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1 Introduction

1 Introduction

At the latest with the discovery of LasSigN11:Ce®* U the importance of lanthanum
(oxo)nitridosilicates was recognized, since this material supplemented the great structural
variability of lanthanum (oxo)nitridosilicates (chapter2) by outstanding luminescence
properties (chapter 3). Owing to this feature, some lanthanum (oxo)nitridosilicates already
found broad application as luminescent materials (phosphors) for phosphor-converted pc-
LEDs.!! As such, lanthanum (oxo)nitridosilicates will further gain importance as especially in
times of energy saving, there is a continuously growing demand for highly efficient and
stable phosphors for application in pc-LEDs.

Usually, (oxo)nitridosilicates do not occur naturally, as oxygen and water have an ubiquitous
presence in our world. The only known exception is sinoite, Si,N,O, which however was
found in meteorites.’* Chemical bonds to nitrogen are typically less stable than bonds to
oxygen and thus most solid nitrides are thermodynamically less stable than the
corresponding oxides. As a general consequence, usually only highly condensed
nitridosilicates are stable in air and towards hydrolysis, as the high degree of condensation
kinetically prevents the dissociation.”! Therefore, the bonding situation in oxo- and
nitridosilicates is significantly different, although both compounds are characterized by
building blocks formed by SiN4 or SiO,4 tetrahedra, respectively. Oxosilicates additionally
exhibit a smaller structural diversity than nitridosilicates, since they are restricted to
terminal (O™) and simply bridging (0™®) oxygen. The Si-N distances, by contrast, are larger
and less ionic than Si-O distances, which both might be the reason for the possible threefold
(NB]) and even fourfold (N[4]) linkage of neighboring tetrahedral centers. Furthermore, SiNg4
tetrahedra can share both common corners as well as common edges, while SiO4 tetrahedra
nearly exclusively share common corners.®”! The only exception might be fibrous SiO,,
whose existence has not yet been unambiguously substantiated.’® On the basis of the
structural variety of nitridosilicates an extended range for the degree of condensation
k = n(Si):n(N) is found. For oxosilicates, k can reach values between %, corresponding to non-
condensed tetrahedral anions, and % in SiO,, whereas in nitridosilicates, kK has a maximum

value of %, eg. in Si3N4.[6'9] As a direct consequence of the structural features of

d [10] 11,12]

nitridosilicates these compounds build non-condense one-dimensional,! and layer-
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like silicate substructures'*® next to three-dimensional silicate frameworks, like in EA,SisNg

(EA = Sr, Ba)™ (Figure 2).

Figure 2. Silicate substructure of a) Ca,SiN, (isolated SiN, tetrahedra)™® b) Eu,SiN; (non-branched

single-chains of corner sharing SiN, tetrahedra)™ c) BaSiN, (sheets of corner and edge sharing SiN,
tetrahedra)[13] and d) MYbSi;N; (M = Eu, Sr, Ba; highly condensed network of corner sharing SiN,

tetrahedra and [N(SiNs)4]building blocks with NI 27290 giN, tetrahedra are depicted in turquoise.

Associated with these structural opportunities nitridosilicates show several promising
materials properties. The currently most important application of nitridosilicates is their
already mentioned utilization as phosphors for pc-LEDs.!*>*® This topic will be discussed in
chapter 3 in detail. Nitridosilicates also offer potential as nonlinear optic materials, which
can be used in computer and optical signal processing devices, optical frequency conversion,

[17-19]

and telecommunications. Moreover, nitridosilicates can be applied as heat sink

materials, due to their high thermal conductivity.?*" Lithium nitridosilicates, on the other
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hand, show lithium ion conductivity,m] e.g. in LIZSiNz[ZS’ZS] and LigSiN4,[26] which raises
potential as solid-state electrolytes in batteries.

The focus of this thesis is based on the development of an innovative synthesis route to
expand the compound class of lanthanum (oxo)nitridosilicates and the investigation of the
optical properties of the respective lanthanide-doped compounds. The first part deals with
the synthesis and characterization of novel lanthanum (oxo)nitridosilicates with different
dimensionalities of the silicate substructure. In the second part calcium lanthanum
(oxo)nitridosilicates with intriguing luminescence properties are discussed. These
compounds enable efficient codoping und thus the fabrication of high-performance
warm-white 1pc-LEDs. In the third part, investigations with synchrotron microfocus radiation
are presented, which enables the analysis of particles with a volume even smaller than
1 um3 and thus allows for the characterization of further novel lanthanum
(oxo)nitridosilicates. Additionally, a promising characterization method is presented, which
combines transmission electron microscopy and synchrotron microfocus radiation and

provides the possibility of analyzing the same particle by TEM and X-ray diffraction.
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2 Lanthanum (Oxo)nitridosilicates and their

Structural Variety

2.1 Introduction

Owing to the great structural variability and promising properties of (oxo)nitridosilicates

(chapter 1), scientists are constantly looking for new (oxo)nitridosilicates. Thus, meanwhile

several lanthanum (oxo)nitridosilicates with diverse structures are known (Table 1).

Table 1. Crystal structures of already known lanthanum (oxo)nitridosilicates.

compound linking pattern of the SiN,.,O, tetrahedral
Las[SisNO;]O™ non-condensed tetrahedra

Lag[SiN3O]O[2] non-condensed tetrahedra

La,Si,N,0,%! corner-sharing double tetrahedra
LaSiNOz[4] corner-sharing dreier rings[”'ls]

Lasg[SigN,;][SION;],"!

LasSizNg™®
LiLasSigN 0"
Li5L355i4N 12[8]

La3Si8N1104[9]

La,SigN;5 %
LaSi3N5[1l]

LasSigN; 2

infinite chains of branched corner- and edge-sharing
tetrahedra; non-condensed tetrahedra

infinite branched chains of corner-sharing tetrahedra
loop-branched dreier single chains of corner-sharing tetrahedra
non-branched zweier chains of corner-sharing tetrahedra
three-dimensional network of corner- and edge-sharing
tetrahedra; corner-sharing fiinfer rings

complex interrupted network of corner-sharing tetrahedra
three-dimensional network of corner-sharing fiinfer rings

three-dimensional network of corner-sharing vierer and achter
rings

La4_xCaxSi1203+Xng_x:Eu2+[13] three-dimensional network of corner-sharing tetrahedra

A synthetic approach to lanthanum (oxo)nitridosilicates is facilitated by high-temperature
reactions with temperatures of at least 1200 °C (Table 2). Only LisLasSi4sN1, was synthesized
at lower temperatures (900 °C), as a flux technique utilizing metallic Li was used (Table 2.).
This approach enables the solvation of a variety of metals,!*®! inorganic salts and even

complex anions.” Additionally, the solubility of nitrogen is enhanced when alkali metals are
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added to the reaction mixture."™® This seems to be a crucial factor for the syntheses of
nitrides in liquid alkali metals. Consequently, this approach enables the synthesis of several
(oxo)nitridosilicates by temperatures lower than 1000 .’ However, the used alkali
metal often incorporates into the (oxo)nitridosilicates.[ls] Besides, LaSi ,LaN, La,03, LaHals
(Hal = F, Cl), La, Si3sN4, “Si(NH),”, SiO,, Si and N, turned out to be promising starting materials

on the route to lanthanum (oxo)nitridosilicates (Table 2).

Table 2. Conditions for the synthesis of already known lanthanum (oxo)nitridosilicates.

compound synthesis temperature starting materials
Las[SisNO;;]O™ 1300 °C La,03, SisNj, Si0;
Las[SiN;0]0™ 1600 °C La,La,03, “Si(NH),”
La,SiN,0, 1500 °C La,03, SisNy, SiO,
LaSiNO,™ 1550 °C La,03, SisNj, Si0;
La16[SigN5;][SION5],™! 1600 °C LaN, “Si(NH),”, SiO,
LasSisNg'® 1625 °C La, “Si(NH),”
LiLasSizN;00"! 1200 °C LaFs, “Si(NH),”, LiN3
LisLasSizN,™® 900 °C LaCls, “Si(NH),”, NaNs, Li
LasSigN;,0,™ 1600 °C La,0s, SisNy, SiO,
La;SigNys ™ 1625 °C LaN, “Si(NH),”
LaSisNs™! 2000 °C La,03, SisN,

LasSigN;, % 1500 °C La, Si, N, atmosphere
La4xCa,Si120344N1gy:EUZ T 1525 °C La,03, SisN4, Ca0, Eu,05

Next to the mentioned flux methods, precursor approaches, combining crystalline metal

amide precursors and “Si(NH),” are used for the synthesis of (oxo)nitridosilicates,[ZO]

as
amides show a high reactivity and decompose under thermal treatment solely to metal
nitrides and imides.”?” In the course of this work, an enhancement of the latter method was
established (chapter 2.2 and 2.3) in order to avoid thermodynamic sinks and the synthesis of
known compounds. Thereby, the novel lanthanum (oxo)nitridosilicates

La16.32Ba1.825r7.86[SisoN92.3203.68] 012, La13.685r12.32[SicoNgs]Fs.3205.68 (Chapter 2.2) Las[SiNg]F and

Las[SiN30]O (chapter 2.3) have been obtained.
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Abstract. The homeotypic compounds  Lais32Ba1.825r7.85[SisoN92.320368]012  and
La13.685r12.32[SisoN9s]Fe.320568 Were synthesized at high temperature (1600/1500 °C) in a
radio-frequency  furnace. The  crystal structures [[43m (no.217), Z=1,
a =13.3360(10)/13.3258(10) A and V =2371.8(5)/2366.4(5) A’] were solved and refined on
basis of single-crystal X-ray diffraction data and were corroborated by lattice-energy
calculations (Madelung part of lattice energy, MAPLE) powder X-ray diffraction data and FTIR
spectroscopy. They consist of a three-dimensional network of all side corner sharing SiN4,Oy
tetrahedra. The  framework is  characterized by double dreier rings.
La16.32Ba1.825r7.86[SicoN92.3203.68] 012 represents  an oxonitridosilicate  oxide  and
La13.685r12.32[SisoNge]Fe.3205 65 @ nitridosilicate fluoride oxide, as the crystal structures contain
non-condensed (O[O]/O,F[O]) anions. The first
compound is isotypic to Sr3Ln;oSiigAli1,018N36
(Ln=Ce, Pr,Nd; Z=2), whereas the latter
describes a disordered model of the crystal

structure, which is homeotypic to the mentioned

SiAIONs.
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2.2.1 Introduction

(Oxo)nitridosilicates represent a promising compound class as they show interesting
materials properties, e.g. luminescence of Eu** or Ce®* doped samples, which are correlated

>l Consequently, there is a keen interest in new

with their crystal structure.”
(oxo)nitridosilicates with auspicious crystal structures. Typically, such compounds consist of
Si(N,0),4 tetrahedra. The nitrogen facilitates the linkage of the tetrahedra with one to four
other Si(N,O), tetrahedra. Furthermore, SiN4 tetrahedra can share common corners as well

as common edges. Thus, (oxo)nitridosilicates show a pronounced structural variability.

d.[67] | [89]

Consequently, (oxo)nitridosilicates with non-condense one-dimensiona and layer-

I"are known next to compounds consisting of a three-dimensional

like crystal structures'™
framework, like EA,SisNg (EA = Sr, Ba).[“] As this compound class has a great tendency to
build highly condensed crystal structures, the quantity of less condensed crystal structures is
still minor compared to classical oxosilicates. From a thermodynamic point of view, chemical
bonds to nitrogen are less stable than the bonds to oxygen, thus most of the less condensed
(oxo)nitridosilicates are sensitive towards hydrolysis, whereas the high degree of
condensation of (oxo)nitridosilicates with three-dimensional frameworks usually prevents

[1,12

dissociation kinetically. I'A synthetic approach to this compound class is facilitated by

6851 and precursor routes.™™ For high-

high-temperature reactions,”>** flux methods
temperature syntheses often radio-frequency furnaces have been used, which allow fast
heating and high quenching rates. Flux methods are based on the significant solubility of
nitrogen in liquid alkali metals (Na or Li). For precursor routes metal amides have been used
frequently, as they have a high reactivity and thermal decomposition feasibility, which lead
to metal nitrides and imides.!™

In this contribution, we report on synthesis and crystal structure elucidation of
La16.32Ba1.825r7.86[SicoN92.3203.68] 012 and Lai3 685r12.32[SisoNoe]F6.3205 63, two (0x0)nitridosilicates

with a high degree of condensation, which were synthesized with a combination of a high-

temperature and precursor approach.
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2.2.2 Results and Discussion

2.2.2.1 Single-Crystal Structure Analyses

Laie.32Ba1.825r7.86[SicoN92.3203.68]O12 and Lai3 635r12.32[SicoNoe]Fs.32056s can be obtained as air
and hydrolysis stable byproducts of high-temperature reactions, which are probably based
on the decomposition of the used hydrides (decomposition of BaH,/SrH,: 675 °C)[16] and
their reaction with LaFs to BaF,/SrF,. These products resublimate at the reactor wall of the
radio-frequency furnace. The remaining Ba/Sr/F reacts with La,03 and the precursors
La(NH,)s and Si(NH); to colorless crystals of Lai36sSri2.32[SieoNge]Fe.3205.68 and brown crystals
of Laie.32Ba1.3Sr7.86[SicoN92.320363]012, respectively (Figure 1). Consequently, the latter
represents in addition to e.g. Sr3lLnipSiigAli1,018N3g (Ln = Ce, Pr, Nd),m] t—La3$iN30,[13] and
LiLa55i4NloO[8] another oxonitridosilicate (SiON) with colored crystals. Possibly, the color

originates from color centers.

Figure 1. SEM images of the investigated single-crystals of Laig.3,Ba1.8:5r7.86[SigoN92.3203.63] 01> (a) and

La13.685r12.32[SisoNos] F6.3205 65 (b).

Both compounds crystallize in the cubic space group /43m (no. 217). All atoms except the Sr
split position of Lai3sSri2.32[SisoNoe]Fs.320568 (Table 2) were refined anisotropically. The
crystallographic data are summarized in Table 1. For the atomic coordinates and isotropic
displacement parameters see Table 2. The anisotropic displacement parameters are given in

the Supporting Information (Table S1).
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Table 1. Crystallographic data of the single-crystal structure determination of

La16.32Ba1.825r7.86[SigoNs2.3203.65] 012 and Lai3.685r12.32[SigoNss] Fe 3205 63.

La16.32Ba1.825r7.86 [SicoN92.3203.68] 012 La13.685r12.32 [SigoNos] Fe.3205 68

Molar mass/g-mol™
Crystal system

Space group

a/A

Cell Volume/A3

Formula units per unit cell
Density/g-cm™

p/mm*

Temperature/K

Diffractometer

Radiation/A

F(000)

20 range/®

Total no. of reflections
Independent reflections
Refined parameters

Goodness of fit

R; (all data)/R; [F*>>20(F?)]
WR; (all data)/wR; [F>20(F?)]

6435.35

Cubic
143m (no. 217)

13.3360(10)

2371.8(5)
1
4.506
13.153
293(2)

Bruker D8 Quest

6221.09

13.3258(10)

2366.4(5)

4.366
13.772

(microfocus and graphite monochromator)

Mo-Ka (0.71073)
2943
3.055 < 26 < 52.146
58260
2526
53
1.056
0.0610/0.0400
0.0786/0.0710

2862

3.057 <206 <52.119

60337

2516

56

1.134
0.0688/0.0405
0.0542/0.0491

11
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Table 2. Atomic coordinates and isotropic displacement parameters/A” of

La16.32Ba1.825r7.86[SigoNs2.3203.65] 012 and Lay3.685r12.32[SigoNos] Fe.3205 63 With standard deviations in

parentheses.
Atom X y z Ueq s.o.f.
Lai6.32Ba1.825r7.85[SisoN92.3203.68] 012
la,Sr1  0.12963(2)  x 0.44760(3)  0.01107(7)  0.68/0.32
Ba,Sr2 0 0 0 0.0421(6) 0.09/0.910
Si1 0.29787(17) O 0 0.0069(3) 1
Si2 0.20619(8)  x 0.04817(12)  0.0070(2) 1
Si3 0.35037(8)  x 0.19123(12)  0.0070(2) 1
o1 Va % 0 0.0161(11) 1
N,02 0.4283(2) X 0.1274(4) 0.0108(7) 127/150; 23/150
N3 0.2843(3) X 0.1076(4) 0.0119(7) 1
N4 0.0783(2) X 0.2254(4) 0.0091(6) 1
N5 0.2725(3) X 0.4202(3) 0.0085(6) 1
La13.68Sr12.32[SicoNos] F6.3205 63
la,Srl  0.12961(2)  x 0.44711(2)  0.00912(5)  0.57/0.43
Sr2A 0.4690(6) X X 0.035(3) 0.171(12)
Sr2B 0.0208(8) X X 0.047(9) 0.079(12)
Sil 0.29832(13) 0 0 0.0049(2) 1
Si2 0.20616(6) X 0.04805(9) 0.00494(16) 1
Si3 0.35036(6) X 0.19103(9) 0.00516(17) 1
F1,01 Y % 0 0.0123(7) 0.5267/0.4733
N2 0.42831(16) x 0.1265(3) 0.0074(5) 1
N3 0.28424(19) x 0.1072(3) 0.0104(6) 1
N4 0.07831(18) x 0.2258(3) 0.0072(5) 1
N5 0.27222(18) x 0.4203(2) 0.0063(5) 1

Both compounds derive from Sr3LnyeSiigAl12018N3g  (Ln=Ce, Pr,Nd; Z= 2),[17] as

La16.32Ba1.825r7.86[SicoN92.3203.68]O12 is isotypic and Lais 6sSr12.32[SieoN9e]Fe.320s 68 is homeotypic
to these SiAIONs. La and Ba as well as N, F, and O were distributed on basis of EDX
measurements, MAPLE calculations (Table 3) and the results of the neutron powder
diffraction of Sr3PrloSilgAI12018N36.[17] This is explained in detail in the chapter on MAPLE
calculations below. Free refinement of the respective site occupation factors of the heavy

atom sites yielded their occupation with Sr. To obtain charge neutrality the refined site

12
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occupation factors were fixed (Table 2). The absence of N-H groups was confirmed by FTIR
spectroscopy (Figure S2, Supporting Information). Laie32Ba1.8:Sr7.86[SicoN92.320363]012 and
La13.685r12.32[SisoNge]Fe.3205 68 are characterized by a three-dimensional network of all site
corner sharing (Q*type) SiN4..Oy tetrahedra (Figure 2a). The tetrahedra consist of N,0%/0™
and N atoms (X[Z]/XB]: interconnection of two/three tetrahedra). This leads to a degree of
condensation k =n(Si):n(N/O) = 0.625. The tetrahedra build double dreier rings,[lg] which
result in vierer rings. Thereby, the SisNs3,O, units of the dreier rings exhibit chair
conformation and the SizN4.,Ox units of the vierer rings saddle conformation (Figure 2b, 2c).
Moreover, the double dreier rings are connected via SiN4.,Oy tetrahedra. Additionally, both
compounds contain isolated 0% and O,F" positions, respectively. They are coordinated in a
tetrahedral manner by four La,Sr1 atoms. The resulting tetrahedra are condensed in a way
that they build vierer and sechser rings resulting in a B-cage of the isolated anions
(Figure 2d, 2e). Next to La,Sr1, which is coordinated by ten anions, there is a second heavy
atom site surrounded by twelve anions, thus Friauf polyhedra are formed (Figure 2d). They
are arranged in a body centered cubic packing.

In Lai.32Ba1.825r7.86[SisoN92.3203.63]012 and SralnqpSiigAl1,018N36 (Ln = Ce, Pr, Nd) Ba/Sr2 and
Sr2, respectively, occupy a special site with Wyckoff no. 2a (0,0,0) and show enlarged
displacement parameters. This points towards disorder around this position, however crystal

.70 In contrast, the crystal

structure refinement does not lead to a convincing disorder mode
structure refinement of Laj363Sri2.32[SigoNge]Fe.3205.65 Yielded no electron density on (0,0,0)
and a disorder model, in which the second heavy atom site partly occupies two Wyckoff sites
(8c). This results in the structural motif of two differently sized tetrahedra around (0,0,0),
one formed of Sr2A and the other of Sr2B (Figure 3). Free refinement of the respective

occupation factors [s.0.f(Sr2A): 0.68(4); s.0.f(Sr2B): 0.32(4)] results in a mutually exclusive

but overall full occupation.

13
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Figure 2. (a) Crystal structure of La;e3,Ba1.8,Sr7.86[SisoNo2.3203.65] 01, and idealized model of
La13.685r12.32[SicoNes]Fe.3205.65; With SiN4,O, tetrahedra (turquoise), N/N,O (blue), O/O,F (red), La,Sr
(orange), Sr,Ba/Sr (green), unit cell is displayed; (b) and (c) double dreier ring with one vierer ring as
characteristic building block of the silicate network; (d) polyhedral visualization of the crystal
structures with Sr,Ba/SrN;,.,O, (green) units forming Friauf polyhedra and O(La,Sr), tetrahedra (red);

(e) B-cage of condensed O/O,F atoms (red).

14
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Figure 3. Sr sites (green) in La3 63Sr12.32[SigoNgs] Fe.3205.65. Sr2A leads to the larger and Sr2B to the

smaller tetrahedra. Position (0,0,0) is highlighted blue.

To exclude that the disorder model can be described with a model in lower symmetry the
electron density of La;363Sri2.32[SieoNgs]Fe.3205.68 Was plotted in P1 (Figure 4d, e, and f). As Sr2
shows only electron density around (0,0,0) an ordered model could be precluded in this
case. In contrast, the electron density of Lajg32Bais25r7.86[SisoN9g2.320368]012 in P1 shows
concentrated electron density on (0,0,0) (Figure 4a, b, and c).

The distances Si-N [1.669(4)-1.771(3) A] and Si-N,0 [1.680(5) A] are in good agreement with
other (oxo)nitridosilicates, e.g. Sr,SisNg [Si-N: 1.653(9)-1.7865(5) A][n] and Ce1g[Si1p0O9N17]Br
[Si-N/O: 1.664(4)-1.709(7) A].[lgl The La,Sr-N [2.628(4)-3.117(5) A] La,Sr-N,0 [2.635(5)-
2.967(3) A], La,Sr-0O [2.4605(2) A] and La,Sr-O,F [2.4604(2) A] bond lengths also correspond
with other (oxo)nitridosilicates as well as the Sr-N [2.939(16)-3.043(6) A] and Sr,Ba-N
[3.350(5) A] distances.!*+17:20231 Moreover, all distances agree well with the sum of the ionic
radii.?¥

A comparison of the powder diffraction patterns of the both samples with the theoretical
powder diffraction patterns, simulated on the basis of single-crystal structure elucidation,
show  that Lai6.32Ba1.82Sr7.86[SicoNg2.3203.68] O12 occurs as side phase and
La13.685r12.32[SigoNgs]F6.32056s as main phase of the sample (FigureS1, Supporting

Information).
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Figure 4, Electron denSity of La15,32Ba1,825r7.86[5i60N92.3203,63]012 (a, b, C) and
Lai3.685r12.32[SisoNos] F6.3205.65 (d, €, f) without symmetry restrains on the planes (100) at x =0 (a, d),
(010) aty =0 (b, e), (001) at z =0 (c, f); site (0,0,0) is highlighted with a white cross; contour level

0.8 e-A3 (green = positive electron density, red = negative electron density).

2.2.2.2 Lattice-Energy Calculations (MAPLE)

MAPLE calculations were performed to prove the electrostatic consistency of the crystal
structures.??7) Thereby, solely electrostatic interactions, which depend on the charge,
distances, and the coordination spheres of the constituting ions, were taken into account. As
mentioned before these calculations are especially useful to determine the site occupancies
of F, N, O, and La, Ba, respectively, as theses ions can hardly be distinguished by
conventional X-ray diffraction owing to their similar X-ray scattering factors (Table 3). In
addition to the MAPLE calculations the results of the EDX analysis and of the neutron
powder diffraction pattern of Sr3Pry0Si1gAl1,018N3g, Which yielded occupation of the terminal

and one bridging anion position with O™"”) served as a basis for the assignment of the atoms
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types. For LaizgsSri2.32[SigoNos]Fs.320563 an idealized structure model was used, as the
consideration of partly occupied sites with the MAPLE software is not possible.
Consequently, Sr2A and Sr2B were shifted from Wyckoff position 8c [point symmetry: .3m;
x=y=2z=0.4690(6); x =y =2z=0.0208(8)] to a fully occupied “average” Wyckoff position 2a
[point symmetry: 43m, x=y=z=0]. For both compounds the calculated partial MAPLE

28311 \whereas the value of La,Srl and

values of Si and N are consistent with reference values,
N,02 range between those of the constituting ions, as expected. The terminal anion sites,
Sr,Ba2 and Sr2 are insignificantly smaller than the characteristic range. The minor deviation
between the overall MAPLE value of both compounds and the sum of those of the binary
compounds that formally constitute them corroborate the electrostatic balance of the

refined crystal structure.

