations and interpretations as well as help of Gregor 

Dahl and Eugenia Elzer for syntheses, and selection of single-crystals under instructions 

of Lukas Neudert and Christine Poesl is acknowledged. Wolfgang Schnick supervised the 

work. All authors revised the manuscript. 
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2 Ca2Mg5GeN6 – A Layered Nitridomagnesogermanate 

Christine Poesl and Wolfgang Schnick 

Z. Anorg. Allg. Chem. 2016, 642, 882-886 

 

Writing the manuscript, screening of literature, structure determination by using single-

crystal X-ray diffraction data, Rietveld refinement, syntheses, and creation of graphical 

material were performed by Christine Poesl. Wolfgang Schnick supervised the work and 

revised the manuscript. 

 

 

3 Ca4Mg5Ge3N10 and Sr 2Mg3GaN4.33 – Two Mg-Containing Nitrides and Their Structural 

Relation to (Sr,Ba) 2Si5N8 

Christine Poesl and Wolfgang Schnick 

Eur. J. Inorg. Chem. 2017, 1498-1503 

 

For this article, writing the manuscript, syntheses of the samples, crystal selection and 

preparation, single-crystal structure analyses, and evaluation of structure data as well as 

literature research, and creation of graphical material were done by Christine Poesl. 

Supervision of the research project was carried out by Wolfgang Schnick. 
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4 The Crystal Structure of Nitridomagnesogermanate Ba[Mg 3GeN4]:Eu 2+ and 

Theoretical Calculations of Its Electronic Properti es 

Christine Poesl, Robin Niklaus, and Wolfgang Schnick 

Eur. J. Inorg. Chem. 2017, 2422-2427 

 

For this contribution, syntheses, crystal selection and preparation, evaluation of single-

crystal X-ray diffraction data, Rietveld refinement, and creation of main graphical material 

as well as main literature research were performed by Christine Poesl. Robin Niklaus did 

the calculations of electronic properties and its interpretations. Wolfgang Schnick 

supervised the work. All authors revised the manuscript. 

 

 

5 Crystal Structure and Nontypical Deep-Red Lumines cence of Ca 3Mg[Li 2Si2N6]:Eu 2+ 

Christine Poesl and Wolfgang Schnick 

Chem. Mater. 2017, 29, 3778-3784 

 

Syntheses of the sample, preparation of single-crystals, elucidation of single-crystal X-ray 

diffraction data, interpretation of luminescence investigations, literature research, creation 

of main graphical material, and writing the manuscript was done by Christine Poesl. 

Luminescence investigations were done at Lumileds in Aachen. Help of Petra Huppertz, 

Peter J. Schmidt, and Detlef Wiechert for luminescence investigations and interpretations 

is acknowledged. Wolfgang Schnick supervised the work and revised the manuscript. 
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7.2 Conference Contributions 

Galliumnitrid-Verbindungen (talk) 

Christine Poesl, Wolfgang Schnick 

Obergurgl-Seminar Festkörperchemie, 2014 

 

Synthetic Approach to Promising Nitride Host Lattic es (poster presentation) 

Christine Poesl, Dajana Durach, Frauke Hintze, Wolfgang Schnick 

11th International Krutyn Summer School, Krutyn, 2012 

 

 

7.3 Deposited Crystallographic Data 

Crystallographic data of investigated nitrides were deposited at the Fachinformationszentrum 

(FIZ) Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: 

crysdata@fiz-karlsruhe.de) on quoting the corresponding CSD depository numbers. 

 

Compound CSD number 

CaMg2GaN3 432100 

CaMg2Ga2N4 432099 

Ca2Mg5GeN6 431362 

Ca4Mg5Ge3N10 432308 

Sr2GaMg3N4.33 432309 

Ba[Mg3GeN4]:Eu2+ 432528 

Ca3Mg[Li2Si2N6]:Eu2+ 432605 
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