Table 3. Partial MAPLE values and MAPLE sums /kJmol™ for La;e 3,Ba1.825r7 6[SicoNg2 3,03 6] 012 and

La13.685r12.32[SigoNss] F6.3205.68-a)

La16.32Ba1.825r7.86[SieoNs2.3203.63]012 model La13.685r12.32[SieoNgs]Fe.32056s model
La/srl 3450 +91/50 BaSiN,"? La/Srl 3117 +308/25 SrSiN,">?
Sr/Ba2 1379 +393/50 SrSiN,P? Sr2 1409  +1192/75 B-SizN,>¥
Si1 9680 +1258/75 a-SisN,**  Si1 9732 +584/75 LaNB*
Si2 9579 +392/75 La,05>" Si2 9800  +158/75 LaF;*?
Si3 9910 +88/15 LaNB4 Si3 9964  +142/75 La,0,%
01© 1643 o/F1 948
N/02% 4912 N2 5453
N3 5437 N3 5315
N4 6073 N4 6016
N5 6000 N5 5975

$=1228268 5 =1228860 $ =1225300 3 = 1222573

A =0.04% A=0.22%

a) Typical partial MAPLE values /kJ-mol™: La*": 3500-5100; EA**: 1500-2100 (EA = Sr, Ba)
Si**: 9000-10200; (N®))*: 5000-6200; (N')*: 4600-6000; F: 465-599; (0'%)?: 1871-1913.12834

Partial exchange of Ba with La in Lais3,Ba1.8:5r7.36[SisoNg2.3203.63] 012, under consideration of
charge neutrality, yielded MAPLE values, which are not consistent with reference values,
thus an occupation of the second heavy atom site with La is unlikely. As the refined Ba

content correspond to the EDX analysis occupation of the first heavy atom site with Ba
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seems to be unlikely as well. But as the partial MAPLE values of Sr and Ba show the same
characteristic range this cannot be fully precluded. According to the EDX analysis
La13.685r12.32[SisoNge]Fe.320568 contains F, which usually do not occupy bridging sites.
Therefore, F could only be located on the isolated anion position. Due to charge neutrality
this site must be mixed occupied with both O and F. The occupation of this site with N and F
is highly improbable, as this model leads to MAPLE values which do not agree with reference

values.

2.2.3 Conclusions

High-temperature  syntheses vyielded to the lanthanum (oxo)nitridosilicates
La16.32Ba1.825r7.86[SicoN92.3203.68] 012 and Lai368Sr12.32[SisoNgs]Fe.3205.65. Single-crystal structure
refinement shows that the Ba containing compound is isotypic to Sr3LnipSiigAl12018N36
(Ln = Ce, Pr, Nd; Z=2),[17] whereas Lai3685ri2.32[SisoNge]Fs.320568 describes a homeotypic
disordered variant. This was corroborated by investigations of the electron density. Both
crystal structures were confirmed by means of powder X-ray diffraction data, MAPLE
calculations and FTIR spectroscopy. The syntheses were, analogous to LasSiNsF”! and
LagBaSi5N902:Ce3+,[36] based on LaFs, hydrides and amides. Consequently, they are further
examples that show that the mentioned route is particularly suitable for the synthesis of

new lanthanum (oxo)nitridosilicates with diverse crystal structures.

2.2.4 Experimental Section

2.2.4.1 General
The starting materials were handled under exclusion of oxygen and moisture using either an
argon-filled glove box (Unilab, MBraun, Garching; O, <1 ppm; H,0 <1 ppm) or flame-dried

glassware attached to a vacuum line.

2.24.2 Synthesis of La13,535r12_32[5i60N95]F5,3205_63
LaFs (20.3 mg, 0.10 mmol), “Si(NH),” (35.6 mg, 0.61 mmol synthesized according to Winter et

aI.),[37] La(NH,)3 (20.1 mg, 0.11 mmol synthesized according to Jacobs et aI.),BS] SrH,

18



2.2 Lanthanum (Oxo)nitridosilicates: From Ordered to Disordered Crystal Structures

(42.7 mg, 0.48 mmol), and La,03 (1.8 mg, 0.01 mmol) were thoroughly mixed in an agate
mortar and filled into a tungsten crucible, which was placed in a water-cooled silica glass
reactor of a radio-frequency furnace (Typ AXIO 10/450, max. electrical output 10 kW,
Hittinger Elektronik, Freiburg).[14] Subsequently, the crucible was heated in a purified
nitrogen atmosphere to 1500 °C within 1 h, maintained at that temperature for 10 h, and
cooled to 900 °C in 43.75 h, and finally quenched to room temperature by switching off the
furnace. The reaction yielded an inhomogeneous product with colorless crystals of air and

hYd ronsis stable La1363Sr12.32Sig0F6.3205.68Noe.

2.2.4.3 Synthesis of Laje.32Ba1.825r7.86[SigoNo2.3203.68] 012

LaFs (20.3 mg, 0.10 mmol), “Si(NH),” (35.6 mg, 0.61 mmol synthesized according to Winter et
aI.),[37] La(NH,)3 (20.1 mg, 0.11 mmol synthesized according to Jacobs et aI.),BS] SrH,
(14.2 mg, 0.16 mmol), BaH, (44.2 mg, 0.32 mmol), and La,0s; (3.0 mg, 0.01 mmol) were
thoroughly ground and filled into a tungsten crucible. The crucible was heated in a radio-
frequency furnace in a nitrogen atmosphere within 1 h to 1600 °C, maintained at that
temperature for 10 h, cooled to 900°C in 43.75h, and finally quenched to room
temperature by switching off the furnace. The reaction affords an inhomogeneous sample
with brown crystals of Laie3:Bai.8:Sr7.86[SieoN92.3203.68]012 which are stable in air and

resistant against hydrolysis.

2.2.4.4 Single-Crystal X-ray Diffraction

Single crystals of the samples were isolated from the product under a microscope and were
mounted on Kapton foil sample holders (micromount, MiTeGen, Ithaca). X-ray diffraction
data were recorded with a Bruker D8 Quest diffractometer (Mo-K,; radiation, microfocus
and Goebel mirror optic). Absorption corrections of the respective data were done using the
multi-scan method (SADABS).Bg] The crystal structures were solved with Direct Methods
(SHELXS) and refined by full-matrix least-squares methods (SHELXL).MO]

Further details of the crystal structures investigations may be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (Fax: +49-
7247-808-666; E-Mail: crysdata@fiz-karlsruhe.de, http://www.fiz-karlsruhe.de/request for
deposited data.html) on quoting the depository numbers CSD-429945 and CSD-429946.
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2.2.4.5 Powder X-ray Diffraction

The samples were pulverized in agate mortars and enclosed in glass capillaries. Powder
diffraction data were recorded with a STOE STADI P diffractometer (Mo-Ky; radiation,
Ge(111) monochromator, MYTHEN 1 K detector) in Debye-Scherrer setup. Simulated powder
diffraction patterns were calculated on the basis of the single-crystal structure data with the

use of the WinXPOW program package.[“]

2.2.4.6 SEM and EDX Spectroscopy

The chemical composition and morphology of the crystals were investigated with a JEOL
JSM, equipped with a Si/Li EDX detector 7418 (Oxford Instruments) and operated at 30 kV.
To provide electrical conductivity on the sample surfaces, the crystals were prepared on
conductive adhesive films and coated with carbon (BAL-TEC MED 020, Bal Tec AG). The EDX
measurements of the both compounds yielded in average compositions of La/Ba/Sr/Si
16:3:5:60 or La/Sr/Si/F 12:10:60:10 (normalized according to the Si content; four
measurements on the crystals used for single-crystal X-ray diffraction; the atomic content of
N and O was excluded as they are over-determined, due to the limitations of the method).
These measurements corroborate the sum formulas of the both compounds obtained from
single-crystal structure refinement and MAPLE calculations. Moreover they preclude the

presence of other elements than La, Sr, Si, N, O and F/ Ba.

2.2.4.7 FTIR Spectroscopy
The IR spectrum of the both compounds was recorded with a Perkin-Elmer BXII

spectrometer mounting ATR (attenuated total reflection) technology.
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Abstract. The isotypic compounds Las[SiN4]F and Las3[SiN30]O were synthesized in a radio-
frequency furnace at 1600 °C. The crystal structures [Pnma (no.62), Z=4; Las(SiNg)F:
a=9.970(3), b=7.697(2), c=6.897(2)A, V=529.3(3)A% La3(SiON3)O: a=9.950(2),
b =7.6160(15), c = 6.9080(14) A, V = 523.48(18) A%] were elucidated from single-crystal X-ray
diffraction data and corroborated by Rietveld refinement, lattice-energy calculations
(Madelung part of lattice energy, MAPLE) and Raman/FTIR spectroscopy. Both compounds
are homeotypic with Na,Pr[GeO4]OH forming a network of vertex-sharing FlLag/Olag
octahedra, whose voids are filled with non-condensed SiN4/SiN3O tetrahedra. o-La3[SiON3]O
is the orthorhombic polymorph of this compound, which probably represents the high-

temperature  modification, whereas the tetragonal

polymorph t-La3[SiON3]O represents the low-temperature

modification. While the space group of the t-polymorph

[14/mcm (no. 140)] differs from the new Las[SiN4]F and

0-La3[SiN30]O0, the crystal structure contains the same linking

pattern.
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2.3.1 Introduction

(Oxo)nitridosilicates are promising compounds, as they show manifold and outstanding
materials properties, e.g. luminescence of Eu*- or Ce**-doped samples.[l'S] Consequently,
chemists and materials scientists are constantly looking for new (oxo)nitridosilicates.
Formally, (oxo)nitridosilicates derive from oxosilicates by substituting all or a part of O by N.
The characteristic building blocks of these compounds are SiNs or SiN4,O, tetrahedra,
respectively. Apart from this analogy the structural variability of (oxo)nitridosilicates is
distinctively greater. In oxosilicate structures containing tetrahedra, O is only known as
terminal (0[1]) or simply bridging (O[Z]) atom. N by contrast also facilitates threefold (N[3]) and
even fourfold (N[4]) linkage of neighboring tetrahedral centers in (oxo)nitridosilicates.
Moreover, SiN; tetrahedra can share both common corners as well as common edges,[sl
whereas SiO,4 tetrahedra, except for fibrous SiOz,m whose existence has not yet been proven
unequivocally, share exclusively common corners. As a consequence, (oxo)nitridosilicates

8101 5150

show a wide range of possible structures. Next to three-dimensional frameworks
layer-like structures, like in EASIN, (EA = Sr, Ba),[ll] or one-dimensional structures like in
LisREsSisN1, (RE = La, Ce)[lz] and Eu25iN3[13] have been found. Even non-condensed structures
like in La3[SiN30]O[14] and the recently published Ca4SiN4[15] are known from literature.
However, (oxo)nitridosilicates have a more pronounced tendency to form highly condensed
networks as oxosilicates. Hence the structural variety of less condensed (oxo)nitridosilicates
is still minor compared to oxosilicates. Due to the missing kinetic prevention of hydrolysis in
less condensed (oxo)nitridosilicates, these compounds are usually air- and moisture-
sensitive. A synthetic approach is enabled by the use of low-temperature approaches as well
as high-temperature syntheses.[l'lz'lsl

Here we report on the syntheses and structural characterization of the ortho-
(oxo)nitridosilicates Las[SiN4]JF and Las3[SiN30]O, which were synthesized by high-
temperature approaches using reactive starting materials. The latter compound is the

orthorhombic polymorph of La3[SiN30]O[14] and is described in the following as

0-La3[SiN30]O, whereas the former tetragonal polymorph is designated as t-La3[SiN5O]O.
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2.3.2 Results and Discussion

2.3.2.1 Syntheses

Laz[SiN4]F and o-La3[SiN3O]O were obtained by high-temperature reactions. The driving force
of these syntheses is probably the decomposition of BaH, (decomposition at 675 °C)[16] and
its reaction with LaZz (Z=F, Br) to reactive lanthanum and BaZ,, whereas the latter one
resublimates at the reactor wall of the radio-frequency furnace. The lanthanum reacts with
the precursors Si(NH)Z,[m La(NHz)g[lgl and the remaining LaFs and La,03 to a heterogeneous

product with red crystals of Las[SiN4]F and o-Las[SiN50]O, respectively (Figure 1).

Figure 1. SEM images of crystals of Las[SiN4]F (a) and o-La3[SiN30]O (b).

Even though Ba is a component of the reaction mixture, and although charge neutrality
could be maintained by arbitrary exchange of LaN and BaO units, incorporation of Ba into
the products is not very likely as the ionic radius of Ba®* (1.42 A) is considerably larger than
the ionic radius of La®* (1.16 A), whereas the ionic radii of N* (1.46 A) and 0% (1.40 A) are
rather similar.’® Moreover, the EDX analyses of the products preclude incorporation of Ba.
Although LaBr; was used in the same molar ratio as LaFs, o0-La3[SiN3O]O was obtained
instead of “Las[SiN4]Br”. Consequently, the unit cell probably offers not enough space for an
integration of Br, as the ionic radius of Br (1.96 A) is significantly larger than the ionic radius
of F (1.33 A), whereas the ionic radius of the latter one and 0% (1.40 A) are very similar.l*”!
Another possible reason for the formation of 0-Las[SiN3O]O rather than “Laz[SiN4]Br” is that
the incorporation of O (conceivably originating from La,03) is probably favored over the
incorporation of Br.

Besides, e.g., La5$i3Ng,[2°] LiLa55i4N100[21] and t-La3$iN30,[14] the products Laz[SiN4]F and
0-La3[SiN30]O are further examples for lanthanum (oxo)nitridosilicates with colored crystals.

It is unclear whether the color of the crystals originates from defects or color centers.
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2.3.2.2 Single-Crystal Structure Analyses

The crystal structures of Las[SiN4]F and o-Las[SiN3O]O were solved and refined in the
orthorhombic space group Pnma (no.62). All atoms were refined anisotropically. The
crystallographic data are summarized in Table 1, the atomic coordinates and isotropic
displacement parameters are given in Table 2. For the anisotropic displacement parameters

see Table S1 in the Supporting Information.

Table 1. Crystallographic data of the single-crystal structure determination of Las[SiN,]F and

0-La3[SiN;0]0.

Formula Laz[SiN4]F o-Laz[SiN3;0]0
Crystal system orthorhombic

Space group Pnma (no. 62)

a [A] 9.970(3) 9.950(2)

b [A] 7.697(2) 7.6160(15)
c[A] 6.897(2) 6.9080(14)
Cell volume [A%] 529.3(3) 523.48(18)
Formula units per unit cell 4

Density [gecm™] 6.524 6.583
p[mm™] 23.912 24.172

293(2)

Bruker D8 Quest
(microfocus and graphite monochromator)

Temperature [K]

Diffractometer

Radiation (A [A]) Mo-Ka; (0.71073)

F(000) 888

0 range [°] 3.592<0<27.496 3.591<6<26.988
Total no. of reflections 10723 [Rin: = 0.0275] 9577 [Rint= 0.0985]
Independent reflections 649 618

Refined parameters 49

Goodness of fit 1.175 1.137

R; (all data) 0.0128, 0.0475,

R; [F*>20(F?)] 0.0119 0.0278

WR, (all data) 0.0280, 0.0495,

WR; [F>>20(F?)] 0.0277 0.0466

APrmax, APmin [€°A”] 0.611/-0.673 1.391/-1.516
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Table 2. Atomic coordinates and isotropic displacement parameters [A?] of La3[SiN4]F and

0-La3[SiN30]O with standard deviations in parentheses.

Atom X y z Ueq s.o.f.
Las[SiNg4]F

Lal 8d 0.33437(2)  0.02444(2) 0.09691(3)  0.00897(7)
La2 4c 0.46756(2) % 0.58960(3)  0.00607(7) 4
Sil 4c 0.10437(12) % 0.30930(17) 0.0050(2) 1

F1 4c 0.2254(3) % 0.8389(4)  0.0182(6) 1

N1 8d 0.0746(3) 0.0579(3) 0.1906(4) 0.0089(5) 1

N2 4c 0.0074(4) A 0.5217(6) 0.0081(7) 1
N3 4c 0.2746(4) % 0.3726(5)  0.0077(7) 1

O'La3[SiNgo]O

Lal 8d 0.32591(5)  0.02393(6) 0.09310(8)  0.00995(14) 1
La2 4c 0.47174(7) % 0.59922(12) 0.00794(17) 1
i 4c 0.1000(3) % 0.3086(5)  0.0068(7) 1
01 4c 0.2223(9) % 0.8368(13)  0.017(2) 1
N/02 8d 0.0669(7) % 0.1916(10)  0.0103(15) %/%
N/O3 4c 0.0067(10) % 0.5169(15)  0.011(2) %%
N/O4 4c 0.2707(10) % 0.3651(15)  0.014(2) Y%V

Both compounds represent ortho-(oxo)nitridosilicates, which are homeotypic to
NazPr[GeO4]OH.[22] They are characterized by non-condensed (Qo—type) SiNs and SiN3O
tetrahedra, respectively. This is a reason for the air and hydrolysis sensitivity of the
compounds. The three crystallographically independent anion positions of the SiN3O
tetrahedra of 0-La3[SiN3O]O are mixed-occupied with N and O in an atomic ratio of %:%
(Table 2) Next to the NM/N,0M atoms of Las[SiN4]F/0-La3[SiN3O]O, which form the
tetrahedra, there are isolated Flol/ol0 positions, which are coordinated in a distorted
octahedral manner by six La atoms. These FLag/OLag octahedra are interconnected with each
other by common vertices, thus a three-dimensional network is formed, whereas the
SiN4/SiN3O tetrahedra are positioned in the voids between the octahedra (Figure 2a, c). The
absence of N-H groups was confirmed by Fourier transform infrared (FTIR) and Raman
spectroscopy, respectively (Figures S2 and S3 in the Supporting Information). There are two
crystallographically independent La sites, which are surrounded by eight and nine

(N/F)/(N,0/0) atoms, respectively (Figure 3a).
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Figure 2. (a, c) Structure of La3[SiN4]F and o-La3[SiN3;0]O. (b, d) Structure of t-La3[SiN;0]O. The
SiN,/SiN3O tetrahedra are depicted in turquoise, the FLag/OLag octahedra in red/violet. The blue

spheres symbolize the N/N,O and the orange ones the La atoms.

a)

.

Figure 3. (a) Coordination spheres of the lanthanum sites in Las[SiN4]F and o-La3[SiN50]O (a) and in

t-La3[SiN30]O (b) (red: O/F atoms; blue N/N,O atoms).
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Although the t-polymorph of Las[SiN3O]O was synthesized with an analogous temperature
program as both of the new compounds, it crystallizes in the tetragonal space group /4/mcm
(no. 140) with a=6.8224(10) and c=11.074(2) A. Its structure also consists of a three-
dimensional network of OlLag octahedra, whereas the non-condensed SiN3;O tetrahedra fill
the voids of the network. There is only one crystallographically independent anion position
of the SiN3O tetrahedra. This site is mixed occupied with N and O in an atomic ratio of
%%, Compared to the structure of Las[SiNs]F/o0-Laz[SiN3O]O the octahedra are less
distorted (Figure 2a, b). Furthermore, the octahedra are more twisted against each other
along [001] than the FLag/Olag polyhedra in both compounds along [100], and the SiN3O
tetrahedra in t-La3[SiN30O]O are congruent to each other, whereas the SiN4/SiN3O tetrahedra
of Laz[SiN4]F/0-Laz[SiN3O]O are tilted against each other by 180° along [100] (Figure 2c, d).
The t-polymorph also contains two crystallographically independent La sites, which,
however, are coordinated by eight and ten (N,0/0) atoms, respectively (Figure 3b).[14]

Due to the structural differences the density of the two polymorphs differs, and as
t-La3[SiN3O]O has a larger density (6.686gcm'3)[14] than o-Las[SiN;0]O (6.583 gcm™) it
probably represents the thermodynamically stable product at room temperature.
Consequently, the t-polymorph presumably represents the low-temperature and the
o-polymorph the high-temperature modification. As there is no simple group/subgroup
relation between the two modifications, the phase transition is probably of first order.

The distances Si-N [1.716(3)-1.755(4) A] and Si-N,0 [1.692(7)-1.743(11) A] of Las[SiN4]F and
0-La3[SiN30]O are in the typical range for terminal Si-N/N,O bonds; similar values were
observed in other (oxo)nitridosilicates, e.g. Laig[SigN22][SiONs], [Si-N,O0 1.689(5)-
1.743(8) A1 and CeSisNs [Si-N 1.699(7)-1.761(6) A].”*® The La-N and La-N,0 bond lengths
are also in good agreement with the interatomic distances in Laig[SigN2>2][SiONs], [La-N
2.424(7)-3.191(8) A; La-N,0 2.399(7)-3.141(8) A].[m The La-F and La-O distances agree with
those in other lanthanum compounds.[24'26] Moreover, all distances correspond well with the
sum of the ionic radii.” Rietveld refinement of powder X-ray diffraction data confirmed the
structures of Las[SiN4]JF and o-Las3[SiN3O]O determined from single-crystal data (Figure 4,

Table S2 and Figure S1 in the Supporting Information).
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Figure 4. Rietveld refinement of the powder diffraction pattern of collected crystals of Las[SiN4]F.
Observed (black line) and calculated (red line) X-ray powder diffraction pattern as well as difference

profile (green line). The vertical bars indicate positions of Bragg reflections.

2.3.2.3 Lattice-Energy Calculations (MAPLE)

By means of MAPLE (Madelung part of lattice energy) calculations the electrostatic
consistency of the crystal structures was proven (Table 3)."%?7%°! Thereby, exclusively
electrostatic interactions, which depend on the charge, distance, and the coordination

spheres of the constituting ions, were taken into account.

Table 3. Partial MAPLE values and MAPLE sums [kJ mol™] for Las[SiN,]F and o-La3[SiN3O]O.[a]

Laz[SiN4]F Model 0-La3[SiN3;0]0 Model
Lal 3904 +1/3 LaF, Lal 3937 +3 LaN®
La2 4474 +1/3 B-SisN,2Y  La2 4474 +5i0,%¢
Sil 10144 +8/3 LaN®! Si1 9847
F1 548 o1 1821
N1 4617 N/O2 4052
N2 4734 N/O3 4119
N3 4765 N/O4 4189

3 = 41700 3 =41532 3 =40418 3 = 40037

A=0.4% A=0.9%

[a] Typical partial MAPLE values [kJ-mol™]: La®*: 3500-5100; Si**: 9000-10200; (N™)*: 4300-
5000 (N,0™)*7>: 3725-4450; F: 465-599; (0'%)%: 1871-1913.1243033
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These calculations are especially useful to determine the anion site occupancies as F, N and
O could not be distinguished by X-ray diffraction due to their similar X-ray scattering factors.
Therefore F, N and O were distributed to the light atom positions on the basis of the crystal
structure of t-La3[SiN30]O. This distribution was corroborated by lattice energy calculations
as the calculated partial MAPLE values of La, Si, N, O and F are in good agreement with

[24,30-33

reference values, I whereas the values of the mixed N/Om sites range between those

of N"'and o™, as anticipated. As Lal has a higher coordination number and consequently a
higher average bond length the partial MAPLE value is smaller than the value of La2.27:28l
This is consistent with the MAPLE values of the homeotypic Na,Pr[GeO4]OH as Lal occupies
the Na and La2 the Pr position. The minor deviations of 0.4 and 0.9 % between the overall
MAPLE values of Las[SiNg]F and o-Las3[SiN3O]JO and the formally constituting compounds
(/3 LaF3[24] +1/3 B—Si3N4[34] +8/3 LaNB! or 3 LaN + Si02[36]) corroborate the refined crystal
structures.

Additionally, the MAPLE calculations exclude the even occupation of all anion positions with
N and O or N and F as well as the occupation of the isolated anion position X% with N as

these options (all in consideration of charge neutrality) lead to MAPLE values, which do not

agree with reference values.

2.3.3 Conclusion

The crystal structures of Las[SiN4]F and o-La3[SiN3O]O were successfully determined on the
basis of single-crystal X-ray diffraction data. Moreover, the structures were confirmed by
Rietveld refinement of powder X-ray diffraction data, MAPLE calculations, FTIR and Raman
spectroscopy. The compounds represent ortho-(oxo)nitridosilicates, whereas Laz[SiNg4]F is

the second example for an ortho-nitridosilicate,[ls]

and o-La3[SiN3O]O forms a new
orthorhombic polymorph next to the tetragonal t-La3[SiN30]O.[14] As both polymorphs are
synthesized with analogous temperature programs, the mentioned synthesis approach,
which is based on reactive starting materials, guides the way to so far unknown lanthanum
nitridosilicates. Furthermore, the syntheses of both compounds show that this route leads to
less condensed structures as well, next to nitridosilicates with a three-dimensional network

as La3BaSisNg0,.1"! Consequently, this synthesis approach could probably help to discover

more high- and even less-condensed nitridosilicates, although this group of compounds has
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a stronger tendency to form condensed networks than classical oxosilicates.! Moreover, the
mentioned synthesis approach enables access to an ortho-nitridosilicate even with a high-

temperature route, although CalSiN,™ was obtained at low temperatures up to 900 °C.

2.3.4 Experimental Section

2.3.4.1 General
All manipulations were performed under exclusion of moisture and oxygen in either an
argon-filled glove box (Unilab, MBraun, Garching; O, <1 ppm; H,O <1 ppm) or in flame-

dried glassware of a Schlenk line attached to a vacuum line.

2.3.4.2 Synthesis of Laz[SiN4]F

LaF; (69.8 mg, 0.36 mmol, Sigma-Aldrich, 99.99%), La(NH;); (50.0 mg, 0.27 mmol,
synthesized according to Jacobs et aI.),[lgl BaH, (63.0 mg, 0.45 mmol, Materion, 99.7%) and
Si(NH), (18.9 mg, 0.33 mmol, synthesized according to Winter et al.)!’”! were thoroughly
ground in an agate mortar and filled into a tungsten crucible. Subsequently, the crucible was
placed in a water-cooled silica glass reactor of a radio-frequency furnace (Typ AXIO 10/450,
max. electrical output 10 kW, Hiittinger Elektronik, Freiburg).®® Under purified nitrogen, the
crucible was heated to 1600 °C within 1 h, maintained at that temperature for 10 h, then
cooled to 900 °C within 43.75 h, and finally quenched to room temperature by switching off
the furnace. The reaction yielded an inhomogeneous product with air- and hydrolysis-

sensitive red crystals of Las[SiNg]F.

2.3.4.3 Synthesis of 0-La3[SiN30]O

LaBr; (134.9mg, 0.36 mmol, Sigma-Aldrich, 99.9%), La(NH,); (50.0 mg, 0.27 mmol,
synthesized according to Jacobs et aI.),“S] La,03 (7.0 mg, 0.021 mmol, Alfa Aesar, 99.99%),
BaH, (62.3 mg, 0.45 mmol, Materion, 99.7%) and Si(NH), (12.9 mg, 0.22 mmol, synthesized
according to Winter et aI.)m] were thoroughly ground and filled into a tungsten crucible. The
crucible was heated in a radio-frequency furnace analogously to the synthesis of Las[SiN4]F.
0-La3[SiN3O]O was obtained in form of air- and hydrolysis-sensitive red crystals in a

heterogeneous sample.
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2.3.4.4 Single-Crystal X-ray Diffraction

Single crystals of Lasz[SiN4]JF and o-Las[SiN3O]O were isolated from the product under a
microscope (glove box), enclosed in glass capillaries and sealed under argon. Single-crystal X-
ray diffraction data were collected with a Bruker D8 Quest diffractometer (Mo-K, radiation,
microfocus and graphite monochromator). Absorption corrections of the respective data
were done with SADABS."** The crystal structures were solved with Direct Methods (SHELXS)
and refined by full-matrix least-squares methods (SHELXL).MO] 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-429558 and -429559.

2.3.4.5 Powder X-ray Diffraction

Powder samples were prepared by pulverizing the products in agate mortars and enclosing
them in glass capillaries. For the phase-pure powder sample of La3[SiN4]F single crystals were
collected under a microscope and processed as described before. Powder-diffraction data
were collected with a STOE STADI P diffractometer [Mo-Ky: radiation (A =0.70930 A),
Ge(111) monochromator, MYTHEN 1K detector] in Debye-Scherrer geometry. Simulations of
powder diffraction patterns were conducted by using the WinXPOW program package[“] on
the basis of the single-crystal structure data. Rietveld refinements were performed by using

the TOPAS Academic package.[42]

2.3.4.6 SEM and EDX Spectroscopy

To analyze the chemical composition and the morphology of the obtained crystals, a JEOL
JSM 6500F field emission scanning electron microscope (SEM), operated at 12/26 kV,
equipped with an Si/Li EDX detector 7418 (Oxford Instruments), was used. In order to ensure
electrical conductivity on the sample surfaces, they were prepared on conductive adhesive
films and coated with carbon (BAL-TEC MED 020, Bal Tec AG). The EDX analyses of both
compounds resulted in average compositions of La/Si/F, 3.0:1.0:0.8 or La/Si, 3.0:1.0
(normalized according to the La content; four measurements on different crystals; the
atomic content of N and O were excluded, due to the air and hydrolysis sensitivity of the

products). These measurements corroborate the obtained empirical formulas of Las[SiN4]F
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and o0-La3[SiN30]O and preclude the presence of other elements than La, Si, N, F and O

within the sensitivity range of the method.

2.3.4.7 FTIR and Raman Spectroscopy

The IR spectrum of Lasz[SiNg]F was recorded using a KBr pellet with a Spectrum BX I
spectrometer (Perkin-Elmer, Waltham MA, USA) (Figure S2 in the Supporting Information).
To obtain the Raman spectrum of a crystal of 0-La3[SiN3;O]O enclosed in a glass capillary, a
confocal LabRAM HR UV/Vis (HORIBA Jobin Yvon) Raman microscope (Olympus BX 41) with a
SYMPHONY CCD detection system and an He-Ne laser (A = 633 nm) was used (Figure S3 in

the Supporting Information).
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3 Lanthanum (Oxo)nitridosilicates as Phosphor

Materials

3.1 Introduction

Since the development of efficient light-emitting diodes (LEDs) light stands for far more than
just brightness. It helps to define areas, shape rooms, provide energy, influence our moods,
improve security and transfer information.™ Consequently, LEDs already found broad
application in several areas. For example, numerous stores have already changed their
illumination to LEDs as they help to save energy and to eliminate inventory erosion due to IR
and UV damage. The long lifetime of LEDs also decreases the maintenance costs. In the
automotive sector, LEDs gain importance since calculations for automotive forward lighting
based on different light technologies reveal that a traditional system uses almost five times
the power of an LED system. Therefore, an LED system is associated with a smaller CO,
emission than a traditional one.” Multichip LEDs for front headlamps can also generate
more light from a small package than any other comparable product, thus the design
flexibility for headlamps is considerably expanded.® Besides, LEDs enable mobile iris
scanning. This becomes more and more popular as a means of biometric identification,
which makes sensitive applications such as online banking and online shopping significantly
safer.!”!

Next to the mentioned examples, there are nowadays numerous further applications for
LEDs, but it was a long journey to the development of efficient LEDs, which meet the
requirements of the customers. In 1962, Holonyak et al. developed the first commercially
available LED emitting in the visible spectral region. This diode consisted of a GaAsP
semiconductor and showed red emission. In the following years several different
semiconductors, like InGaP and GaAlAs, were investigated and allowed for the access to all
colors of the visible spectrum.[S] The functional principle of these LEDs is based on electron-
hole transitions between different layers of semiconducting materials (p- and n-doped). The
color of the emitted light is directly correlated to the band gap energy of the used
semiconducting material. As these LEDs show several disadvantages, like low efficiencies,
limited current densities and therefore also low brightness, they found no application in

general illumination. Moreover, the development of an efficient blue LED proved to be very
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difficult, since no suitable semiconductor in the required quality was available. In the 1970s
the new crystal growth techniqgue MOVPE (Metalorganic Vapor Phase Epitaxy) arose and
enabled Akasaki and Amano in 1986 to synthesize high quality device-grade GaN, a direct
band gap semiconducting material for blue LEDs.®”] Challenges associated with the p-doping
of GaN could be solved by treating the samples with an electron beam or by thermal
annealing. These treatments were investigated and described by Nakamura.®®' A further
crucial step towards the development of efficient LEDs was the growth and p-doping of
alloys (AlGaN, InGaN), which are required for the production of heterojunctions. Here, the
recombination processes occur more efficiently, as shown by Akasaki's and Nakamura's
research groups.[m'“] Since these results pave the way toward efficient blue light-emitting
diodes which has enabled bright and energy-saving white light sources, the Nobel Prize was
awarded to Isamu Akasaki, Hirosho Amano and Shuji Nakamura in 2014.12

As soon as efficient blue- to UV-emitting primary LEDs were available, the demand of
phosphor-converted (pc-) LEDs arose, since the latter show a highly tunable emission and
even enable the emission of white light with high quality, thus they are promising candidates
for several applications. The functional principle of pc-LEDs is based on the stimulation of the
emission of a down-conversion phosphor material by a primary light source. Thereby, the
conversion of light is based on excitation and emission processes of rare earth ions
incorporated as dopant in the crystal structure of the host compound.[S] Usually 5d->4f
emission is favored, as shown e.g. by Eu®* or ce** ™! The emission process is strongly
affected by the host lattice of the dopant, as the 5d orbitals of the lanthanides are
significantly influenced by its surrounding, in contrast to the 4f orbitals which are shielded by
the 6s and 5d orbitals.***! These influences on the emission process of Eu* and Ce*" are
shown in Figure 3.1.1. The energetic position of the 5d level depends on the chemical bond
between the dopant and the ligands, thus the more covalent the bonding, the more the 5d
level is lowered in comparison to the free ion (so-called nephelauxetic effect). Additionally,
the crystal field around the dopant leads to degeneration of the 5d orbitals (crystal field
splitting). After excitation of an electron from the 4f ground state to the lowest 5d state,
non-radiative relaxation to the lowest energy of the excited state occurs. Consequently, the

emission wavelength is higher (red shifted) than the excitation wavelength (Stokes shift).
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Figure 3.1.1. Scheme of excitation and emission processes in Eu®* or Ce** considering influencing
effects like the crystal field around the activator site and the nephelauxetic effect as well as the

Stokes shift.

On the basis of several energy level overlaps, the large number of allowed transitions and
the significant influence of the coordination sphere of the dopant on the emission Eu* and
ce®* exhibit a broad band emission. Eu®*, by contrast, shows a well-defined line emission of
4f->4f transitions. As mentioned before, 4f orbitals are shielded by 6s and 5d orbitals, thus
the emission of Eu®* is not affected by the host lattice. Since 4f->4f transitions are partly
forbidden, the emission intensity is limited, whereby application in high-power LEDs is not
possible, since the high pump rates would cause a saturation of the Eu** excited state due to
the long decay of the f-f transition (in the order of ms).*® However, Eu** exhibits an intense
partly allowed (spin-forbidden, parity-allowed) f-d transition and ce®* a spin- and parity-
allowed f-d transition. Consequently, their emissions show short decay times (Eu®": in the
order of pus; ce®": ns) thus they are the dopants of choice for phosphor materials applied in
high-luminance pc-LEDs. Besides a short decay time, potential phosphor materials have to

meet several further requirements.m]

A high chemical and thermal stability are
indispensable for the product lifetime and during the manufacturing. Additionally, high
quantum efficiencies (QE) close to 100% are essential for a nearly non-dissipative light

conversion. As modern blue-emitting high-power LEDs are usually operated at currents of
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about 350 mA, which results in temperatures up to 150 °C at the chips surfaces due to ohmic
resistance, a weak thermal quenching of the applied phosphor materials is crucial.

Nowadays, garnet-type compounds, e.g. Y;Als015:Ce™* (YAG:Ce3+),[18'19] as well as
nitridosilicates, e.g. (Ba,Sr)ZSi_r,Ng:Eu2+[20'23] and (La,Ca)3$i6N11:Ce3+[24] have been established as
phosphor materials for pc-LEDs. Therefore, luminescence properties of (oxo)nitridosilicates
in general and the potential of lanthanum (oxo)nitridosilicates as phosphor material in
particular are discussed more detailed in the following chapter. Additionally, two novel
lanthanum oxonitridosilicates with outstanding luminescence properties are presented and

compared to the luminescence properties of YAG:Ce®".
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3.2 La5CaSi12N1707Dz and La3,7Caz,3Si12N11.7014,3: Two Promising
Host Lattices for Eu**- and Ce**-doping Towards Phosphor

Materials with Highly Tunable Luminescence

patent in progress: Dajana Durach, Peter J. Schmidt and Wolfgang Schnick

Abstract. LasCaSi;;N17070, and Las 7Ca,3Si;oN11.7014.3 were synthesized by high-temperature
reactions (1600 /1400 °C) in a radio-frequency furnace. The crystal structures [P4bm
(no.100), Z=1, a=10.1505(3)/10.0881(4) A c=4.8806(2)/ 4.9234(2) A, V=502.86(4)/
501.05(4) A’] were solved and refined on basis of single-crystal X-ray diffraction data.
Accuracy of the structure determinations were confirmed by Rietveld refinements. FTIR
spectroscopy proves the absence of N-H bonds. LasCaSii;;N;7070;, and Las 7Cas3Si1oN11.70143
are built up by a three-dimensional network with vierer and achter rings of all side vertex
sharing Si(N,0); tetrahedra. They are homeotypic to LasSigN;; (Z=2) as they are
characterized by the same network but contain an additional isolated O site. Moreover,
both compounds show intriguing luminescent properties upon doping with Ce** or Eu®* or
being codoped with Ce** and Eu®.
Consequently, the luminescence of doped
LasCaSi1oN17070; and Las 7Caz3Si1aN11.7014.3
can be easily tuned, thus both are
promising candidates for application in

phosphor-converted pc-LEDs.
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3.2.1 Introduction

The invention of efficient blue light-emitting diodes (LEDs) has paved the way for the
development of energy-saving white phosphor-converted pc-LEDs with high performance.m
Since pc-LEDs show significant advantages e. g. long lifetime, small size, low heat build-up,
environmental compatibility and high efficiency, they already found broad application, for
example in industry and general lighting and were additionally used as design elements e.g.
in living rooms, offices or cars. Consequently, they convince as pioneering light source.!*”
Currently, Y;Als012:Ce** (YAG:Ce®') has been established as yellow-emitting phosphor for
white-light pc-LEDs. It shows excellent thermal and chemical stability and highly efficient
luminescence. Moreover, its emission can be easily shifted to different emission maxima by
substitution of the cation sites with e.g. Gd*". However, 1pc-LEDs (LEDs based on a single
phosphor approach) with YAG:Ce*" as phosphor yielded only cool-white Iight.[G'” To achieve
warm-white light, which is, due to its relaxing effect, commonly used for general lighting, a
multi-phosphor approach is necessary, which e.g. combines YAG:Ce®* with the red emitting
phosphor (Ca,Sr)AISiN3:Eu2+.[8’9] The latter combines the compound classes of nitridosilicates
and nitridoaluminates, which turned out to be excellent host lattices for doping with Eu®* or
ce®, as they are frequently chemically and thermally inert, due to their highly cross-linked
nitridic network structures. Additionally, phosphor materials of these compound classes
usually show a red-shifted photoluminescence, since they have partially covalent bonds
between the activator (dopant) and the N (nephelauxetic effect). Owing to these properties
Eu**-doped nitridosilicates and nitridoaluminates like (Ba,Sr),SisNg:Eu** and Sr[LiAlsN4]:Eu*
are applied as red emitting component in commercially available warm-white pc-LEDs.[1°'15]
Furthermore, Ce**-doped nitridosilicates are auspicious candidates for phosphors in warm-
white 1pc-LEDs, as their emission is red shifted, due to the nephelauxetic effect. In this
context the promising phosphor (La,Ca)sSigN11:Ce>* can be mentioned. This material enables
the fabrication of 1pc-LEDs with good thermal stability, emitting in the 2600-3800 K color

temperature range.!®

But as the requirements regarding new solid-state lighting
technologies and devices still increase, the investigation of new nitridosilicates with
promising luminescent properties is continuously spurred.

In this contribution we report on the investigation and properties of the two novel

(oxo)nitridosilicate oxides LasCaSi;;N17070, and Laz7Ca3Si1oN11.70143, Which derive from
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LasSigN1; (Z= 2)[17] and exhibit promising luminescence by being doped with ce**or Eu*, or

being codoped with Ce*" and Eu®".

3.2.2 Experimental Section

3.2.2.1 Syntheses

All synthesis steps were performed under exclusion of moisture and oxygen in either an
argon-filled glove box (Unilab, MBraun, Garching; O, <1 ppm; H,0<1 ppm) or in flame-
dried glassware on a Schlenk line attached to a vacuum line. For the synthesis of
LasCaSi;pN17070,, 0.10 mmol (23.2 mg) LaF; (Sigma-Aldrich, 99.99%) 0.11 mmol (20.1 mg)
La(NH2)3,[18] 0.48 mmol (20.0 mg) CaH, (Materion, 99.7%) and 0.62 mmol (35.6 mg) of
”Si(NH)z"[lg] were thoroughly ground in an agate mortar and filled into a tungsten crucible.
Then the crucible was placed in a water-cooled silica glass reactor of a radio-frequency
furnace (type AXIO 10/450, maximal electrical output 10 kW, Huttinger Elektronik,
Freiburg)m] heated under purified N,-atmosphere to 1600 °C within 1 h, maintained at that
temperature for 10 h, then cooled to 900 °C in 44 h, and finally quenched to room
temperature by switching off the furnace. The resulting product consists of colorless crystals
of LasCaSiy;N170,0,. Addition of CeFs as dopant (1.2 mol% Ce (0.003 mmol, 0.5 mg); Alfa
Aesar, 99.99%) to the starting materials yielded yellow crystals of LasCaSi1oN17070,:Ce,
which show intensive yellow luminescence under irradiation with blue light. Orange crystals
of LasCaSi;aN17070,:Eu®* could be obtained by using EuFs as dopant (4.3 mol% Eu (1.9 mg,
0.009 mmol) Sigma Aldrich, 99,99%). These crystals exhibit orange luminescence under
excitation with blue light. The doped and nondoped compounds show high oxygen and
hydrolysis stability as contact with air and water over several hours does not lead to a
decomposition of the crystals.

To obtain crystals of Laz7Caz3Si12N11.7014.3, 0.10 mmol (23.2 mg) LaCls (Alfa Aesar, 99.99%),
0.48 mmol (20.1mg) CaH, (Materion, 99.7%) and 0.24 mmol (100.0 mg) of
“Siy(NH)3 - 6NH,CI”*Y were mixed in an agate mortar and filled into a tungsten crucible.
Subsequently, the crucible was heated in a radio-frequency furnace under Ny-atmosphere to
900 °C within 5 min, then heated to 1400 °C within 4 h and finally quenched to room
temperature by switching off the furnace. The reaction yielded an inhomogeneous powder

of colorless, air and hydrolysis sensitive crystals next to colorless crystals of
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Laz 7Ca;.3Si12N11.7014.3, Which in contrast exhibit high air and water stability. To decompose
the hydrolysis sensitive byproducts the sample was washed with H,0. Addition of CeFs (2.1
mol% Ce (002 mmol, 0.4 mg) Alfa Aesar, 99.99%) or EuFsz (2.0 mol% (0.002 mmol, 0.4 mg)
Sigma Aldrich, 99,99%) as dopant to the reaction mixture leads to yellow crystals of
La3.7Ca2_3Si12N11_7014_3:Ce3+ or orange crystals of La3_7Caz_3Si12N11_7014.3:Eu2+, respectively,
whereas the air and hydrolysis sensitive product stays colorless. The orange crystals exhibit
orange luminescence under irradiation with blue light while the yellow crystals show
luminescence in the yellow spectral range. The colorless phase, in contrast, reveals no

luminescence properties.

3.2.2.2 Single-Crystal X-ray Diffraction

Single crystals of La5CaSi12N1707D2:Ce3+ and La3,7Ca2.3Si12N11,7014,3:Ce3+ were mounted on
Kapton foil sample holders (micromount, MiTeGen, Ithaca). Subsequently, X-ray diffraction
data were collected with a Bruker D8 Quest diffractometer (Mo-K, radiation, microfocus and
Goebel mirror optic) and a D8 Venture diffractometer (Mo-K, radiation, microfocus rotating
anode and Goebel mirror optic), respectively. The data were corrected for absorption effects
using the multiscan method (SADABS).[ZZ] The crystal structures were solved using direct

methods (SHELXS) and refined by full matrix least-squares methods (SHELXL).[B]

3.2.2.3 Electron Microscopy

For scanning electron microscopy (SEM) as well as for energy-dispersive X-ray (EDS)
spectroscopy a JEOL JSM, equipped with a Si/Li EDS detector 7418 (Oxford Instruments) was
used. EDS spectra were collected with an accelerating voltage of 15kV and 12KkV,
respectively. Preparation on conductive adhesive films and coating with carbon (BAL-TEC

MED 020, Bal Tec AG) ensure the electrical conductivity of the sample surfaces.

3.2.2.4 Powder X-ray Diffraction

Powder diffraction data were collected with a STOE STADI P diffractometer (Stoe & Cie,
Darmstadt) in Debye-Scherrer geometry (Mo-Ka; radiation, A=0.70930A, Ge(111)
monochromator, MYTHEN 1K detector). Rietveld refinement was carried out using TOPAS-

Academic.?¥
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3.2.2.5 UV-Vis Spectroscopy

Reflectance spectra were recorded with a JASCO V-650 UV/Vis spectrophotometer with a
deuterium and a halogen lamp (Czerny-Turner monochromator with 1200 lines/mm concave
grating, photomultiplier tube detector). The measurements were carried out between
200 nm and 800 nm with 1 nm step size. The band gap of LasCaSi1;N;17,07;0, was derived from
acquired data by drawing two line tangents to the slope of the reflectance curve. The point

of intersection of the tangents was estimated as the value of the band gap.

3.2.2.6 Luminescence

Luminescence properties of microcrystalline bulk samples in PTFE holders were investigated
using an in-house built system based on a 5.3” integrating sphere and a spectrofluorimeter
equipped with a 150 W Xe lamp, two 500 mm Czerny-Turner monochromators, 1800 1/mm
lattices, and 250/500 nm lamps with a spectral range from 230 to 820 nm. Excitation
wavelength was chosen to 440 nm. The emission spectra were measured between 460 nm
and 800 nm with 1 nm step size. For color point calculations the same spectral range was
used. Excitation spectra were measured between 350 nm and 530 nm with 2 nm step size.
Comparison of the integrated emission intensities and absorption at excitation wavelength
with standard materials (BaSO,4, Merck p.a.; commercial SCASN:Eu, Mitsubishi Chemical)
yielded the internal quantum efficiencies of samples. Thermal quenching of the samples was
investigated in a temperature range from room temperature to 323 °C (step size 25 °C) with

an AvaSpec-2048 Spectrometer. Excitation wavelength was chosen to 450 nm.

3.2.2.6 FTIR Spectroscopy
The infrared spectra of the samples were recorded with a Perkin Elmer BXIl spectrometer

mounting ATR (attenuated total reflection) technology.

3.2.3 Results and Discussion

3.2.3.1 Syntheses and Chemical Analyses
Both syntheses are based on reactive precursors. To obtain LasCaSi;;N17;070,, La(NH,)3 and
“Si(NH),” were used as starting materials, which recently have established as promising

precursors for the syntheses of novel Lanthanum (oxo)nitridosiIicates.[zs'm Moreover, the
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use of “Si;(NH)3 6 NH4Cl”, which was used as reactant for the synthesis of
Laz 7Ca,.3Si1oN11.70143, also seems to offer an auspicious route to novel (oxo)nitridosilicates,
since it provides another stoichiometric proportion of Si and N and another oxidation state
of Si as the common precursors SizsN4 and ”Si(NH)z”.[Zs] Contaminated commercially acquired
starting materials are probably the source of the incorporated O of both compounds. SEM-
EDS measurements yielded an average composition of La/Ca/Si/Ce=5.0:1.9:12.2:0
(LasCaSi;oN170,0,:Ce*") and of La/Ca/Si/Ce = 3.7:2.9:11.1:0.2 (Las-Cay3Si1aN1170143:Ce>)
(normalized according to the La content; six point measurements at different positions; the
atomic content of N and O was excluded as they are under-determined, due to the
limitations of the method). Consequently, they confirm the sum formulas obtained from
single-crystal structure refinements. Although the EDS measurements did only detect the Ce-
content of the latter compound the presence of Ce in both samples is proven unequivocally
by luminescence measurements. The morphology of the samples is depicted in Figure 1. FTIR
spectroscopy corroborated the absence of N-H and O-H groups (Figure S1 in the Supporting
Information). Thus, the combination of EDS measurements and FTIR spectroscopy prove the

absence of any other elements than La, Ca, Si, N and O.

Figure 1. SEM images of (a) crystals of LasCaSi;;N1;0,0,:Ce* and (b) crystals of

La3,7Ca2_3Si12N11_7014_3:Ce3+ covered with the amorphous byproduct.

3.2.3.2 Single-Crystal Structure Analyses

The crystal structures of LasCaSi;,N17070,:Ce® and Las;Ca; 3Si;oN1; 70143:Ce> were solved
and refined in the tetragonal space group P4bm (no. 100). The small amount of Ce*" was
neglected in the refinement of the crystal structures because of its insignificant contribution
to the scattering density. Inversion twinning had to be taken into account. All atoms were

refined anisotropically. The crystallographic details are given in Table 1.
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Table 1. Crystallographic data of the single-crystal structure determination of LasCaSi;,N;;0,0, and

Laz 7Ca,.3Si1oN11.7014 3.

parameter comment comment

formula LasCaSi;N17050; Las ;Ca;3Si1pN11.70143
crystal system tetragonal

space group P4bm (no. 100)

lattice parameters/A a=10.1505(3) c=4.8806(2) a=10.0881(4)c=4.9234(2)
cell volume/A? 502.86(4) 501.05(4)

formula units per unit cell 1

density/g-cm™ 4.695 4.427

p/mm™ 11.449 9.153

T/K 293(2)

diffractometer Bruker D8 Quest Bruker D8 Venture
radiation/A Mo-Ka (A = 0.71073)

F(000) 648 621

0 range/deg 2.838<1<27.479 4.139<9<27.444
independent reflections 631 [Rin:= 0.0459] 625 [Rint= 0.0235]
refined parameters 62

twin ratio 0.03(4)/0.97 0.01(4)/0.99
goodness of fit 1.137 1.169

R1 (all data / for F*>20(F?))  0.0180/0.0161 0.0178/0.0174
wR2 (all data / for F>>20(F?))  0.0365/0.0362 0.0460/0.0457
DPrmax » Dpmin / €A 0.780, -0.687 0.933,-0.664

Table S1 shows the atomic coordinates and isotropic displacement parameters and table S2
the anisotropic displacement parameters (both in the Supporting Information).

The respective site occupation factors of the heavy atom sites were refined freely to
determine their occupation with La and Ca, respectively. Afterwards the refined site
occupation factors were fixed to preserve charge neutrality (Table S1 in the Supporting

29 ryle and charge

Information). The assignment of N and O was based on Paulings
neutrality.

LasCaSi;pN17070, and Las;Ca,3Si;nN1170143 are characterized by a three-dimensional
network of all side vertex sharing (Q*-type) Si(N,0), tetrahedra, consisting of (N,O)[Z] and N¥!
atoms (X[Z]/XB]: interconnection of two/three tetrahedra) (Figure 2a). This leads to a degree

of condensation k = n(Si):n(N,0) = 6/11. The Si(N,0), tetrahedra are condensed to vierer and
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3031 Theses rings are interconnected via common edges, thus planes in [110]

achter rings.
were formed. The planes are interlinked along [001] by units of two vertex sharing Si(N,0)4
tetrahedra (Figure 2b, c). Next to the (N,O)[Z] and N®! atoms, there is one isolated 0¥ site,
which is coordinated by two heavy atom sites.3% LasCaSi;,N17070, contains a half-occupied

0% position and Las 7Ca; 3Si12N11.70143 a fully-occupied 0% position.
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Figure 2. (a) Crystal structure of LasCaSi;;N;70,0, and Las7Ca, 3Si;oN1; 70143 in projection along [001]
with Si(N,0), tetrahedra (turquoise), N/(N,O) atoms (blue), O atoms (red) and La/(La,Ca) atoms
(yellow); (b,c) topological representation of the structure, achter and vierer rings are represented by
blue and units of two vertex sharing Si(N,0), tetrahedra by yellow lines. Due to the presence of NE!

atoms only each blue and yellow lines represents a Si-N-Si bond; unit cell shown in black.

LasSigN11 (Z = 2) is characterized by the same three-dimensional network, but with respect to
the missing 0 position both compounds are homeotypic to LasSigN1;.™>”!

LasCaSi;pN17070, and Las;7Caz3SiinNi1170143 exhibit two crystallographically independent
heavy-atom sites. Lal/(La,Cal) is coordinated by eight (N,0) atoms in a slightly distorted
quadratic antiprism arrangement (Table S1 in the Supporting Information, Figure 3a). The

second heavy atom site (La,Ca2A/La2B)/(La,Ca2A/La,Ca2B) can be described with a split
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position, which is surrounded by eight and nine N/(N,0) atoms, respectively (Table S1 in the

Supporting Information, Figure 3b).

SV
- e

Figure 3. (a) Coordination spheres of the heavy atom sites in LasCaSi;,N1;0,0, and

a)

Lag,7C32.3$i12N11,7014,3 (a) Xl, (b) (La,Ca)ZA/XZB (LaSCaSi12N17O7DZ: X= La, La3,7Ca2,3Si12N11,7014.3:

X = (La,Ca); yellow: La and (La,Ca) atoms; red: O atoms; blue N/(N,O) atoms).

The bond lengths of Si-N [1.766(7)-1.788(4) A] and Si-N,0 [1.698(2)-1.739(5) A] are in good
agreement with comparable compounds, such as Sr,SisNg [Si-N: 1.653(9)-1.786(5) A]m’]
CaySisNg [Si-N: A]®* and Laig[SigN»»][SIONs], [Si-N,0: 1.689(5)-1.743(8) AL.”*! The La-0
[2.353(18) A], La-N,0 [2.593(11)-2.791(12) A], La,Ca-O [2.363(10)-2.751(6) A], La,Ca-N
[2.892(7)-2.926(7) A] and La,Ca-N,O [2.557(5)-2.847(5) A] distances correspond to those in
other La and Ca compounds.[19'2°’36'38] Additionally, all distances are in good agreement with
the sum of the ionic radii.?? In order to determine the bulk phase composition of the
samples as well as the accuracy of the structure elucidation from single-crystal X-ray
diffraction Rietveld refinements of X-ray powder diffraction data have been carried out
(Figure S2, S3 and Table S3 in the Supporting Information). They show that LasCaSi1;N17,070;
was synthesized without any significant byproducts and that the powder diffractogram of
the sample containing Las;Ca,3Si1oN11.70143 exhibits only a few weak reflections which,

however, cannot be ascribed to the target phase.

3.2.3.3 UV-Vis Spectroscopy

The optical band gap of both compounds was, owing to the amorphous byproduct of the
sample containing Las;Ca,3Si12N1170143 (see Syntheses), exemplarily determined by means
of solid-state UV-Vis spectroscopy on the nondoped sample of LasCaSi;;N17;050, (Figure 4).
Due to the absorption of the host lattice the reflectance spectra show a broad absorption
band around 275 nm, corresponding to the white body color. Accordingly, the band gap was

estimated to be ~4.3 eV.
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Figure 4. UV-Vis reflectance spectra of nondoped LasCaSi;;N1;0,0, with plotted tangents to the slope

of the reflectance curve (blue). The point of intersection of the tangents is marked by a green line.

3.2.3.4 Luminescence

Luminescence measurements of Eu®*, Ce*" as well as of Eu®* and Ce*" codoped samples of
LasCaSi;pN17070, and Las7Ca3Si;aN1170143, respectively, were performed on thick bed
powder material.

Excitation of Ce3+—doped LasCaSi;pN17070, and Laz 7Ca;.3Si1oN11.70143 [nominal doping level
of: 1.2 mol% (LasCaSi;aN17070;)/ 2.1 mol% (Laz7Caz.3Si1oN11.70143)] with 440 nm vyielded
emission spectra with the characteristic broadband emission of the 5d-4f transition of Ce**
(Figure 5). The emission band of LasCaSi;,N17050,:Ce>" peaks at 565 nm with a fwhm of
~127.2nm (~3744cm™) and CIE (Commission Internationale de I'Eclairage) color
coordinates of x=0.471 and y=0.510, which results in a greenish yellow luminescence.
Las 7Ca; 3Si;oN1; 70143:Ce>* shows yellow luminescence, as its emission band shows a
maximum at 578 nm with a fwhm of ~ 141.4 nm (~ 4010 cm™) and CIE color coordinates of
x=0.489 and y = 0.495. The internal quantum efficiency of the samples reaches values of
62% (LasCaSi;oN170,0,:Ce*) and 46% (Las7Caz3Si1aN1170143:Ce*), although their syntheses
are not yet optimized with regard to doping concentration, morphology and particle size.
The lower internal quantum efficiency of the latter compound is attributable to the
amorphous, non-luminescent side phase of the sample (see Syntheses), which could not be
separated for luminescent measurements. Besides, both samples show relative low thermal

guenching at 150 °C with a relative emission intensity of ~ 70% (Figure S4 in the Supporting
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Information). Additionally, they can be excited very well by blue light as originating from a
(Ga,In)N-LED, since their excitation spectra peak at ~ 450 nm (La5CaSi12N170752:Ce3+) or
rather ~ 466 nm (La3,7Ca2,3Si12N11.7014_3:Ce3+) (Figure 5). The emission of
LasCaSi;;N17050,:Ce® and Las 7Ca; 3Si1sN11 7014 3:Ce>" s comparable to other, industrially
applied Ce3+—doped LED phosphor materials, such as (La,Ca)sSigN11:Ce®" (Aem = 577 - 581 nm;
fwhm ~ 3800 cm™),1*®  CaAISiN;:Ce®* (Aem = 580 nm; fwhm ~ 3900 cm™),"*” and YAG:Ce*
(Aem =550 - 570 nm; fwhm ~ 3700 cm'l).[“] The relatively broad emission with double band
shape of these and the title compounds is based on the two levels of the 4f' ground state

configuration of Ce*, separated by approximately 2000 cm .14

Intensity / a.u.
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Figure 5. Excitation (dotted line) and emission (solid line) spectra of LasCaSi;;Nq70,0,:Ce® (1.2 mol%

Ce) (red) and Las 7Ca,3Si1oN1170143:Ce* (2.1 mol% Ce) (blue).

Due to the similar luminescence properties of the both Ce*-doped samples,
LasCaSi1;N17070, was used for further luminescence investigations, as it shows no significant
side phase. Upon excitation of Eu2+—doped LasCaSi;;N170,70, [nominal doping level of
4.3 mol%] with 440 nm yellow-orange luminescence was detected. The emission band peaks
at 586 nm with a fwhm of ~ 57.7 nm (~ 1664 cm™) and CIE color coordinates of x = 0.544 and
y = 0.453 (Figure 6). Moreover, La5CaSi12N1707Dz:Eu2+ can be efficiently excited by blue light,
as the excitation spectrum shows a maximum at ~430nm (Figure 6). Compared to
(Sr,Ba)ZSiSNg:Eu2+ (Aem =590 - 625 nm; fwhm ~ 2050-2600 cm’l), which already found broad

application in industry, the fwhm of LasCaSi;,N17050,:Eu?* is rather narrow. 1131543
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Figure 6. Excitation (dotted line) and emission (solid line) spectra of LasCaSi;N170,0,:Eu®" (4.3 mol%

Eu).

To investigate the luminescence of the samples doped with Eu** and Ce*, exemplarily
codoped LasCaSi;oN17070, [nominal doping level of: 1.9 mol% Ce and 0.1 mol% Eu] was
excited with 440 nm. The emission spectra peaks at 581 nm with a fwhm of ~125.8 nm
(~ 3609 cm™) and CIE color coordinates of x =0.491 and y = 0.495 (Figure 7). The internal
quantum efficiency of the nonoptimized sample is 64%. Analogous to the Ce**-doped
samples La5CaSi12N1707D2:Ce3+,Eu2+ exhibits relative low thermal quenching at 150 °C with a
relative emission intensity of ~70% (Figure S4 in the Supporting Information). Since the

excitation spectrum shows a maximum at 462 nm, the sample can also be excited efficiently

by blue light (Figure 7).
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Figure 7. Excitation (dotted line) and emission (solid line) spectra of LasCaSi;yN1,0,0,:Cet Eu®

(1.9 mol% Ce and 0.1 mol% Eu).
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The luminescence measurements prove that regardless of the concentration of the dopants,
the band gap of LasCaSi;;N17070, and Las7Cay3Si1nN11.70143 is much larger than the optical
transition of the phosphors. According to the UV-Vis measurement the bang gap is ~ 4.3 eV,
corresponding to 288 nm. Consequently, excitations bridging the band gap of both
compounds should not influence the optical properties in the visible region. The emission
spectra of the Ce*-doped samples (Figure 5) show that increasing Ce>* content leads to a
red shift of the emission. Additionally, codoping with Eu** and Ce** also leads to a red shifted
emission (Figure 7). In comparison to the emission of an investigated YAG:Ce®" sample
(Aem =550 nm; fwhm~2994cm™, x=0.432 and y=0.549) Ce** and codoped
LasCaSi1aN170,0, as well as Ce3+—doped Laz 7Ca;.3Si1oN11.70143 show a significant red shifted
emission, which enables the production of 1pc-LEDs with warmer color temperature. This is

also corroborated by the CIE diagram (Figure 8).

0.9
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Figure 8. CIE 1931 chromaticity diagram showing the color coordinates of the YAG:Ce*" (violet)

Sample, LascaSi12N17O7|:|2:C€3+ (red) La3_7Ca2_3Si12N11,7014,3:Ce3+ (green) and La5caSi12N17O7D2:CG3+,EU2+

(green).

The color coordinates of L35CaSi12N17O7D2:Ce3+, L33_7C32_3Si12N11_7014_31C€3+,
LasCaSi;aN17070,:Ce®" Eu® and the YAG:Ce®" sample are positioned in the yellow spectral

range. The combination with a 450 nm InGaN LED yields white 1pc-LEDs. The combination of
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the blue LED with La5CaSi12N1707D2:Ce3+leads to a crossing of the black body curve at
~ 4300 K and the combination with Las5Cay 3Si;oN11 7014.3:Ce>* and
La5CaSi12N1707Dz:Ce3+,Eu2+, respectively, to a crossing of the black body curve at ~ 3500 K.
Consequently, under irradiation with 450 nm all three compounds show a warmer
correlated color temperature than the YAG:Ce** sample (~10000K). With
La3.7Ca2,3Si12N11,7014,3:Ce3+ or La5CaSi12N170752:Ce3+,Eu2+ it is even possible to create a warm-

white 1pc-LED,without any further optimization steps.

3.2.4 Conclusion

High temperature reactions with reactive starting materials yielded the oxonitridosilicate
oxides LasCaSi;pN17070, and Las;Caz3Si;aN1170143. Both compounds are homeotypic to
LasSigN1;1 (Z = 2),[17] as they are characterized by the same three-dimensional network but
contain an additional isolated oxygen site. The unit cells of LasCaSi;;N.;0,0, and
Laz 7Ca;,3Si12N11.70143 offer enough space for this position, since the ionic radius of Ca*
(1.80 A)[M] is significantly smaller than the ionic radius of La** (1.95 A),[M] thus the
occupation of the oxygen site increases with increasing Ca content. Additionally,
LasCaSi;pN17070, and Las7Ca,3Si1oN11.7014.3 show promising luminescence properties. Under
irradiation with blue light doping with Ce** yielded, white luminescence, which depending on
the doping level covers the neutral white to warm-white spectral region. Under these
conditions Eu**-doped samples show yellow-orange luminescence. Consequently,
LasCaSi1pN17070, and Las7Ca3Si1pN11.70143 can be doped significantly with ce®** and Eu2+,
which is probably based on the content of a trivalent (La) and divalent (Ca) cation. These
features enable codoping of the samples which leads to a red shift of the Ce** luminescence.
Owing to these different doping possibilities the luminescence of LasCaSi;,N7070, and
Laz 7Ca;.3Si12N11.70143 can be tuned by the used dopant, codoping and the dopant content.
Due to this marked tunability the presented compounds are promising materials for

application in neutral to warm-white 1pc-LEDs.
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4 Combination of Electron Microscopy and
Synchrotron X-ray Diffraction for Structure

Elucidation of Lanthanum (Oxo)nitridosilicates

4.1 Introduction

Many solid-state syntheses lead to heterogeneous samples containing microcrystalline
compounds. The characterization of such materials represents a challenge, as conventional
single-crystal X-ray diffraction of crystals smaller than 1000 um?® becomes increasingly
difficult. Powder X-ray diffraction is in many cases inadequate for a detailed structure
elucidation, particularly if the sample contains complex unknown structure types.
Characterization by means of electron crystallography is an attractive alternative. However,
due to dynamic diffraction effects and experimental limitations, the precision of the results
lags behind that of X-ray single-crystal diffraction data. Nevertheless, electron microscopy
is an important tool for the discovery and pre-characterization of novel phases regarding
their compositions and structural aspects, especially their metrics. For a detailed structure
characterization of such samples, investigations with microfocused synchrotron radiation are
well suited. This approach yields datasets with high quality, comparable to laboratory X-ray
diffraction data. Recently developed lens systems based on Be, Si or Al allow unprecedented
brilliance and intensity by microfocusing.[s] Until now mounting and centering of the tiny
crystals of the phase sought-after in the microfocused beam was very laborious and time-
consuming. In 2015, Oeckler et al. described an experimental solution for many such
problems by a combination of electron microscopy and synchrotron microdiffraction. In a
first step the inhomogeneous sample is prepared on a transmission electron microscopy
grid. Then the desired crystal is selected by means of energy-dispersive X-ray spectroscopy
and selected area electron diffraction. Subsequently, the very crystal is focused in the
microfocused beam by a telescope with large magnification as well as by X-ray fluorescence,
using the copper crossbars of the grid as “landmarks”.[7! Consequently, this elaborate
approach is a powerful tool for the characterization of so far unknown compounds, which
could only be obtained as microcrystals in a heterogeneous sample. This is proven by

chapter 4.2, which describes the characterization of a novel lanthanum oxonitridosilicates
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with the combination of electron microscopy and synchrotron microdiffraction. Sections 4.3

and 4.4 represent the investigation of hitherto unidentified lanthanum (oxo)nitridosilicates

with microfocused synchrotron radiation.

Figure 1. (a) Experimental setup for microfocus diffraction experiments at ID11 with mounted copper

grid (A), primary beam outlet (B), fluorescence (C) and Frelon 2K CCD detector (D).
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Abstract. Due to the relationship between structure and luminescence properties, detailed
crystal structure determination for microcrystalline phosphors is necessary for a profound
understanding of materials properties. The vyellow phosphor LasBaSisNgO,:Ce®"
(Amax =578 nm; fwhm ~4700 cm'l) was characterized by a combination of transmission
electron microscopy (TEM) and synchrotron microfocus diffraction as only agglomerates of
crystals with a maximum size of a few um could be obtained yet. LasBaSisNg0,:Ce>* was
synthesized from LaFs, La(NH,)s, BaH,, Si(NH),, and CeF; in a radio frequency furnace. It
crystallizes in space group Pmn2; (no.31) with a=9.5505(8), b=19.0778(16),
c=12.1134(9) A, and Z=8. Its interrupted three-dimensional tetrahedra network contains
zehner and dreier rings of vertex-sharing SiN4 and SiN,0, tetrahedra. The crystal structure
was confirmed by high-resolution TEM
and Z-contrast scanning TEM. The
element distribution was derived by bond-
valence sum calculations. The infrared
spectrum proves the absence of N-H

bonds.
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4.2.1 Introduction

In 2014, the Nobel Prize in Physics was awarded to Akasaki, Amano, and Nakamura “for the
invention of efficient blue light-emitting diodes which has enabled bright and energy-saving
white light sources”.™ This emphasizes the importance of light-emitting diodes (LEDs) which
are typically combined with luminescent materials to phosphor-converted pc-LEDs that
produce white light. Owing to their excellent properties such as long lifetime, energy
efficiency, small volume, and environmental compatibility, they convince as light source now
and in the future.*® Presently, most white-light pc-LEDs are produced by combining a blue
primary (In,Ga)N LED chip with yellow-emitting (Y,Gd)s;(Al,Ga)sO1,:Ce** (YAG:Ce®'). This
phosphor shows a broad yellow emission and excellent chemical and thermal stability.
However, this combination yields only cool-white Iight.[6'7] In order to achieve warm-white
light for general lighting, a multiphosphor approach is necessary, which combines at least
two phosphors, e.g. a broadband green-yellow with an orange-red emitting one.®¥! As
nitridoaluminates and nitridosilicates can be thermally and chemically inert due to their
highly condensed structures, they turned out to be excellent phosphors. Moreover, they
have partially covalent bonds between the activator (dopant) and N, which leads to red-
shifted photoluminescence (nephelauxetic effect). Thus, Eu2+—doped nitridoaluminates and
nitridosilicates such as (Ba,Sr)ZSi_:,Ng:Eu2+[9'12] or (Ca,Sr)SiAIN3:Eu2+[13'16] are applied as red
emitting component in commercially available warm-white pc—LEDs.[g'm Owing to the
nephelauxetic effect, the luminescence of nitridosilicates is shifted to warmer color
temperatures. Thus, Ce**-doped nitridosilicates have great potential for application in warm-
white pc-LEDs based on a single-phosphor approach (1pc-LEDs). An outstanding example for
this is (La,ca)35i6N11:C83+.[18] White 1pc-LEDs using this phosphor emit in the 2600-3800 K
color temperature range and show good thermal stability.

The continuous development of new solid-state lighting technologies and devices and a
growing demand motivate the search for new nitridosilicate phosphors. However, structure
elucidation of such new phosphors often proved difficult and time-consuming, and either
large single crystals or phase-pure samples were usually necessary. Commonly, a single-
particle-diagnosis approach is used, which enables the determination of luminescence and
crystal structures of rather small single crystals up to 10 um.[w] Yet, many explorative
syntheses lead to inhomogeneous and microcrystalline products with crystal size below a

few um. Consequently, structure characterization with conventional single-crystal X-ray
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diffraction is no longer possible. Here, we apply an approach that combines transmission
electron microscopy (TEM) and synchrotron microfocus diffraction. This method allows for
the analysis of particles with a volume even smaller than 1 um3 and furthermore provides
the possibility of analyzing the same particle by TEM and X-ray diffraction.? In contrast to
structure determination by electron crystallography, e.g. with automated electron

2125 this method allows

diffraction tomography (ADT) or rotation electron diffraction (RED),[
a much more accurate determination of bond lengths, mixed occupancies and displacement
parameters. Data acquired with microfocused synchrotron radiation yielded the crystal

structure of the novel yellow phosphor LasBaSisNgO,:Ce®* discussed in this contribution.

4.2.2 Experimental Section

4.2.2.1 Synthesis

For the synthesis of LasBaSisNg0,:Ce®* (with 2 mol% Ce), 0.15 mmol (29.8 mg) of LaF; (Sigma-
Aldrich, 99.99%), 0.17 mmol (31 mg) of La(NH,)s,*® 0.48 mmol (66.8 mg) of BaH, (Materion,
99.7%), 0.55 mmol (32.2 mg) of Si(NH)z,m] and 0.006 mmol (1.2 mg) of CeF; as dopant (Alfa
Aesar, 99.99%) were mixed in an agate mortar and filled into a tungsten crucible. These
steps were performed under argon atmosphere in a glovebox (Unilab, MBraun, Garching;
0, < 1ppm; H,0 <1 ppm). Subsequently, the crucible was placed in a water-cooled silica
glass reactor of a radio frequency furnace (type AXIO 10/450, maximal electrical output
10 kW, Huttinger Elektronik, Freiburg),[zs] heated under N;-atmosphere to 1600 °C within
1 h, maintained at that temperature for 10 h, then cooled to 900 °C in 44 h, and finally
qguenched to room temperature by switching off the furnace. The reaction yielded an
inhomogeneous sample with small aggregates of yellow crystals with a maximum size of a
few um (Figure S1), which show yellow luminescence after excitation with blue light.
Moreover the crystals have high air and water stability. Contact with air and water over

several hours does not lead to a decomposition of the crystals.

4.2.2.2 Electron Microscopy
For scanning electron microscopy (SEM), a JSM 6500F instrument (JEOL) with a Si/Li energy-
dispersive X-ray (EDX) detector (Oxford Instruments, model 7418) was used. EDX spectra

were collected with an accelerating voltage of 12kV. In order to ensure electrical
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conductivity on the sample surface, it was coated with carbon by means of an electron beam
evaporator (BAL-TEC MED 020, Bal Tec AG).

For TEM investigations, the crushed polycrystalline aggregates of La;BaSisNgO,:Ce®" were
dispersed in absolute ethanol and drop-cast on copper finder grids coated with a holey
carbon film (S166-2, Plano GmbH, Germany). The grids were fixed on double-tilt holders.
Selected area electron diffraction (SAED), high resolution TEM (HRTEM), scanning TEM using
a high-angle annular dark-field detector (STEM-HAADF), and EDX measurements were
acquired on a Titan 80-300 (FEI, USA) with a field emission gun operated at 300 kV, equipped
with a TEM TOPS 30 EDX spectrometer (EDAX, Germany). Images were recorded using an
UltraScan 1000 camera (Gatan, USA, resolution: 2k x 2k). Further SAED and EDX
measurements were done on a Jeol 2010 (Jeol, Germany) with a thermal emitter operated at
200 keV, equipped with an EDAX Apollo XLT EDX detector (EDAX Germany) and a TemCam
F216 camera (TVIPS, Germany, resolution: 2k x 2k). HRTEM and SAED data were evaluated
using the programs Digital I\/Iicrographm] (including Fourier filtering of the HRTEM images)
and JEMS.P% EDX data were processed with ES Vision® and EDAX TEAM.P%

4.2.2.3 Single-Crystal X-ray Diffraction
The X-ray diffraction data of La3BaSisNg0,:Ce*" were collected at beamline ID11 of the ESRF

)[33]

in Grenoble (Ge(111) double-crystal monochromator, Frelon CCD detector with a

wavelength of A =0.33510 A. The beam was focused to 4.5 pm in horizontal direction and

B4 A single-crystalline tip (ca.

0.5 um in vertical direction with a beryllium lens system.
1um - 0.5 um) of a crystallite was centered in the beam with the help of the fluorescence
signal. Diffraction data were indexed with SMART?®! and integrated with SAINT.® Scaling
and absorption correction were done with SADABS.®”! In addition, a correction for the
incomplete absorption in the CCD phosphor was appIied.Bg] The structure was solved by

direct methods (SHELXS) and refined by full matrix least-squares methods (SHELXL).[39]

4.2.2.4 Powder X-ray Diffraction
Powder diffraction data were collected with a STOE STADI P diffractometer (Mo-Ka;
radiation, A = 0.70930 A, Ge(111) monochromator, MYTHEN 1K detector) in Debye-Scherrer

geometry. Simulated powder diffraction patterns were calculated using the WinXPOW
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[40]

program package'™ on the basis of the single-crystal structure data. Rietveld refinement

was performed by using TOPAS-Academic./*!

4.2.2.5 Luminescence

The luminescence was analyzed with a luminescence microscope, consisting of a HORIBA
Fluoromax4 spectrofluorimeter system attached to an Olympus BX51 microscope via fiber
optics. Using an excitation wavelength of 440 nm with a spectral width of 10 nm, the
emission spectra were measured between 460 and 780 nm with 2 nm step size. This spectral
range was also used for color point calculations. Excitation spectra were measured between

385 and 520 nm with 2 nm step size.

4.2.2.6 FTIR Spectroscopy
The Fourier transform infrared spectrum (FTIR) spectrum of La3BaSisNg0,:Ce®" was recorded

using a KBr pellet with a Spectrum BX Il spectrometer (PerkinElmer, Waltham MA, USA).

4.2.3 Results and Discussion

4.2.3.1 Synthesis and Chemical Analysis

The synthesis is probably based on the decomposition of BaH, (decomposition at 675 °C),[42]
and its reaction with LaFs; to BaF,, which resublimates at the reactor wall of the radio
frequency furnace. Subsequently, the remaining Ba reacts with the dopant and the
precursors La(NH,); and Si(NH), to LasBaSisNgO,:Ce®*". The incorporated O supposedly
originates from contamination of commercially acquired starting materials.
La3BaSi5N9022CG3+ forms small yellow crystals, whose size could not be increased so far by
variation of synthesis conditions. The sum formula obtained from single-crystal structure
refinement and bond-valence sum calculations is corroborated by SEM-EDX analyses as the
measurements result in an average composition of Las 0o(17)Ba0.49(2)Sia.4(2)N12.0(2)02.34(11) (SUM
formula normalized according to the La content; four measurements on different crystals;
unusually large errors are due to La/Ba line overlap and the simultaneous presence of light
and very heavy elements). Although Ce was not detected by EDX, its presence is proven

unequivocally by luminescence measurements.
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4.2.3.2 Single-Crystal Structure Analysis

As only agglomerates with low scattering intensity of the crystals could be separated, their
characterization was not possible with conventional single-crystal X-ray diffraction. As no
phase-pure sample could be obtained and the powder pattern suggested a novel compound
with a very complex structure, crystal-structure determination by means of powder X-ray
diffraction was also not feasible. As the product shows interesting luminescence properties,
it was investigated by a combination of TEM and synchrotron microfocus diffraction.
Therefore, the agglomerates were crushed in order to obtain small single crystals which
were then dispersed on a TEM grid. An appropriate tip of a crystallite of La;BaSisNgO,:Ce*"

was selected by means of EDX and SAED (Figure 1).

Figure 1. Bright-field image of the selected crystal (blue circle) and investigated areas of the

microcrystal; green: for TEM, red: for microfocused synchrotron beam.

Indexing of the SAED patterns (Figure 2) leads to orthorhombic metrics with so far unknown
lattice parameters (a =10.37, b=19.1, c=12.21A). Further electron diffraction patterns
along [100], [010], and [001] confirm the orthorhombic metrics of LasBaSisNgO, and the

reflection condition hO/: h + | = 2n for a (010) n-glide plane is fulfilled.
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Figure 2. (a) SAED tilt series (maximum deviation between experimental and simulated tilt angles
1.5°) of the La;BaSisNsO,:Ce®" microcrystal investigated by synchrotron radiation; experimental SAED
pattern with some highlighted 1/d-values (top), simulated SAED patterns with selected reflections
labeled with indices (bottom, selected reflections labeled with indices, kinematical intensities
according to the final structure model), (b) experimental SAED patterns along [010] and [001]
obtained from thin regions of different crystallites of La;BaSisNgO,:Ce*" (top) and corresponding,

simulated SAED patterns (bottom, selected reflections are labeled with indices).

Consequently, the selected crystal was investigated by microfocused radiation. The crystal
structure was solved and refined in space group Pmn2;. Inversion twinning had to be taken
into account. The crystallographic data are summarized in Table 1, and the atomic
parameters are given in the Supporting Information (Tables S1, 52).[43] Due to its insignificant
contribution to the scattering density, Ce** was neglected in the refinement of the crystal
structure as well as for bond-valence sum calculations (BVS) (Tables S3, S4). The distribution
of La and Ba as well as of N and O is based on BVS calculations and EDX measurements and is

explained in detail in the chapter on BVS calculations below.
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Table 1. Crystallographic Data of the Single-Crystal Structure Determination of La;BaSisNyO,.

parameter

comment

formula

crystal system

space group

lattice parameters/A
cell volume/A?

formula units per unit cell
density/g-cm™

p/mm™

T/K

radiation/A

F(000)

0 range/deg
independent reflections
refined parameters
twin ratio

goodness of fit

R1 (all data/for F2 > 20(F%))

La3BaSisNgO,
orthorhombic

Pmn24 (no. 31)
a=9.5505(8), b = 19.0778(16), ¢ = 12.1134(9)
2207.1(3)

8

5.132

2.045

298(2)

synchrotron ( A = 0.3351)
3008

1.4<6<129

5514 [R;;= 0.0518]

296

0.51(8)/0.49

1.036

0.0357/0.0343

wR2 (all data/for F* > 26(F?)) 0.0859/0.0848
Apmax ’ Apmin/e"&-‘% 1841, -1.777

LaszBaSisNgO, is characterized by a three-dimensional network of vertex-sharing Q* and Q*-
type SiN4/SiN,0, tetrahedra in the ratio of Q*/Q” = 4/1 (Figure 3a). This leads to a degree of
condensation k = n(Si):n(N,O) = 0.45. In the network, there are singly bridging N atoms and
terminal O atoms. The absence of N-H groups was confirmed by FTIR spectroscopy
(Figure S3). The SiN,4 tetrahedra form sechser rings, which are condensed to zehner rings.
These zehner rings are interconnected by dreier rings, which are composed of two SiN4 and
one SiN,0, tetrahedra (Figure 3a, 3c, 3d).[44'45] Thus, although nitridosilicates with k< 0.5

usually tend to form layered or less-condensed structures,*!

an interrupted three-
dimensional network with zehner ring channels along [100] is formed (Figure 3b). An
interrupted tetrahedra framework based on a degree of condensation smaller than 0.5 was
also observed for M5SigNys (M = La, Ce, Pr).[46] The unique topology of the network®”! of

LazBaSisNgO, , keeping the 2-coordinated nodes forming the dreier rings, is represented by
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the point symbol {3.6%.7°},{346°},. The Si-N [1.670(10)-1.773(8) A] and Si-O [1.647(14)-
1.709(14) A] distances are in good agreement with comparable compounds, such as Sr,SisNg
[1.653(9)-1.786(5) A]*® and Pr,Si,04.[1.519-1.712 A]*¥ as well as with the sum of the ionic

radii.l>”

) =
\ .-"!_\\\‘L

7

Figure 3. (a) Structure of LazBaSisNyO, in projection along [100] with SiN4/SiN,O, tetrahedra
(turquoise), N atoms (blue), O atoms (red), and La/Ba atoms (yellow), unit cell outlined in black; (b)
topological representation of La;BaSisNgO,, zehner rings are represented by blue and dreier rings by

red lines. Each connecting line represents a Si-N-Si bond; (c,d) detailed representation of zehner rings

(blue), which are condensed with sechser (d: green) and dreier (red) rings.

The crystal structure contains 12 crystallographically independent heavy-atom sites. Bond-
valence sum calculations (see below and Tables S3, S4) suggest that all positions are mixed
occupied with La and Ba. The sites La3/Ba3, La5/Ba5, and La9/Ba9 were described with split

positions (each containing La and Ba) with site occupation factors of 0.755(17):0.244(17),
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0.213(17):0.286(17), and 0.039(2):0.460(2), respectively. In order to maintain a charge
neutral formula, the site occupation factors were fixed to ratios of 0.750:0.250, 0.215:0.285,
and 0.040:0.460, respectively (see chapter on BVS calculations below). Lal/Bal-La4/Ba4,
La5B/Ba5B, La7/Ba7, La10/Bal0, and Lal1/Ball are 8-fold coordinated by N* and O%. The
sites La8/Ba8 and La9A/Ba9A are 8-fold coordinated by N*. For the sites La5A/Ba5A,
La6/Ba6, La9B/Ba9B, and Lal2/Bal2 a coordination with nine anions is observed, whereas
La6/Bab, La9B/Ba9B, and Lal2/Bal2 are exclusively surrounded by N> and La5A/Ba5A is
surrounded by N* and O%. All cations coordination spheres correspond to nonregular
polyhedra (Figure 4). The bond lengths of La/Ba-N [2.419(12)-3.22(2) A] and La/Ba-O

[2.40(2)-2.908(19) A] correspond to those in other lanthanum and barium compounds as

50-53]

well as to the sum of the ionic radii.!

Figure 4. Coordination spheres of the heavy-atom sites in La;BaSisNyO,.

A Rietveld refinement based on powder X-ray diffraction data (Figure S2) shows that the
sample is composed of 93% LasBaSisNgO, and 7% LaSisNs. In addition, there are a few weak
reflections which cannot be ascribed to any known compound. The refinement also confirms

the structure determined by single-crystal structure analysis.
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4.2.3.3 Bond-Valence Sum Calculations

Due to the very similar scattering factors of La and Ba, it is impossible to distinguish these
atoms by X-ray diffraction. The same is true concerning the differentiation between N and O.
Moreover, charge neutrality could be maintained by arbitrary exchange of LaN and BaO
units. Thus, BVS calculations were performed to determine the cation site occupancies.[54]
The calculations were based on the fact that terminal anion positions would preferentially
be occupied by O rather than by N (Pauling’s rules),[ss] whereas all other light-atom sites
were assumed to be occupied by N. The validity of this assumption is corroborated by EDX
measurements, which leads to a comparable ratio of N and O. On the basis of this
assumption, the BVS of the cations were determined (Table S3, S4). Thereby, the BVS of each
heavy atom site was determined for La as well as for Ba. Optimizing the weighted average
BVS for each site so that it corresponds to the site valencel® yielded to the relative
occupation of the heavy-atom sites. This calculation led to a sum formula with 0.14 negative
excess charges. These were evenly distributed over all heavy atoms sites by adjusting the
site occupancies in order to achieve a neutral formula. The negligible deviation between the
refined and fixed site occupation factors as well as between the oxidation states and the BVS
of the heavy atom sites that was achieved by this strategy confirms that the structure model
is consistent (Table S4). Additionally, the La/Ba ratio is also corroborated by EDX

measurements.

4.2.3.4 Electron Microscopy

Simulations of HRTEM images along [001] based on the structure model of LazBaSisNgO,
obtained by X-ray structure refinement are consistent with the experimental images
(Figure 5). This is supported by STEM-HAADF images along [001]. Real structure effects were
also observed, e.g. an antiphase boundary along (010) specified by an antiphase vector
p = 1/4b (Figure 6). Due to the large difference of the atomic numbers in La3BaSisNgO,, only

the heavy atoms La and Ba are visible in STEM-HAADF images.
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| Af = -70 nm

Figure 5. Fourier filtered HRTEM images along [001] with different defocus values Af, insets:
simulated images in the size of one unit cell (multislice method,” ¢, = 0.6 nm, spread of

focus = 3.6 nm, beam semiconvergence = 25 mrad, layer thickness ~ 25 nm).

Figure 6. STEM-HAADF images along [001] at different magnifications with structure projections (unit
cell contents) of LasBaSisNyO,, antiphase boundary highlighted with green lines and domain positions

visualized by red and blue lined.

4.2.3.5 Luminescence

Luminescence measurements were performed on isolated aggregates of LasBaSisNgO:Ce**
(2 mol% Ce*, nominal composition). All particles show comparable yellow emission under
irradiation with blue light. Exemplary emission and excitation spectra are depicted in

Figure 7. Excitation at 440 nm yields an emission spectrum with the characteristic broadband
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emission of the 5d-4f transition of Ce*". The emission band peaks at 578 nm with a fwhm of
~167.4nm (~4700cm™) and CIE (Commission Internationale de I'Eclairage) color
coordinates of x=0.464 and y =0.493. The excitation spectrum shows a broad band with
maximum intensity at approximately 385-455 nm, thus the material can be excited very well

by blue light as originating from a (Ga,In)N-LED.

Intensity / a.u.

T T T T T T T T
400 450 500 550 600 650 700 750 800
Wavelength / nm

Figure 7. Excitation (blue) and emission (red) spectra of LasBaSisNO,:Ce*" in comparison to the

emission of a YAG:Ce>* sample (gray).

Emissions comparable to La3BaSisNgO,:Ce®" are also observed by other industrially applied
LED phosphor materials such as (La,Ca)3Si6N11:Ce3+ (Aem =577-581 nm; fwhm ~3800 cm'l),[lgl
CaAlISiN3:Ce*  (Aem =580 nm; fwhm ~3900cm™),®® and YAG:Ce* (Aem = 550-570 nm;
fwhm ~3700 cm'l).[57] These compounds as well as La3BaSisNg0,:Ce®* show a relatively
broad emission with double band shape as the 4f' ground state configuration of Ce** yields
two levels separated by approximately 2000 cm 1.8 Compared to the emission of YAG:Ce®'
(Figure 7, Aem = 550 nm; fwhm ~2994 cm™, x=0.432 and y = 0.549) La3BaSisNgO,:Ce*" shows
a red-shifted and a markedly broader emission, so that a broader color range can be
covered. Both aspects lead to a warmer color temperature under excitation with blue light.
The warmer color temperature is also proven by the CIE diagram (Figure 8). The color
coordinates of LasBaSisNgO,:Ce** and YAG:Ce*" are positioned in the yellow spectral range.
The combination with a 450 nm InGaN LED yields white 1pc-LEDs, whereas the combination
with LasBaSisNgO,:Ce>" leads to a crossing of the blackbody curve at a warmer correlated
color temperature (~4000K) than that with YAG:Ce** (~10000K). The broad emission
spectrum of La;BaSisNgO,:Ce®" most likely originates from the superposition of light emitted

[59

from multiple chemically different sites. ! Moreover the asymmetric coordination of the

sites might increase the width of the emission, as asymmetric dopant site environment leads
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to stronger structural relaxation around the activator in its excited state and consequently to
a broad, red-shifted emission. Since LasBaSisNg0,:Ce>* shows a large number of different
substitutable sites, which are additionally asymmetrically coordinated (Figure 4), its host

lattice is especially suitable for broad band emission

520

La BaSi.N,O

580 °

05 06 07 08

Figure 8. CIE 1931 chromaticity diagram showing the color coordinates of La;BaSisNgO,:Ce** and the

YAG:Ce** sample.

4.2.4 Conclusion

The lanthanum barium nitridosilicate La3BaSi5N9022C63+ could be obtained from reactive
starting materials. It exhibits a new type of interrupted tetrahedra network and shows
intense yellow emission under irradiation of blue light. Compared to YAG:Ce*', the emission
yields a warmer color temperature. This synthesis approach might offer an intriguing way to
new lanthanum nitridosilicates, which might have potential as phosphors for pc-LEDs.

By combination of TEM and synchrotron microfocus diffraction, it was possible to analyze
the small crystals of LasBaSisNgO,:Ce®*, which occur as aggregates of crystals with a
maximum size of only a few um. Compared with other methods for micro- or nanocrystal

analysis like ADT and RED, this approach allows for a precise structure refinement, which e.g.
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clearly reveals split positions and renders data suitable for BVS calculations. Consequently,
this method is a powerful tool for the analysis of single particles of new promising
phosphors, even with complicated structures not accessible by powder X-ray diffraction or
conventional single-crystal measurements. With a detailed knowledge of their structures, it
might be possible to draw conclusions about the relation between structures and properties
which is necessary for a systematic tuning of the luminescence properties. Moreover, the
information on the crystal structures could probably accelerate the development of
syntheses to phase-pure samples. Both aspects could help to push forward the research of

phosphor materials for LEDs.
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Abstract. The oxonitridosilicate chloride LagBas[Si;7N,90,]Cl was synthesized by a high-
temperature reaction in a radiofrequency furnace starting from LaCls, BaH,, and the
ammonolysis product of Si,Cle. Diffraction data of a micrometer-sized single crystal were
obtained using microfocused synchrotron radiation at beamline ID11 of the ESRF. EDX
measurements on the same crystal confirm the chemical composition. The crystal structure
[space group P63/m (no.176), a=9.8117(14), ¢=19.286(6) A, Z=2] contains an
unprecedented interrupted three-dimensional network of vertex-sharing SiN; and SiNsO
tetrahedra. The SiN4 tetrahedra form dreier rings. Twenty of the latter condense in a way
that the Si atoms form icosahedra. Each icosahedron is connected to others via six SiNg4
tetrahedra that are part of dreier rings and via six Q>-type SiN;O tetrahedra. Rietveld
refinements confirm that the final product contains only a small amount of impurities.
Lattice energy (MAPLE) and bond-valence

sum (BVS) calculations show that the

e

synchrotron™ : :
y{ structure is  electrostatically  well

balanced. Infrared spectroscopy confirms

| o radiation
», 10 p.m/

the absence of N-H bonds.
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4.3.1 Introduction

Silicon and oxygen are the most abundant elements in the earth’s crust, and more than 1000
representatives of silicate structures are known. Among others, silicates find applications in
ceramics and glass industries. Nonoxidic ceramics exhibit pronounced covalent bonding
character which results generally in high mechanical, thermal, and chemical stability.[ll In
this context, (oxo)nitridosilicates turned out to be a promising extension of the classical
silicate materials class.”) In addition, compounds like Li,SiN,, LigSiNg, and
LizgLns[Si;1N1905]O5F,, with Ln = Ce and Nd, emerged as lithium ion conductors, which makes
them interesting for potential applications in lithium batteries.*”! Moreover, nitridosilicates
such as M,SisNg with M = Ca and Sr seem suitable as nonlinear optical (NLO) materials.®!
Nowadays, Eu®"-doped (oxo)nitridosilicates are indispensable luminescence materials for
phosphor-converted light-emitting diodes (pc—LEDs).[g’lol The reason for the diverse and
tunable properties of these compounds lies in their broad structural variety. The structural
entities of oxosilicates are largely limited to SiO, tetrahedra with either terminal O™ or singly
bridging 0" atoms. In contrast, (oxo)nitridosilicates are typically built up from Si(O,N),
tetrahedra with N, N'?, NB! and N atoms bridging up to four neighboring tetrahedral
centers. This variability allows for a wide range of additional structural possibilities.
Moreover, except for fibrous SiOz,[lll whose existence has not yet been proven
unequivocally, SiO,4 tetrahedra share only common vertices, whereas nitridosilicates can
contain both vertex- and edge-sharing tetrahedra.!*?! Due to these structural possibilities and
the resulting outstanding properties, the search for novel (oxo)nitridosilicates has been
pursued frequently. Synthetic approaches like high-temperature syntheses, flux methods,

. . 13-1
and precursor routes enabled suitable access to this compound class. 31!

However,
syntheses often lead to inhomogeneous samples containing microcrystalline compounds.
This situation impedes structure determination by means of conventional single-crystal or
powder X-ray diffraction. However, diffraction data of micrometer-sized single crystals can
be acquired using synchrotron radiation as recently developed Be and Al lenses allow
unprecedented brilliance by microfocusing.[16'19] This approach leads to the structure
elucidation of the novel compound LagBas[Si17N290;]Cl, one of the few oxonitridosilicate

chlorides among Nd16Si10sN17Cl, % LnsSis03.N74Cli,Oy (Ln = Ce, Pr, Nd; x = 0.2),*" and
BasSizNs0Cl.”?!
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4.3.2 Experimental Section

4.3.2.1 Synthesis

For the synthesis of LagBas[Si;7N290,]Cl, LaCls (23.2 mg, 0.095 mmol, 99.99%, Alfa Aesar),
”Siz(NH)3-6NH4CI"[23] (100.0 mg, 0.237 mmol), and BaH, (66.7 mg, 0.479 mmol, 99.7%,
Materion) were thoroughly ground in an agate mortar and filled into a tungsten crucible.
These steps were performed under argon atmosphere in a glovebox (Unilab, MBraun,
Garching; O, <1 ppm; H,O <1 ppm). Then the crucible was placed into a radiofrequency
furnace (type AXIO 10/450, max electrical output 10 kW, Huttinger Elektronik, Freiburg),m]
heated under N, atmosphere to 900 °C within 5 min, subsequently heated to 1600 °C within
4 h, and finally quenched to room temperature by switching off the furnace. The reaction
affords an inhomogeneous sample with small, turquoise crystals of LagBas[Si17N»90,]Cl which
are resistant to hydrolysis. To remove soluble byproducts the sample was washed with
water. Addition of CeFs or EuFs (0.4 mg, 0.002 mmol, 99.99%, Alfa Aesar/0.4 mg,
0.002 mmol, 99.99% Aldrich) as doping agent to the reaction mixture results in no marked

change of color and does not lead to luminescence of the crystals of LagBasz[Si;7N290,]Cl.

4.3.2.2 Elemental Analysis and Spectroscopy

The chemical composition and morphology of the crystals were analyzed with a LEO 1530
field-emission scanning electron microscope (SEM) operated at 20 kV and equipped with an
energy-dispersive Si/Li detector 7418 (Oxford Instruments). To provide electrical
conductivity on the sample surface it was coated with carbon (electron beam evaporator
CED 030, Balzers). Fourier transform infrared (FTIR) spectroscopy was carried out with a

PerkinElmer BXIl spectrometer mounting ATR (attenuated total reflection) technology.

4.3.2.3 Crystal Structure Analysis

For single-crystal structure investigations, crystals of LaGBag[Si17N2902]CI:Ce3+ were mounted
on Kapton foil sample holders (micromount, MiTeGen, Ithaca). X-ray diffraction data were
collected at beamline ID11 of the ESRF in Grenoble (Ge(111) double-crystal monochromator,
Frelon 2K CCD detector).[24] The beam (A=0.33510 A) was focused to ~4.5pum in the
horizontal direction and ~2 um in the vertical direction with a beryllium lens system.[ls] The

[25]

reflections of the dominant crystal in an aggregate were indexed with SMART,” integrated

with SAINT,?® and semi-empirically absorption corrected using SADABS.?” In addition, a

79



4.3 LagBa3[Si;7N,90,]Cl—An Oxonitridosilicate Chloride with Exceptional Structural Motifs

correction was applied in order to account for the systematic error owing to the diffraction-
angle dependence of the beam path length through the CCD phosphor.[zsl The structure was
solved by direct methods and refined by full matrix least-squares methods with SHELX.*!
Powder X-ray diffraction data were collected with a STOE STADI P diffractometer (Mo Ka,
radiation, A = 0.70930 A, Ge(111) monochromator, MYTHEN 1K detector) in modified Debye-
Scherrer geometry. Rietveld refinement was carried out using the TOPAS-Academic

package.t”

4.3.3 Results and Discussion

4.3.3.1 Synthesis and Sample Characterization

LagBas[Si17N290,]Cl was synthesized at high temperature, the driving force presumably being
the decomposition of BaH, around 675 °cBY and its reaction to BaCl, with chlorine
originating from LaCls. Among other intermediates, probably La metal is formed, which
reacts with the remaining Ba, LaCls, and the precursor “Si;(NH)3:6NH4Cl” to form turquoise
crystals of LagBas[Si17N90,]Cl (Figure 1). The incorporated O supposably originates from

contamination of commercially acquired starting materials.

Figure 1. SEM image of crystals of LagBas[Si17N0,]Cl:Ce*" (white circle).

Crystal structure investigations were performed on a crystal of a sample doped with Ce*'
(see above). Consequently, the same crystal was used for EDX analysis, which yields an
average composition of La/Ba/Si/Cl/Ce = 6.0:3.5:13.3:1.0:0.14 (normalized according to the
La content; four-point measurements at different positions; the atomic content of N and O
was excluded as they are underdetermined, due to the limitations of the method). The
heavy element ratios are in good agreement with the sum formula obtained from single-

crystal structure refinement, which is consistent with bond-valence sum (BVS) and MAPLE
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(Madelung part of lattice energy) calculations (see below). The absence of N-H and O-H
groups was confirmed by infrared spectroscopy (FigureS2, Supporting Information).
Consequently, the combination of the results of EDX measurements and infrared
spectroscopy excludes the presence of elements other than La, Ba, Si, N, O, Cl, and Ce. In
order to determine the bulk phase composition of the washed sample, a Rietveld refinement
of powder X-ray diffraction data was performed (Figure S1, Table S1). It shows that the
sample contains LagBas[Si;7N290,]Cl as the main phase and BaCl, as byproduct. A few weak

reflections cannot be ascribed to any known compound.

4.3.3.2 Crystal Structure of LagBas[Si17N290,]Cl

Due to the limited scattering power of the micrometer-sized crystals, microfocused
synchrotron radiation was used for single-crystal investigations. As it was impossible to
isolate and handle such tiny single crystals, the investigated sample consisted of several
fragments; however, the reflections of one individual could be selected in a straightforward
fashion and yielded a data set with high quality. The crystal structure of LagBas[Si17N290;]Cl
was solved and refined in space group P63/m (no.176) with a=9.8117(14)A and
c=19.286(6) A. In the refinement as well as for BVS and MAPLE calculations, Ce*" was
neglected because of its insignificant contribution to the scattering density. The distribution
of La and Ba as well as of N and O was fixed as indicated by MAPLE and BVS calculations; for
detailed explanations see the sections on Bond-Valence Sum Calculations and MAPLE
Calculations below. The crystallographic data of LagBas[Sii7N290,]Cl are summarized in
Table 1, and the atomic parameters are listed in Table 2. All atoms were refined

anisotropically (Table S2 in the Supporting Information).m]
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Table 1. Crystallographic Data and Details of the Structure Refinement of LagBas[Si;7N»90,]Cl at Room

Temperature.
formula LagBas[Si17N290,]Cl
cryst. syst. hexagonal
space group P635/m (no. 176)
a(A) 9.8117(14)
c(A) 19.286(6)
cell volume (A3 1607.9(7)
4 2
density (g-cm™) 4.54
g (mm™) 1.611
radiation synchrotron (A = 0.33510 A, ID11 at ESRF)
F(000) 1968
0 range (deg) 1.96<6<14.70
total no. of reflns 21886
no. of independent reflns 1985 [R(int) = 0.0304]
no. of refined params 95
extinction param 0.0031
GOF 1.30
R1 (all data/for F* > 20(F?)) 0.0171/0.0169
wR2 (all data/for F* > 26(F?)) 0.0397/0.0396
DPrmax, Apmin (e/A%) 1.755; -1.051
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Table 2. Atomic Coordinates, Isotropic Displacement Parameters, and Site Occupancies of

LagBas[Si1zN290,]Cl at Room Temperature.®

atom X y Z Ueq [A] s.o.f.
Lal 12 0.53306(2) 0.47894(2) 0.39098(2) 0.00793(5) 1
Ba2 6h 0.16199(3) 0.29913(3) % 0.01178(6) 1
si1 6h 0.75300(9)  0.54355(9) % 0.00492(13) 1
Si2 af 2/3 1/3 0.50460(5) 0.00530(16) 1
5i3 12i 0.20747(6)  0.12253(6) 0.38315(3)  0.00472(10) 1
sid 12i 0.67463(7) 0.81638(6) 0.46847(3) 0.00492(10) 1
N1 de 0 0 0.36301(16) 0.0058(5) 1
N2 12i 0.7991(2)  0.7374(2) 0.45792(9) 0.0062(3) 1
N3 12i 0.2345(2)  0.3081(2) 0.39609(9) 0.0067(3) 1
N4 12i 0.5059(2) 0.3480(2) 0.52299(10) 0.0080(3) 1
N5 12 0.7942(2) 0.6655(2) 0.32130(9) 0.0087(3) 1
N6 6h 0.5486(3)  0.4142(3) % 0.0080(4) 1
o7 4f 2/3 1/3 0.41468(14) 0.0086(4) 1
Cl1 af 1/3 2/3 0.2718(3) 0.0542(16) Z

“For anisotropic displacement parameters, cf. Table S2 in the Supporting Information.

In contrast to the oxonitridosilicate chlorides NdipSiipOsN17Cl and LnsSisO034N7,Cli4Ox
(Ln = Ce, Pr, Nd; x = 0.2), which represent layer silicates,[2°'21] and BasSisNsOCI, which consists

of a zeolite-like framework,m]

the crystal structure of LagBas[Si17N29O;]Cl is characterized by
an unprecedented interrupted three-dimensional network. It consists of vertex-sharing Q*-
and Qs-type SiN4/SiN3O tetrahedra with a ratio of Q*/Q3 = 15/2 (Figure 2), which results in a
degree of condensation k= n(Si):n(N,0) = 0.55. The Q>-type tetrahedra exhibit one terminal
0" and three singly bridging N atoms, whereas the Q*type tetrahedra consist of four N2

or two N and two N**! (interconnection of three tetrahedra) atoms.
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Figure 2. Crystal structure of LagBas[Si;;N,50,]Cl in projection along [010] with Si(N,0), tetrahedra
(turquoise), N (blue), O (red), La (yellow), Ba (orange), and semi-occupied Cl positions (green); the

unit cell is displayed.

The Of'—type SiN4 tetrahedra form dreier rings,[33’34] 20 of which condense in a way that the Si
atoms form icosahedra (note that in skeletal representations not all edges of this polyhedron
correspond to Si-N-Si bonds due to the presence of N®! atoms, Figure 3e). Each icosahedron
is connected to others via six SiN4 tetrahedra that are part of dreier rings and via six Q3—type
SiN3O tetrahedra (Figure 3a, 3b, 3d, and 3e). In addition, the structure is characterized by
sechser and siebener rings, which are built up by the tetrahedra of the Si atoms of the
icosahedra and the Q3-type tetrahedra. Six edges of the icosahedron are part of the sechser
rings, and 18 edges are part of the siebener rings (Figure 3f and 3g). The novel topology of
the framework is characterized by the point symbol {3.6.7%15{3°.4°.6%.7%}1,{6°}, as calculated

with the program TOPOS.B! Despite the complexity of the network it is a hierarchical

36, 37] 38]

derivative! of the simple NiAs structure type,[ with the centers of the icosahedra on

the Ni and the centers of the dreier rings on the As positions (Figure 3c).
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a) by ¢ c)

a.tb

Figure 3. (a and b) Topological representations of LagBas[Si17N»90,]Cl; (c) simplification of the
topology of LagBas[Si;7N,90,]Cl as a variant of the NiAs structure type (centers of icosahedra orange;
centers of dreier rings violet); (d) icosahedra (orange) connected via six dreier rings (violet) and six
Q>-type tetrahedra (blue) as characteristic buildings blocks of the silicate network; (e)
interconnection of the Si atoms of one icosahedron (Si gray; N® dark blue; N* blue/light blue); due
to the presence of N®! atoms only each Si-N™-Sj bond corresponds to an edge of the icosahedron; (f
and g) topological representation of the sechser and siebener rings (green); each connecting line of

the dreier, sechser, and siebener rings represents a Si-N-Si bond.

LagBas[Si17N290;]Cl contains a half-occupied Cl split position (Table 2). This site is
coordinated by three Ba atoms forming a decentered trigonal coordination sphere
(Figure 4a). A similar coordination of Cl atoms was observed in other oxo- and
oxonitridosilicates, e.g., Nd10[5i1009N17]CI[2°] and Tb3CI5[SiO4].[39] Additionally, the refined
crystal structure exhibits two crystallographically independent heavy-atom sites. BVS as well
as MAPLE calculations (Table 3 and 4) indicate one La and one Ba site (Table 2). La is 7-fold

coordinated by six N and one O atom, which results in a distorted single-capped octahedron
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(Figure 4b). The Ba site is irregularly coordinated by nine N atoms and the Cl split position

(50%/50%) (Figure 4c).

a)

b) N3 ©) N3
N1
N4 N5 LS

La1 ?/ cH

N6
N6
N4 07

N2

Figure 4. Coordination sphere of the Cl split position (a) and the heavy-atom sites (b and c) of

LagBas[Si;7N»90,]Cl (anisotropic displacement ellipsoids with 60% probability).

The distances Si-N [1.6914(18)-1.8145(9) A] and Si-O [1.734(3) A] are in good agreement
with other (nitrido)silicates as well as the La-N [2.5361(19)-2.8796(18) A] and Ba-N
[2.8725(19)-3.374(3) A] distances."**! The La-O [2.4168(6)A] and Ba-Cl [3.1535(8) A]
distances correspond to those in other lanthanum or barium compounds.”****! Additionally,

all mentioned distances are in good agreement with the sum of the ionic radii.l*®!

4.3.3.3 Bond-Valence Sum Calculations

As mentioned before, BVS calculations*”!

were performed in order to reasonably assign sites
to N or O and La or Ba, respectively, despite their very similar X-ray scattering factors.
Charge neutrality alone can be preserved by arbitrary exchange of LaN and BaO units and
thus is not a sufficient constraint in structure refinements. Pauling’s rules® and the fact
that X! (X=N,0) is usually not occupied by O served as a basis. Consequently, the bridging
anion positions were assumed to be occupied by N and the terminal anion positions by O.
This assumption is corroborated by neutron powder diffraction of other oxonitridosilicates,
where a similar contribution of N and O was observed.? On the basis of this O/N
distribution, the BVS of the cations and anions were determined (Table 3) and indicate one

La and one Ba site. This leads to a charge-neutral formula, which is additionally corroborated

by EDX measurements.
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Table 3. Bond-Valence Sums for LagBas[Si17N»90,]Cl and Expected Oxidation States.

BVS oxidation state
Lal 3.05 +3
Ba2 2.14 +2
Si1 3.82 +4
Si2 4.02 +4
Si3 3.78 +4
Si4 3.89 +4
Cl 0.46 -1
N1F 2.66 -3
N2 3.08 -3
N3 2.97 -3
N4® 3.07 -3
N5 3.02 -3
N6 2.54 -3
o7 2.20 -2
[i] sof = %

4.3.3.3 MAPLE Calculations

In order to further confirm the electrostatic consistency of the crystal structure, lattice
energies were calculated using the MAPLE concept (Table 4).[46'49'51] This solely takes into
account electrostatic interactions, which depend on the coordination spheres, the charge,
and the distances of the constituting ions. As the MAPLE software cannot consider partially
occupied positions, an idealized structure model of LagBas[Si;7N290,]Cl was set up by shifting
Cl from Wyckoff position 4f (point symmetry: 3..; x=1/3, y=2/3, z=0.2718) to a fully
occupied “average” Wyckoff position 2¢ (point symmetry: 6..; x=1/3, y=2/3, z=1/4). The
calculated partial MAPLE values of La, Ba, Si, N, and O are consistent with the characteristic
ranges.[z'sz'ssl The partial MAPLE value of Cl is slightly smaller than reference values.P®*7!
Therefore, as the exchange of the La and Ba position with consideration of charge neutrality
leads to MAPLE values outside of the characteristic ranges, the occupation of the atoms sites
is corroborated. The minor deviation of 0.27% of the overall MAPLE value of
LagBas[Si17N290,]Cl and the sum of those of the binary compounds that formally constitute

LagBas[Si17N290,]Cl confirms the electrostatic balance of the refined crystal structure.
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Table 4. Partial MAPLE Values and MAPLE Sums [kJ/mol] for LagBas[Si;;N,90,]Cl as Well As Typical
Partial MAPLE Values.

LagBas[Si17N290,]Cl BVS typical partial MAPLE values°>®

Lal 4032 Ln*": 3500-5100

Ba2 1708 Ba®*: 1500-2000

Si1 10264 Si**: 9000-10200

Si2 9978

Si3 9677

Si4 9776

cl 289 Cl: 307-357

N1F 5835 N 5000-6200

N2 6084

N3 5427

N4 5396 NP3 4600-6000

N5 5281

N6 5100

o7 2494 o™?: 2000-2800
5 =362 093

2/3 La,05 + 14/3 LaN + 1/2 BaCl, + 5/6 BasN, + 17/3 B-SisN; > LagBas[Si;7N50,]Cl

9461 + 38470 + 1103 + 10129 + 301963 > 361127
A=0.27%

4.3.4 Conclusion

A high-temperature reaction yielded a novel oxonitridosilicate chloride LagBas[Si;7N250,]Cl,
characterized by an unprecedented tetrahedra network. The structure elucidation shows
how microfocused synchrotron radiation is well suited to precisely determine the structure
of microcrystals even with complex structures which could not be characterized by
conventional single-crystal or powder X-ray diffraction. This approach is a powerful tool as
knowledge of the structure could foster the development of syntheses to phase-pure
samples and by comprehension of the relation between structures and properties which is
necessary for a systematic improvement of properties. The usefulness of BVS and MAPLE
calculations was demonstrated by applying these methods for a reasonable assignment of N

and O as well as of Ba and La. Using BaH, as a starting material appears essential as it
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decomposes and presumably reacts with LaCls to BaCl, and finely dispersed and reactive La.
Furthermore, the use of the precursor “Si,(NH)3:6NH4Cl” seems to play an important role to
obtain novel (oxo)nitridosilicates as this starting material provides another stoichiometric
proportion of Si and N and another oxidation state of Si as the common precursors SisN4 and
Si(NH)z.[58] Consequently, this combination of starting materials appears to be a promising
route which might lead to the discovery of further new (oxo)nitridosilicates with intriguing

structural features and properties.
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Abatract. Microcrystals of the oxonitridosilicate oxide La11$i13N27,63601,045:Ce3+ were
obtained by exploratory high-temperature synthesis starting from La, La(NH,)s, Si(NH),
BaH,, and CeFs. Owing to the small size of the crystals, microfocused synchrotron radiation
was used for structure investigations (space group Cmc2: (No.36), a=9.5074(4)A,
b =32.0626(9) A, c = 18.5076(8) A, Z = 8, R1(all) = 0.0267). The crystal structure consists of an
unprecedented interrupted three-dimensional network of vertex-sharing SiN4.,O, tetrahedra
that form channels of siebener rings along [100]. Moreover, the structure is characterized by
layers of condensed sechser rings in a boat conformation and vierer rings, which are
alternatingly stacked with layers of vierer and dreier rings. Several split positions indicate
two different local structure variants. Infrared spectroscopy confirms the absence of N-H
bonds. Powder X-ray diffraction data show that bulk samples contain only a small amount of
La11$i13N27.63601_046:Ce3+. However, once the exact composition was determined from

Synchrotron radiatl'on structure analysis, it was possible to

optimize the synthesis using fluorides as

ﬂ starting materials. Thereby, bulk samples
of the homeotypic compound

U - La11Si13N27.37600.036F were obtained and
investigated.
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4.4.1 Introduction

(Oxo)nitridosilicates are a promising class of compounds, as they show fascinating material
properties: e.g., ionic conductivity or luminescence of Ce*- or Eu**-doped samples.[” For
example, materials such as Li;SiN,, LigSiN4, and Lij4Lns[Si;1N190s]O,F; (Ln = Ce, Nd) have been
reported as Li* conductors, suggesting their possible application in lithium batteries.*®
Moreover, the discovery of Eu2+—doped M,SisNg (M = Ca, Sr, Ba) and MSi,O,N, (M =Ca, Sr,
Ba) pushed forward the development of phosphor-converted light-emitting diodes (pc-LEDs),
as the latter compounds exhibit efficient luminescence.”®! Accordingly, there is a general
interest in (oxo)nitridosilicates with novel structures, even when the new compounds do not
show exceptional properties at first glance.

(Oxo)nitridosilicates are characterized by more or less condensed SiN4,O, tetrahedra. In
such network structures, nitrogen atoms can afford interconnection of one to four
neighboring tetrahedral centers as well as the possibility of both corner sharing and edge

(9]

sharing of these moieties.” In addition to noncondensed structures (e.g., LasSiNgF),

chainlike, layerlike, and three dimensionally extended structures are known as well.20-16]
However, as bonds to N are less stable than bonds to O, most less condensed
(oxo)nitridosilicates are sensitive to  moisture, whereas highly condensed
(oxo)nitridosilicates are typically inert toward hydrolysis.[m These facts, in addition to the
omnipresence of oxygen, could be the reason why sinoite Si;N,0, which usually originates
from meteorites, is the only naturally occurring Si/O/N compound.[ls’lgl A synthetic approach
to (oxo)nitridosilicates was established by high-temperature reactions, flux methods utilizing
e.g. metallic sodium, and precursor routes on the basis of metal amides.™?%2! Since
syntheses often yield inhomogeneous and microcrystalline samples, structure elucidation
with conventional single-crystal or powder X-ray diffraction is often not feasible. As shown in
previous investigations, microfocused synchrotron radiation gives access to data sets with
high quality and consequently facilitates precise structure refinements.'*>?*! Moreover, this
method enables analysis of particles with a volume even smaller than 1 um3.[24]

In this contribution we report on the characterization of micrometer-sized crystals of
La11Si13N2763601.0s6 by microfocused synchrotron radiation, identifying a novel
oxonitridosilicate oxide with an exceptional framework topology. Subsequently, detailed

knowledge of the crystal structure and thus the analytical composition has enabled synthesis

optimization in order to obtain phase-pure bulk samples.
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4.4.2 Results and Discussion

4.4.2.1 Synthesis and Sample Characterization

Micrometer-sized crystals of La11Si13N27 63601 0as:Ce>* (Figure 1a, b) were obtained as a side
phase in products of a high-temperature reaction starting from a mixture of La, La(NH,)3,**
Si(NH),,'® BaH,, and CeF; as dopant. The knowledge of the structure (see Crystal Structure
of La11$i13N27.53501,045:Ce3+) and thus the information on the exact composition enabled
synthesis optimization. In contrast, previous attempts based on the approximate
composition determined by EDX were not successful. LaFs, La(NHZ)g,[zsl Si(NH)Z,[26] and BaH,
were used as starting materials, as this synthesis approach had already yielded several new
lanthanum (oxo)nitridosilicates.[m’n] Although BaH, forms BaF, with F from LaFs, a small
amount of F is integrated in the target phase; thus, La;1Sii1sN27.3760093F was obtained
(Figure 1 c). It exhibits a disordered structure similar to those of solid solutions of
La11Si;3N2g Og 541 55:Ce>* (which might thus also contain traces of F below the detection limit
of EDX, see below). The oxygen incorporated in both compounds can probably be traced

back to contamination of the starting materials

Figure 1. SEM images of (a) crystals of La11Si13N27.63601.046:Ce”", (b) the investigated crystal (white
circle and enlarged inset) of the sample mounted on a Kapton foil sample holder and (c) the

optimized sample consisting of the homeotypic compound La;;Si13N»7.37600.936F-
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EDX analyses of crystals of La11$i13N27.53601.046:Ce3+ and La11Si13N327.37600.936F Yyielded the
average compositions La/Si/Ce =11.0/12.4/0.4 and La/Si/F=11.0/12.1/1.4, respectively
(normalized according to the La content; the atomic content of N and O could not be
determined precisely due to the limitations of the analytical method). The determined
element ratios are consistent with the sum formulas obtained from single-crystal structure
refinements. The infrared spectra of both compounds (FigureS2 in the Supporting
Information) confirm the absence of N-H and O-H bonds. Owing to the results of the EDX
measurements and IR spectroscopy the investigated phases contain no other elements than

La, Si, N, O, and Ce or F, respectively.

4.4.2.2 Crystal Structure of La;;Si13N27.63601.046:Ce>"

The low scattering power of the micrometer-sized crystals of Lallsi13N27,53601,046:Ce3+
impeded characterization by conventional single-crystal X-ray diffraction. Crystal structure
determination by means of powder X-ray diffraction was also not applicable, as initially no
phase-pure sample could be obtained. Consequently, microfocused synchrotron radiation
was used for single-crystal diffraction. The crystal structure was solved and refined in space
group Cmc2, (No. 36). In the structure refinement, inversion twinning had to be taken into
account. Owing to its small amount and lack of scattering contrast in comparison to that of
La®*, ce® was neglected in the refinement. Crystallographic data are given in Table 1, and
the atomic parameters are given in Table S1 in the Supporting Information. The structure
contains several split and not fully occupied positions. Thus, La11Sii1sN27.63601.046 Can be
interpreted as a disordered structure with some alternative local atom arrangements. The
predominant atom arrangement formally corresponds to the sum formula La;;Si13N2gOg s,
whereas a hypothetical structure that contains only the atom positions with lower
occupancies would yield the composition La;;Si;sN,70,. Below, these hypothetical end
members of a solid solution series of La;1Si1sN2sxOos+15x are labeled as variants A
(La11Si1sN2g005; x = 0) and B (La11Si;sN,70,; x = 1). One split position (La8C/8D) is present in
both variants. The occupancies of the split positions were refined while retaining full total
occupancy for all split atom sites (i.e., A and B or C and D, Table S1). Occupancy factors of
atoms belonging to variants A and B, respectively, were constrained to the same values. On
the basis of this approach, the investigated crystal with x = 0.364 formally corresponds to a

solid solution with 63.6(3)% of variant A and 36.4(3)% of variant B. All cations except
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Si15A/Si15B and Sil6A/Sil6B were refined anisotropically (Table S2 in the Supporting

Information). The distribution of O and N is based on Pauling’s rules®” and charge

neutrality.[28]

Table 1. Crystallographic data and details of the structure refinement of La115i13N27_63601_046:Ce3+.

formula

cryst. syst.

space group

a(A)

b (A)

c(A)

cell volume (A®)

Z

density (g-cm™)

W (mm)
temperature (K)
radiation

F(000)

O range (deg)

drmin (A)

total no. of rflns

no. of indep. Rflns
no. of refined params
twin ratio

GOF

R1 (all data/for F* > 20(F%))
wR2 (all data/for F* > 26(F?))
DPrmax , Bprmin (€/A%)

La11 Si13N27.63601.046

orthorhombic
Cmc2, (No. 36)
9.566(12)
32.269(19)
18.667(11)
5762(9)

8

5.296

9.273

293(2)
synchrotron (A = 0.3099 A)
8086
0.97<06<15.05
0.60

67652

14300 (R;,; = 0.0342)
407
0.132(7)/0.868
1.348
0.0267/0.0246
0.0502/0.0498
2.896;-1.846

A single crystal of Lai1SiisN2737600936F was investigated using a laboratory X-ray

diffractometer. The refinement shows that La;11Si13N27.37600.936F and La11Si13N27.63601.046 fOrm
homeotypic solid solutions. The structures show the same framework and space group.
However, La11Si13N37.37600.936F contains an additional discrete F atom site, and for the sake of
charge neutrality, one discrete O site was assumed to be occupied by F instead of O. As the

resolution of the obtained data set (dmin = 0.77 A) is inferior to that of the synchrotron data
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set (dmin = 0.60 A), the two variants could only be identified on the basis of the knowledge of
their presence originating from the refinement of the synchrotron data set (Tables S3 and S4
in the Supporting Information).

7 and charge neutrality in the predominant variant A, all anion

According to Pauling’s rules
positions of the SiN; network are occupied with N, whereas the isolated anion position is
occupied with O. The degree of condensation amounts to k = n(Si):n(N) = 0.46. Although
nitridosilicates with k< 0.5 tend to form layered or less-condensed structures,m] the
structure determination shows an interrupted three-dimensional framework of vertex-
sharing Q*-, @3, and Qz-type SiN,4 tetrahedra (Figure 2a, b) with the ratio Q*/Q*/Q* = 10/2/1.
Interrupted tetrahedral networks with k < 0.5 were also observed for M;SigN1s (M = La, Ce,
Pr)[3°] and La3BaSisNg0,.?? The Q*type tetrahedra exhibit four singly bridging N atoms,
whereas the Q3—type tetrahedra consist of three singly bridging N atoms and one terminal
N™ atom. The Q’-type tetrahedra contain two singly bridging N and two terminal N'
atoms. In addition, there are discrete oxide anions O[O], which are 4-fold coordinated by La
as, for example, in La203.[31] The SiN4 tetrahedra are condensed to form siebener ring
channels along [100] (Figure 2c). The asymmetric interconnection of the siebener rings
(Figure 2b) is not compatible with centrosymmetry. Selected SiN4 tetrahedra form layers
extending along [110] which consist of condensed sechser rings in boat conformation and
vierer rings. These layers are alternatingly stacked with other layers consisting of dreier and

).[30’32] This topology has not been found in any other compound so far.

vierer rings (Figure 2c
It is characterized by the point symbol {3.4.5.6.7.8},{3.6%.7°1{3.7*},{3}{4.6°.8%}

{4.6>.8°}{6°.8}6°}, as calculated with the program TOPOS.™!
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Figure 2. (a) Crystal structure of La;1Si13sN,s0q 5 (predominant variant A of the atom positions in
La11Si13N»7.63601.046) projected along [100] with SiN, tetrahedra (turquoise and green; the green area
represents the location of the main differences between the two local structure variants), La
(yellow), O (red), and the unit cell shown in black. (b) Topological representation of La;1Si;3N»30q5
projected along [100], siebener rings represented by violet lines. (c) Slightly tilted view highlighting
dreier rings by green lines, vierer rings by red lines, and sechser rings by yellow lines (each connecting

line represents a Si-N-Si bond).

The crystal structure contains 16 crystallographically independent La sites, one of which is
described with the split positions La8C and La8D. The site occupation factors were refined to
0.79(4) for La8C and 0.21(4) for La8D, while retaining full total occupation. All heavy atoms

are located in non-regular polyhedra coordinated by 7-10 anions (Figure 3).
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Figure 3. Coordination spheres of the La atoms (yellow) in La;3Si13N2g0g 5 (predominant variant A of

the atom positions in La11Si13N7.63601.046). N atoms are shown in blue and O atoms in red.

The Si—-N distances (1.655(8)-1.792(9) A) correspond to those in other nitridosilicates, such
as  Laig[SigN2,][SIONs], (Si-N  1.689(8)-1.815(8) A)®* and BaSi;Ny (Si-N  1.644(3)-
1.774(3) A).BS] The La-N and La-O bond lengths are in good agreement with those in other
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[35-37]

lanthanum compounds, and all interatomic distances are in accordance with the sum of

the ionic radii.*®

The differences between the local variants A and B are located in the area highlighted in
green in Figure 2a. The building units present in this area are depicted in Figure 4. In variant
B, N39A is replaced by O37B. This leads to an alternative orientation of the associated
SiN4. Oy tetrahedra, which creates space for an additional position 041B. In order to obtain

charge neutrality for arrangement B, the partially occupied anion O37B position belonging

exclusively to this variant was assigned as O.

Figure 4. Detailed representation of the rings within the green area of Figure 3a, showing the
differences between the two possible structure variants (a) A and (b) B. La atoms are shown in

yellow, O positions in pink or red, and N atoms in blue and green.

Despite the several split positions of La;1Si1aN27.63601.046, it might be possible that small
regions of the investigated crystal show a higher structural order. These regions can
probably be increased with a synthesis offering an increased cooling rate.

In order to determine the phases of the sample containing La11$i13N27.63601.045:Ce3+, its
powder diffraction pattern was compared with calculated patterns of known lanthanum
nitridosilicates and of La;1Si13N27.63601.046 as calculated on the basis of single-crystal data. It
was found that the sample contains La;1SiisN2763601.046 ONly as a side phase next to
La1g[SigN32] [Si30N3]2,[34] LassigNg,[39] and other unknown phases (Figure S1 in the Supporting
Information). In contrast, Rietveld refinement of the powder X-ray diffraction data of the
product of the optimized synthesis (washed with H,0), on the basis of the exact knowledge
of the composition, shows La11Si13sN»737600.936F as a single phase (Figure 5, Table S5 in the
Supporting Information). The profile fit was based on the results of the single-crystal
investigation of La11Si13N27.37600.936F (Tables S3 and S4 in the Supporting Information); only

lattice parameters were refined.
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Figure 5. Rietveld refinement for the powder diffraction pattern of the washed (H,0) sample of
La11Si13N,7.37600.036F: observed (black line) and calculated (red line) X-ray powder diffraction patterns
as well as difference profile (green line). The black vertical bars indicate positions of Bragg

reflections.

4.4.3 Conclusion

Investigations of microcrystals of La11Si1sN57 63601 0a6:Ce>* revealed a novel lanthanum
oxonitridosilicate oxide with an unprecedented interrupted network. The investigation
shows how microfocused synchrotron radiation is well suited to precisely elucidate the
structure of microcrystals with rather limited scattering power obtained as minority phases.
In addition, the structure refinement of La115i13N27.63601_046:Ce3+ demonstrates how such
data can be exploited to describe complex structures with split positions and local disorder,
as the high intensity of the synchrotron radiation yielded data sets with resolution higher
than that of conventional X-ray radiation; thus, structures can be described in more detail.
Furthermore, these investigations confirm that with the knowledge of the exact
composition, obtained from structure analysis, syntheses can be easily optimized, whereas
attempts based on the approximate composition determined by EDX often failed. In the case
of crystals suitable for laboratory X-ray diffraction, this fact also justifies the single particle
diagnosis approach by Xie et al."% For smaller (sub)microcrystals, microfocused synchrotron

radiation is the method of choice. These approaches may accelerate the development and
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optimization of functional materials, as properties of phase-pure samples can be more easily

investigated and tuned.

4.4.4 Experimental Section

4.4.4.1 Synthesis

All synthesis steps were performed under exclusion of oxygen and moisture in either an
argon-filled glovebox (Unilab, MBraun, Garching, Germany; O, <1 ppm; H,O <1 ppm) or in
flame-dried glassware using Schlenk techniques. In order to obtain crystals of
La11$i13N27.63601,046:Ce3+, La (0.17 mmol, 30.3mg Smart Elements, 99.9%), La(NH,)s
(0.22 mmol, 40.5 mg, synthesized according to Jacobs et aI.),[ZS] “Si(NH),” (0.33 mmol,
19.0 mg, synthesized according to Winter et aI.),[ze] BaH, (0.41 mmol, 57.3 mg, Materion,
99.7%), and CeF; as dopant (0.0086 mmol, 1.7 mg, 2 mol % of Ce, Alfa Aesar, 99.99%) were
thoroughly ground and mixed in an agate mortar and filled into a tungsten crucible. The
crucible was transferred into a water-cooled silica glass reactor of a radio-frequency furnace
(type AXIO 10/450, maximum electrical output 10 kW, Hittinger Elektronik, Freiburg,
Germany)[41] and heated under N, atmosphere to 900 °C within 5 min, subsequently heated
to 1650 °C, maintained at that temperature for 5 h, then cooled to 900 °C within 77 h, and
finally quenched to room temperature by switching off the furnace. The reaction yielded a
heterogeneous sample with tiny orange crystals of Lai1Si1sN27.63601.046:Ce>* exhibiting no
significant luminescence (measurements at room temperature; luminescence microscope
HORIBA Fluoromax4 spectrofluorimeter; Olympus BX51 microscope). The compound is
stable to oxygen and moisture. Contact with air and water over several hours did not lead to
decomposition.

For the optimized synthesis of La;11Si13N27.37600.936F, LaF3 (69.8 mg, 0.36 mmol, Sigma-Aldrich,
99.99%; for sources of other chemicals see above), La(NH;); (50.0 mg, 0.27 mmol), Si(NH),
(18.9 mg, 0.33 mmol), and BaH, (63.0 mg, 0.45 mmol) were mixed in an agate mortar and
filled into a tungsten crucible. Subsequently, the crucible was heated in a radio-frequency

furnace!

under N, atmosphere to 1600 °C within 1 h, maintained at that temperature for
10 h, then cooled to 900 °C in 44 h, and finally quenched to room temperature by switching
off the furnace. The reaction results in a sample with red crystals next to yellow crystals of
La11Si13N»7.37600.936F. The latter are inert to oxygen and hydrolysis, whereas the red crystals

are sensitive to air and water. Thus, washing the sample with water yielded a single-phase
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bulk sample of La;1Si13N»7.37600.936F. Addition of CeFs; (2.4 mg, 0.012 mmol, 2 mol % Ce) as a
doping agent resulted in orange crystals of non-luminescent La11Si13N57 37600.036F:Ce>"
(measurements at room temperature; luminescence microscope HORIBA Fluoromax4
spectrofluorimeter; Olympus BX51 microscope).

Since the nondoped sample consists of light yellow crystals of La;iSiisN»7.37600.936F, the
intense orange color of La11Si13N57 37600.936F:Ce> /La11Si1sN7 63601 0ss:Ce>* presumably

originates from the Ce>* doping.

4.4.4.2 Elemental Analysis and Spectroscopy

The chemical composition and morphology of the crystals of both compounds were
investigated with a JEOL JSM6500F field emission scanning electron microscope (SEM)
equipped with a Si/Li EDX detector 7418 (Oxford Instruments). In order to provide electrical
conductivity on the sample surfaces, the crystals were prepared on conductive adhesive
films and carbon-coated (MED 020, Bal-Tec AG). Infrared (IR) spectra were recorded with a

PerkinElmer BXIl spectrometer employing ATR (attenuated total reflection) technology.

4.4.4.3 Crystal Structure Analysis

Single crystals of La11$i13N27_63601_046:Ce3+ and La11Si13N>7.37600.936F were mounted on Kapton
foil sample holders (micromount, MiTeGen, Ithaca, NY, USA). X-ray diffraction data of
La11Si1sN27 63601 0a6:Ce>* were collected at beamline ID11 of the ESRF in Grenoble, France
(Ge(111) double-crystal monochromator, Frelon 2K CCD detector).[42] The beam
(A=0.3099 A) was focused to approximately 10 pm diameter with Be/Al refractive
lenses. %] X-ray diffraction data of La11Si13N27.37600.93¢F Wwere recorded with a D8 Venture
diffractometer (Mo Ka radiation (A = 0.71073 A), rotating anode, and Goebel mirror optics).
The reflections of the data set of La11$i13N27_6;,,601_046:Ce3+ were indexed with SI\/IART,[46]
integrated with SAINT,"”! and scaled as well as corrected for absorption effects using
SADABS. "8 Data handling for La11Si13N>7.37600.936F Was performed with the APEX software.[*”)
The synchrotron data set was further corrected in order to account for the incidence-angle
dependence of the beam path through the CCD phosphor.[so] The structures were solved
using direct methods and refined by full-matrix least-squares calculations on F using SHELX-

2014.5Y
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Powder X-ray diffraction data were collected on a STOE STADI P diffractometer (Stoe & Cie,
Darmstadt, Germany) in modified Debye-Scherrer geometry using Mo Koy radiation
(A =0.70930 A) with a Ge(111) monochromator and a MYTHEN 1K detector (Dectris, Baden-
Dattwil, Switzerland). Rietveld refinement was performed using the TOPAS-Academic
package.[sz] Simulated powder diffraction patterns were calculated on the basis of the single-

crystal structure data using Winxpow. ¥
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Abatract. The nitridosilicate chloride Ba1,63La7,39$i11N23CI0.42:Ce3+ was synthesized by
metathesis reaction starting from LaCls, BaH,, CeFs; and the product of the ammonolysis of
Si>Clg. The title compound is stable towards air and moisture. Diffraction data of a
microcrystal were recorded using microfocused synchrotron radiation. X-ray spectroscopy
confirms the chemical composition of the crystal; IR spectra corroborate absence of N-H
bonds. The compound is homeotypic to Ba,NdSi11N>3 and crystallizes in space group Cmmm
with a=11.009(3), b =23.243(8), c=9.706(4) A and Z=4; R1(all) = 0.0174. According to
bond valence sum calculations, some crystallographic positions show complete occupancy
by Ba or La whereas others contain significant amounts of both elements. In contrast to the

structure prototype Ba,;Nd;Si11Nys,

Pe 4 o<
VA‘!‘W&’F‘V NP Bas g3La7.30Si11N23Clo 42:Ce>* contains
A SISO A N o .
¥5; 1‘-,.L=Yv4,_f‘r 1 chloride ions in channels of the SiN4
< o e Lo 0 1>
L;ﬁs‘w&gb‘v 4 tetrahedra network, hinting at various
(o <@ DKo e (o )
A““"v"'ﬁ"‘s Py substitution possibilities of the complex

zeolite-like structure.
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4.5.1 Introduction

Due to strong Si-N and Si-O bonds, (oxo-)nitridosilicates combine high thermal and chemical
stability. The dimensionality of the respective crystal structures is diverse; there are three-
dimensional frameworks, layered or ribbon-like structures as well as such with discrete
tetrahedra.™® Possible applications reach from luminescent phosphors doped with Eu** like
M,SisNg (M = Ca, Sr, Ba) and MSi,O,N, (M = Ca, Sr, Ba)[7'9] to frameworks for ionic conductors
(LioSiN5, LigSiNa, Li1aREs[Si11N1s05]05F, with RE = Ce, Nd)."**** Compared to oxosilicates, the
(partial) exchange of oxygen by nitrogen in SiO,4 tetrahedra results in a larger variety of
structures, as oxygen usually links only two tetrahedral centers or acts as a terminal atom,
whereas in SiO4 4N, with x = 1-4, N atoms may interconnect up to four tetrahedral centers.
(Oxo-)nitridosilicates with zeolite-like structures are very rare. Examples include
Li25r4Si4N80[1] in the BCT type framework!* as well as a few examples of the NPO or NPT
type, where chlorine occasionally occupies channels in those structures, e.g.
BaeSigN1002(CN,) and BasTsNsOCI (T = Si, Ta).’**2% The interrupted framework of M;SigN1s
with M = La, Ce, Pr also resembles zeolite structures.!?!

Problems arising from high reaction temperatures required were tackled using flux methods,
as nitrogen exhibits a significant solubility in liquid alkali metals (Na or Li). Additionally, metal
amide precursors were used as starting materials, as they are highly reactive and readily
decompose at elevated temperatures, which leads to metal nitrides and imides.™ Silicon
diimide “Si(NH),“ is an established precursor, which paved the way to several (oxo-)nitrido-
silicates.>?% Besides, “Si>(NH)s - 6 NH4CI”, i. e. the product of the ammonolysis of Si,Clg,
turned out to be a promising precursor that offers another stoichiometric proportion of Si
and N and another oxidation state of Si as in “Si(NH),“, which opens the door to further
nitridosilicates.!

Still, high-temperature syntheses often result in microcrystalline and inhomogeneous
samples. Structure solution and refinement by conventional single crystal or powder
methods is hardly possible in such cases. However, the use of microfocused synchrotron
radiation has been shown to solve this problem efficiently, enabling high-quality data and

structure refinements for very small crystallites.[24] In this article, the crystal structure of

Ba1,53La7.39Si11N23,CI0,42:Ce3+ represents another successful application of this method.
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4.5.2 Experimental Section
4.5.2.1 Synthesis

In a glove box, 23.2 mg LaClz, 59.5 mg “Si»(NH)3 6 NH,4Cl” (obtained by ammonolysis of
Si2CI6)[25]. 66.7 mg BaH;, and 0.4 mg CeFs; as dopant were filled into a tungsten crucible. The
latter was heated from ambient temperature to 900 °C within five minutes in nitrogen
atmosphere using a radio-frequency furnace (AXIO 10/450, max. output 10 kW, Huttinger
Elektronik, Freiburg).[26] This step was followed by a slower four-hour temperature ramp to
1400 °C, then the furnace was switched off. The reaction yielded an inhomogeneous sample
with colorless, orange and red crystals. The present publication focuses on the red platelet-

shaped crystals.

4.5.2.2 Scanning electron microscopy and X-ray spectroscopy

Potential crystals for the single crystal structure analysis were mounted on micromounts
(Kapton foil sample support, MiTeGen, Ithaca) and selected based on their morphology
(Figure S1 in the Supporting Information) using a JEOL JSM-6500F field emission scanning
electron microscope (SEM) operated at 12 keV. In order to provide sufficient electrical
conductivity of the sample, it was coated with carbon. The chemical composition was
determined by energy-dispersive X-ray spectroscopy (EDX) with an Oxford Instruments 7418
Si/Li EDX detector.

4.5.2.3 Single-crystal X-ray diffraction

Microfocused synchrotron radiation (beamline ID11, ESRF, Grenoble) was used for data
acquisition from a microcrystal of ca. 6x6x2 um3. A Ge (111) double crystal mono-
chromator was used for the adjustment of the chosen wavelength (A =0.3116 A) and the
beam was focused with a Be/Al lens system to a diameter of approximately 10 um.ngl
Diffraction data were recorded with a Frelondk CCD detector. The software packages
SMART® and SAINTE? were used for indexing and data integration. Scaling and
semiempirical absorption correction were performed with SADABS.BY |n addition, a
correction for incomplete absorption of high-energy radiation in the phosphor of the CCD

detector’®” was applied. Graphical Fourier sections were calculated with JANA 2006.3%
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4.5.2.4 Powder X-ray diffraction

Powder X-ray diffraction (PXRD) patterns were measured with a STOE STADI P diffractometer
(Mo-K,; radiation, A = 0.70930 A, Ge(111) monochromator, MYTHEN 1K detector). Simulated
powder patterns were calculated on the basis of the single crystal structure data using the

WinXPOW program package.*

4.5.2.5 FTIR Spectroscopy

A Perkin Elmer BXII spectrometer with an ATR (attenuated total reflection) setup was used

for recording the FTIR spectrum.

4.5.3 Results and Discussion
4.5.3.1 Synthesis and sample characterization

The driving force behind the reaction is presumably the decomposition of BaH, (= 675 °C)[35]
and the formation of BaCl, with chlorine originating from LaCls. Among other intermediates,
probably La metal is formed, which reacts with the remaining Ba, LaCl; and the precursor
“Si>(NH)s - 6 NH4CI” to the observed red crystals of Baj 63La730Si11N23Clo.42:Ce>*. The crystals
are stable against air and moisture at ambient temperature. Despite their Ce content, the
crystals show no luminescence under UV light. As evident from PXRD data (Figure S2 in the
Supporting Information), Bay e3La7 39Si11N»3Clo.42:Ce3* is only one among several unknown
phases in the sample. This confirms that attempts to solve the structure from PXRD data
would have been futile.

According to EDX spectra, the ratio of heavy atoms (La, Ba, Ce):Si=17(2):21(2) =0.81
which agrees well with the ratio calculated from the single crystal measurement which is
9.02 :11 =0.82. Small amounts of Ce were detected. The quantitative EDX results for light
elements are unreliable but minor amounts of chlorine were unequivocally detected in
agreement with the findings described below (Sections 4.5.3.2 and 4.5.3.4). The FTIR
measurement (Figure S3 in the Supporting Information) confirms the absence of N-H bonds

and thus the absence of hydrogen.
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4.5.3.2 Structure solution and refinement

After unsuccessful attempts with laboratory X-ray measurements, the synchrotron data of
the microcrystal investigated yielded a straightforward structure solution by direct methods
(SHELX program suite).® The refinement (full-matrix least-squares algorithm) turned out to
be complex. Small amounts of Ce*" were neglected because of the insignificant contribution
to the scattering density on the cation positions. As La and Ba are not distinguishable by
X-ray scattering, all heavy atoms were initially treated as La. The assignment to Ba/La in the
final refinement is described below. Six heavy atom and several possible Si positions resulted
from the initial solution. Difference Fourier peaks corresponding to N atoms completed the
SiNs-tetrahedra network during the refinement. One additional heavy atom located in the
channels of the structure described in Section 4.5.3.4 was found to be disordered into two
symmetrically independent split positions (LabA and La6B). Two residual densities not
associated with the tetrahedra network were assigned to the positions Ba7 and Cl1; the

relevant difference Fourier sections are shown in Figure 1.

=0 y= 0
ST 1 ¥
Ba7 B Ba7 0.8
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La6B La6B¢ B La6A La6Ac [0.6
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Figure 1. Residual electron densities in difference Fourier maps (isoline interval 3 e/A3) through the

“channe

III

Ba7 is 16.9(4)%,;. crosses represent LabA/La6B.

of the structure at x = 0 and y = 0; the occupancy of the ClI1 position is 83.1(4)%, that of
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Free refinement of the occupancies of La6bA and La6bB vyields a sum of
46.7(8)% + 37.8(8)% = 84.5(8)%, complementary to the occupation of Ba7 which refined to
16.9(5)%. The latter position corresponds to the Ba position reported for the homeotypic
compound Basz7$i11N23.[37] LabA and LA6B are a fourfold split position around the special
position (1/2, 0, z), i. e. two closely neighboring more general sites. Cl1 was identified as a Cl
atom due to crystal chemical considerations and EDX results. Its occupancy was refined to
83.3(8)%, very similar to the sum of LabA/La6B. This position is too close to the Ba7 positions
(distance 2.39 A) but is in a typical distance relative to the La6A/La6B positions (2.98 A).
Thus, as further discussed in Section 4.5.3.4, it is reasonable to assume a disordered
structure where either groups of two Ba occupy the channels or where they are replaced by
a combination of La and Cl. The free refinement of the occupancies clearly corroborates this
assumption. However, for the sake of numerical consistency, the occupancies of Ba7 and Cl1
were constrained in the final refinement: Ba7 16.9(4)%, CI1 83.1(4)%. The occupancy of Cl1
corresponds to the overall occupancy of LabA 47.0(4)% + La6B 37.8(4)% = 84.8(4)%, the
slightly higher overall occupancy is a typical feature of multiple split positions.Bg] One
nitrogen atom’s position (N11) is also split. All atoms were refined with anisotropic
displacement parameters. Coordinates and displacement parameters for atoms on positions
with mixed occupation (La4/Ba4 and La5/Ba5) were constrained to be equal, as well as the
displacement parameters for the split position La2A/La2B.

Crystallographic data are listed in Table 1, atomic parameters in Table 2. Anisotropic
displacement parameters can be found in Table S2 in the Supporting Information. Further
details of the crystal structure investigation can 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-430956.
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Table 1. Crystallographic data for the single-crystal structure refinement of

. . 3+
Bay63La7.30Si11N3Clg 42:Ce™.

formula

formula weight in g mol™
crystal system

space group

lattice parameters in A

cell volume in A?

formula units per unit cell (2)
density in g-cm™

pin mm™*

temperature in K

radiation

F(000)

0 range in °; resolution in A
total no. of reflections
independent refl. (I/c > 3; all)
R, Rint

refined parameters
goodness of fit

R1 (I/o > 3; all) [a]

wR2 (I/o > 3; all) [b]

Apmax ; DPmin in € A3

Lay.39Ba1 63Clo.4>Si11N,3:Ce™
1895.65
orthorhombic
Cmmm
a=11.009(3)

b = 23.243(8)
€=9.706(4)
2483.6(15)

4

5.094

8.73

297(2)

synchrotron (ESRF; ID11,A = 0.3116 A)
3337

1.198 —15.049; 0.6
23828

3147; 3311
0.0207, 0.0319
149

1.092

0.0160; 0.0174
0.0398; 0.0413
2.76,-1.68

[l R1 = 3| [Fobs| - |Featcl | /'S |Fobsl, [b] WR2 = {SIW(| Fops|” - | Fearc| )] / SIW( | Fobs|*)1}"* with
w=1/ [02(|F0b5|2) +(0.0219 P)2 +4.4353 P] where P = [Max(| Fob5|2,0) +2 |Fca|c|2)] /3
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Table 2. Atomic coordinates, equivalent isotropic displacement parameters and site occupancies of

Bay g3La; 395i11N,3Clo.42:Ce>": Ueq is defined as one third of the trace of the orthogonalized U; tensor

exp[-21% (Unih?a™ + Uppk®b ™ + UssPc? + Upshka™b™ + Ugshla’c” + Usskib™c)).

Atom X y z Ueq s.o.f.
Lal 8n 0 0.12028(2) 0.20611(2)  0.00657(3) 1

La2A 8p 0.29042(9)  0.10021(5) O 0.00647(8)  0.953(9)
La2B 8p 0.3055(12) 0.0912(7) 0 = Ugy(La2A)  0.047(9)
La3 4j 0 0.33479(2) % 0.00769(4) 1
la4/Ba4  4p  016485(2) O v, 0.01038(4)  0.16/0.84"
La5/Ba5 8m % Y% 0.22302(2)  0.01144(3) 0.69/0.31%
La6A 80  0.5341(2) O 0.31009(14) 0.0348(7)  0-235(4)
La6B 8n % 0.02321(14) 0.30245(19) 0.0273(8)  0.189(4)
Ba7 4 % 0 0.2478(4) 0.0703(19)  0.169(4)
Si1 80 0.14905(5) 0 0.17314(6)  0.00482(8) 1

Si2 8q 0.13422(5) 0.20109(3) % 0.00657(9)

Si3 16r  0.26860(4) 0.11467(2) 0.33890(4)  0.00535(6) 1

Si4 8n % 0.17341(2) 0.16126(6)  0.00495(8) 1

Si5 4 0 0.21556(3) 0 0.00539(12) 1

N1 4q 0.1695(2) 0 0 0.0087(4) 1

N2 16r  0.14815(11) 0.16049(6) 0.35499(13) 0.00826(19) 1

N3 16r  0.37549(12) 0.15217(6) 0.25130(15) 0.0118(2) 1

N4 8n % 0.24639(8)  0.1496(2) 0.0125(3) 1

N5 4 % 0.14149(11) 0 0.0074(4) 1

N6 8q 0.17558(16) 0.40963(8) % 0.0081(3) 1

N7 8p 0.1277(2)  0.16907(10) 0 0.0154(4) 1

N8 4k 0 0. 0.2338(3) 0.0098(4) 1

N9 16r  0.22066(13) 0.05971(6) 0.23599(14) 0.0103(2) 1

N10 4j 0 0.23619(11) % 0.0096(4) 1

N11 8q 0.2631(9)  0.2450(6) % 0.0119(14) %

ci 2b % 0 0 0.0161(3)  0.831(4)
[a] cation distribution as obtained by BVS analysis,[39] see text.
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4.5.3.3 Bond-valence sum calculations

[40-42] \vere performed in order to determine the Ba/La distribution on the

(BVS) calculations
cation positions 1-5. The results (Table S1 in the Supporting Information) established a
conclusive sum formula that is electroneutral with respect to the standard deviations of site
occupancies. BVS for all Si atoms are also in the expected range for Si**. However, BVS for
the atoms in the large channels of the structure are below 0.6 and 0.8 for Ba and La,
respectively. In such cases, i.e. when the atoms are not part of a rigid framework, the BVS
method is not applicable. This is corroborated by BVS calculations for comparable cations in
typical zeolites from the literature utilizing published atomic coordinates. For example, the
BVS sum of Na atoms in channels of the faujasite structure was determined to values < 0.16
(expected: 1).[43] In a similar case, positions occupied by divalent copper, located in the

channels of faujasite yield BVS below 0.3.144

4.5.3.4 Structure description

Ba1_63La7.395i11N23CI0_42:Ce3+ is homeotypic to Basz7Si11N23.[37] The three-dimensionally
extended nitridosilicate network (Figure 2a, b) is formed exclusively by vertex-sharing SiN,4
tetrahedra. The ratio of fourfold (Q%) and twofold (Q%) interconnected ones in the
interrupted network is 10:1, with a degree of condensation k = n(Si) : n(N) = 0.48. The point
symbol for the framework as calculated by TOPQOS (4] s {3.62.7°1,{3.6%.7%},{3.6".7},{314.6°}..
Apart from dreier, vierer, sechser and siebener rings, the characteristic feature of the
structure are achter rings that form channels along [001].[46'47] Either [La,CI]>" units
(83.1(4)%) or two Ba’* ions (16.9(4)%; Figure 2c, d) are located in these channels. The
assignment of the cations (in spite of lacking scattering contrast and problematic BVS,
Section 4.5.3.3) was possible due to a similar situation in Ba;Nd;Sii1N,3, crystal chemical
considerations and the requirement to achieve charge neutrality. The Ba/La distribution for
the heavy atom positions 1-5 obtained from BVS calculations in conjunction with the model
of 83% [La,Cl]>* units and 17% Ba’" cations renders an almost electroneutral sum formula

(< 1 charges deviation for more than 270 charges overall).
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Figure 2. : Crystal structure of Bay 63La7305111N53Clo 42:Ce%": @) projection of the structure along [001],
b) framework skeleton (each line represents a Si-N-Si bond), ¢ and d) the two possible occupancies of
the achter-ring channel: [La,CI]>* units (La on split positions) or Ba®* cations, e) coordination

environments of cations not located within the channels.

Similar mixed occupation of channels by Ba and Cl, although not disordered with La, has
been reported e.g. for BasTsNsOCl (T=Si,Ta). The Si-N distances in
Bal_e;g,Lam,gSi11N2_9,CI0_42:Ce3+ range from 1.68 A to 1.77 A, well in agreement with those of
compounds with similar Si:N ratio and La>* ions like LasSigN; (1.68-1.75 A).[48‘49] Cations
located in the achter ring channels are coordinated by 16 N (Ba) or 12 N and 1 Cl atom (La).
The La-Cl distance (2.98-3.03 A) lie well between that of pure LaCl; (2.95 A)®® and LaOCI
(3.21 A).5" In the channels, La-N (3.12-3.79 A) and Ba-N (3.37-4.36 A) distances are rather
large, owing to the large space present. The weak bonding is in line with high coordination
numbers. La-N and Ba-N distances of the remaining 5 (coordination number 7-8) cation
positions not located in the channels (Figure 2e) are in the usual rage with 2.29-3.20 A for
the pure La positions (comparable to those in La1SiioN2505, 2.40-3.19 A) and 2.67-3.16 A for
the mixed Ba/La positions.[szl (min. Ba-N distance in BaSiNz:[53] 2.89 A; min. La-N distance in
La35i6N11:[48] 2.53 A). The free radius (taking into account van der Waals radii of the networks
atoms) for mobile cations in the channels is 2.6 A, along with a framework density of 17.7

) [18]

tetrahedra per 1000 A3. Comparable zeolite-like structures like BagSigN1002(CN, zeolite

beta ®* or [(C4NH12)sM4Al12P16064] (M = Co, Zn)®*! have densities of 14.2, 15.1 and 17.9
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tetrahedra per 1000 A3. Continuous channels along [001] along with large cavities suggest

possible ion exchange properties.

4.5.4 Conclusion

As a variation of the Ba,;Nd;Si;1N»3 structure type, Ba1_5_:,La7__o,9$i11N23CI0.42:Ce3+ shows the
ability of this nitridic framework to host different atoms or groups in its cavities. The
compound is stable against air or moisture at ambient temperature and contains a large
channel system, thus substitution and ion exchange experiments seem promising. Along
with LagBas[Si17N»90,]Cl, the title compound is another example that “Si,(NH)s = 6 NH4Cl” is a
valuable precursor for the synthesis of new (oxo)nitridosilicates. The structure
determination showed that microfocused synchrotron radiation is a useful way to obtain
precise structure analyses of crystals from inhomogeneous and microcrystalline samples.

Without such data, it would not have been possible to derive the complex structure model.
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5 Conclusion and Outlook

Lanthanum (oxo)nitridosilicates are intriguing compounds, not only from a structural point
of view but also as they are promising candidates for application in efficient neutral to
warm-white 1pc-LEDs. Thus, the first focus of this thesis was set on the development of an
innovative synthesis route leading to novel lanthanum (oxo)nitridosilicates.

Since precursor approaches, combining crystalline metal amide precursors and “Si(NH),”,

already yielded several (oxo)nitridosilicates'™

this route served as starting point. But to avoid
thermodynamic sinks and the synthesis of already known compounds, this approach was
developed. In order to access novel phases by modified reaction conditions, next to the
precursors La(NH;)s and “Si(NH),”, lanthanum halides (LaXs, X =F, Cl, Br) and earth alkali
hydrides (EAH,, EA = Ca, Sr, Ba) were used as starting materials. This seems to be promising
as the decomposition of the EAH, around 600 °C (CaH,: 600 °C, BaH,/SrH,: 675 °C)[2] and its
reaction to EAX; with the halide originating from LaX3; can probably be used as driving force
for the reaction. Among other intermediates, presumably finely dispersed and reactive La
metal is formed, which reacts with the remaining EA, LaXs, the precursors and La,0s, which
was added in some syntheses as oxygen source. CeF; was added to all reactions as doping
agent. With this approach seven so far unknown lanthanum (oxo)nitridosilicates with
intriguing structures have been obtained. Whether the EA or X ions are incorporated in the
lanthanum (oxo)nitridosilicate or not presumably depends on the composition of the
starting materials. For example, Las[SiN3O] represents a lanthanum oxonitridosilicate
consisting only of La, Si, N and O, whereas for the synthesis of Lai3635r12.32[SisoN9s]Fs.3205.63
the F ions of LaFs; as well as the Sr ions of SrH, are necessary. Additionally, syntheses are
possible in which either the halide or the earth alkaline ions are incorporated as shown e.g.
with the syntheses of LasSiN4F and La5CaSi12N1707D2:Ce3+. Moreover, this route allows for a
great structural variety, since it leads to e.g. LasBaSisNgO,:Ce*", a yellow phosphor with a
fascinating three-dimensional network of SiN4 and SiN,O, tetrahedra, as well as to LasSiN4F,
which is the only known non-condensed nitridosilicate next to CasSiNs. Furthermore,
“Si,(NH)3-6NH4Cl” comprises a great potential as a precursor for the synthesis of intriguing
lanthanum (oxo)nitridosilicates, since this compound provides another stoichiometric
proportion of Si and N and another oxidation state of Si as the common precursors SisN4 and

”Si(NH)z" (chapter 4.3). Therefore, “Si,(NH);-6NH,4Cl” was used as starting material for some
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syntheses instead of ”Si(NH)zu. Its combination with EAH, (EA = Ca, Ba) and LaCl; yielded
Las;Cay3Si;oN1; 70143:Ce3, a promising phosphor material, and LagBa3[Si17N250,]Cl, an
oxonitridosilicate chloride with a complex three-dimensional network, which is a hierarchical
derivative of the simple NiAs structure type. These reactions demonstrate the great
capability of this precursor.

Based on the enormous variation possibilities concerning the starting materials, the
composition of the starting materials as well as the thermal treatment of the samples, the
developed synthesis approach might also enable the synthesis of further new lanthanum
(oxo)nitridosilicates in future. Moreover, it will probably be applicable to other
(oxo)nitridosilicates and will thus help to expand the compound class of (oxo)nitridosilicates
in general. Due to the promising materials properties of some (oxo)nitridosilicates (chapter 1
and 3) this approach might lead to new auspicious functional materials, as proved with the
synthesis of the phosphor materials LasBaSisNg0,:Ce®*,  LasCaSi;,Ni7050,:Ce®*  and
Las 7Caz3Si12N1170143:Ce®". Especially LasCaSi;aN17070,:Ce® and Las7Ca;.3Si1oN11 70143:Ce
will probably revolutionize the LED market, since these phosphors presumably enable the
production of highly efficient neutral to warm-white 1pc-LEDs. La3BaSisNgO,:Ce*" served as a
powerful example for the demonstration of the capability of the combination of electron
microscopy and synchrotron microdiffraction for detailed structure elucidation of
microcrystals even in inhomogeneous samples. Electron microscopy helps with the crystal
selection and synchrotron microdiffraction yielded high-quality X-ray data. The latter was
also confirmed with the investigation of the microcrystals of LagBasz[Si17N290,]Cl,
Ba163La7.305i11N23Clo.a2:Ce®"  and La11Si13N27.63601.046:Ce>". This elaborated approach is a
powerful tool, as it enables to draw conclusions about the relation between structures and
properties even for inhomogeneous samples with microcrystals. Additionally, the knowledge
of the exact composition, obtained from structure analysis, enables synthesis optimization,
whereas attempts based on the approximate composition determined by EDX often failed,
as proved with the investigation of La11Si13N27.63601.046:Ce>". Consequently, the combination
of electron microscopy and synchrotron microdiffraction may accelerate the development
and optimization of functional materials, as properties of phase-pure samples can be more

easily investigated and tuned.
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6.1 Lanthanum (Oxo)nitridosilicates: From Ordered to Disordered

Crystal Structures

Journal of Inorganic and General Chemistry The homeotypic compounds
ZAAC La16.32Ba1.825r7.86[SicoN92.3203.68]O12 and
Zeitschrif fur anorganische und allgemeine Chemie La13.,685r12.32[SisoNos]F6.3205.6s Were synthesized in a
radio-frequency furnace at high temperatures
(1600/1500 °C). The crystal structures [I[43m
(no.217), Z=1, a=13.3360(10)/13.3258(10) A
and V=2371.8(5)/2366.4(5) A’] were elucidated
from single-crystal X-ray diffraction data and

corroborated by lattice-energy calculations

(Madelung part of lattice energy, MAPLE) powder

Cover Picture: Lanthanum (Oxo)nitridosilicates: From Ordered to
Disordered Crystal Structures

Dajana Durach and Waligang Schnick X-ray diffraction data and FTIR spectroscopy. Both

www.zaac.wiley-vch.de

WiLeyvenr C€ompounds are built up by a three-dimensional
network of all side corner sharing SiN4,O, tetrahedra. The framework is characterized by
double dreier rings. Besides, the crystal structures contain non-condensed (O[O]/O,F[O])
anions. Laie3,Ba1.82Sr7.85[SieoN92.3203.63] 012 is isotypic to Sr3LneSiigAl1,018N3g (Ln = Ce, Pr, Nd;
Z=12), whereas La133Sr12.32[SicoNos]Fs.320563 describes a disordered model of the crystal
structure, which is homeotypic to the mentioned SiAIONs. It could be shown that syntheses

based on LaFs;, hydrides and amides permit a promising synthetic approach to new

lanthanum (oxo)nitridosilicates.
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6.2 Non-Condensed (Oxo)nitridosilicates: Laz[SiNs]JF and the
Polymorph o-La3[SiN50]O

The isotypic compounds Las[SiN4]F and Las3[SiN30]O were

synthesized in a radio-frequency furnace at 1600 °C. The

crystal structures [Pnma (no.62), Z=4; Las(SiNg)F:

a=9.970(3), b=7.697(2), c=6.897(2) A, V=529.3(3) A%
Las(SiON3)O: a = 9.950(2), b = 7.6160(15), ¢ = 6.9080(14) A,

V = 523.48(18) A%] were solved and refined on the basis of
single-crystal X-ray diffraction data. Accuracy of the structure determinations were
confirmed by Rietveld refinement, lattice-energy calculations (Madelung part of lattice
energy, MAPLE) and Raman/FTIR spectroscopy. Both compounds are homeotypic with
Na,Pr[GeO4]OH forming a network of vertex-sharing FLag/OLag octahedra, whose voids are
filed with non-condensed SiN4/SiN;O tetrahedra. o0-La3[SiON3]O is the orthorhombic
polymorph of this compound, which probably represents the high-temperature
modification, whereas the tetragonal polymorph t-La3[SiON3]O represents the low-
temperature modification. While the space group of the t-polymorph [/4/mcm (no. 140)]
differs from that of the new Las[SiN4]F and o0-Las3[SiN30]O, the crystal structure contains the
same linking pattern. It has been shown that the synthetic approach based on LaHals
(Hal = halides), hydrides and amides also allows for the synthesis of new less-condensed

lanthanum (oxo)nitridosilicates.
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6.3 La5CaSi12N1707|:|2 and La3,7Ca2,3Si12N11,7014,3: Two Promising
Host Lattices for Eu**- and Ce**-doping Towards Phosphor

Materials with Highly Tunable Luminescence

LasCaSiiaN17070;, and Las 7Ca;3Si12N11.70143
were obtained by high-temperature
reactions (1600/1400°C) in a radio-
frequency furnace. The crystal structures

[P4bm (no. 100), Z=1, a=10.1505(3)/

10.0881(4) A,  c=4.8806(2)/ 4.9234(2) A,
V =502.86(4) / 501.05(4) A3] were elucidated from single-crystal X-ray diffraction data.
Rietveld refinements confirm that the target phases could be obtained as bulk samples. FTIR
spectroscopy proves the absence of N-H bonds. LasCaSi;;N17070, and Las7Ca,3Si1oN11.70143
are homeotypic to LasSigN11 (Z = 2) as they are characterized by the same network, consisting
of vierer and achter rings of all side vertex sharing Si(N,0),, but contain an additional isolated
O site. Moreover, both compounds show intriguing luminescence properties upon doping
with Ce®*" or Eu** or being codoped with Ce** and Eu?**. Consequently, the luminescence of
doped LasCaSi;oN317070, and Laz7Caz3SitaN11.70143 can be easily tuned, thus both are
promising candidates for application in neutral to warm-white 1pc-LEDs (LEDs based on a

single-phosphor approach).
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6.4 La3BaSi5N902:Ce3+ - A Yellow Phosphor with an Unprecedented
Tetrahedra Network Structure Investigated by Combination of

Electron Microscopy and Synchrotron X-ray Diffraction

A high-temperature reaction starting from
LaFs, La(NH;);, BaH,, Si(NH),, and CeFs
yielded an inhomogeneous sample with
small aggregates of the yellow phosphor
La3BaSisNg0,:Ce®" (Amax = 578 nm;

fwhm ~4700cm™). The latter were

characterized by a combination of transmission electron microscopy (TEM) and synchrotron
microfocus diffraction which allows for the analysis of particles with a volume even smaller
than 1 um3 and furthermore provides the possibility of analyzing the same particle by TEM
and X-ray diffraction. Consequently, this elaborate characterization approach could help to
push forward the research of phosphor materials for LEDs. La;BaSisNgO,:Ce>* crystallizes in
space group Pmn2; (no. 31) with a = 9.5505(8), b = 19.0778(16), c = 12.1134(9) A, and Z= 8.
Its interrupted three-dimensional tetrahedra network contains zehner and dreier rings of
vertex-sharing SiN; and SiN,O, tetrahedra. The crystal structure was confirmed by high-
resolution TEM and Z-contrast scanning TEM. The element distribution was derived by bond-
valence sum calculations. Rietveld refinement proves that the sample contains

LasBaSisNg0,:Ce>* as main phase. The infrared spectrum confirms the absence of N-H bonds.
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6.5 LagBa3[Si17N290,]Cl — An Oxonitridosilicate Chloride with

Exceptional Structural Motifs

Crystals of the oxonitridosilicate chloride
La6Ba3[Si17N2902]CI were obtained by

synchrot‘ron ' high-temperature synthesis starting from

radiation LaCls, BaH,;, and the ammonolysis

product of Si;Cls. As only crystals with a

maximum size of a few um could be
obtained, diffraction data were collected using microfocused synchrotron radiation at
beamline ID11 at the ESRF. EDX measurements on the same crystal confirm the chemical
composition. The crystal structure [space group P63/m (no. 176), a = 9.8117(14), ¢ =
19.286(6) A, Z = 2] is built up by an unprecedented complex three-dimensional network,
which is a hierarchical derivative of the simple NiAs structure type. Rietveld refinements
confirm that the final product contains only a small amount of impurities. The element
distribution was derived by bond-valence sum (BVS) and lattice energy (MAPLE) calculations,
which also show that the structure is electrostatically well-balanced. Infrared spectroscopy
confirms the absence of N-H bonds. Next to the importance of microfocused synchrotron
radiation, which enables the precise determination of the structure of microcrystals, the
relevance of the precursor “Si;(NH)3:6NH4ClI” could be shown, which seems to be a

promising starting material for the synthesis of novel (oxo)nitridosilicates.
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6.6 From Minor Side Phases to Bulk Samples of Lanthanum
Oxonitridosilicates — An Investigation with Microfocused

Synchrotron Radiation

Crystals of La;1Si13N27.63601.0a6:Ce>" were

Synchrotron radiation

synthesized in a radio-frequency furnace

at high temperatures starting from La,
A La(NH,)s3, Si(NH),, BaH, and CeFs.
l / - Diffraction data of a micrometer-sized
single crystal were obtained using

microfocused synchrotron radiation at
beamline ID11 at the ESRF [space group Cmc2; (no. 36), a=9.5074(4), b=32.0626(9),
c=18.5076(8) A, Z=8, R1(all) = 0.0267]. The crystal structure contains an unprecedented
interrupted three-dimensional network of vertex-sharing SiN4,O, tetrahedra that form
channels of siebener rings along [100], sechser rings in boat conformation and vierer rings,
which are alternatingly stacked with layers of vierer and dreier rings. Several split positions
indicate two different local structure variants. Infrared spectroscopy confirms the absence of
N-H bonds. Powder X-ray diffraction data prove that the product contains only a small
amount of La;1Si1sNy7 63601 046:Ce3". With the knowledge of the exact composition, as
unambiguously derived by the structure analysis (and supported by matching yet imprecise
EDX measurements), it was possible to optimize the synthesis, using fluorides as starting
materials. Thereby bulk samples of the homeotypic compound La;;Si13N»7.37600.936F were
obtained and investigated. Consequently, the described characterization approach may
accelerate the development and optimization of functional materials, as properties of phase-

pure samples can be more easily investigated and tuned.
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6 Summary

6.7 Ba1.53La7,395i11N23C|0_42:C63+ - A Nitridosilicate Chloride with a

Zeolite-like Structure

Pre 4 o A high-temperature metathesis reaction
A D AN N

"."4’ /A‘ e )‘ ‘m‘:s"’v!

XVE‘*V!'X , =<0 #=0 starting from LaCls, BaH,, CeF; and the

product of the ammonolysis of Si,Clg

Q.
L ‘L
AN

[ o A | o
‘iﬁ%.éw-&gmf ' os ~ )y . .
AV4‘?"5'A . ple/ vl vyielded an inhomogeneous sample with
TPV o
ple ¥ o< ec microcrystals of

Baj 63La7395i11N23Clo.42:Ce>*. Due to the small size of the crystals, diffraction data of a
microcrystal were collected using microfocused synchrotron radiation at beamline ID11 at
the ESRF [space group Cmmm (no. 65), with a=11.009(3), b =23.243(8), c=9.706(4) A,
Z = 4; R1(all) = 0.0174]. X-ray spectroscopy confirms the chemical composition of the crystal.
IR spectra corroborate absence of N-H bonds. The crystal structure of
Bal_e;g,Lam,gSi11N2_9,CI0_42:Ce3+ is homeotypic to Ba;Nd;Si;1N,s and is built up by a three-
dimensional network of vertex-sharing SiN, tetrahedra that form channels of achter rings
along [001]. According to bond valence sum calculations, some crystallographic positions
show complete occupancy by Ba or La whereas others contain significant amounts of both
elements. In contrast to the structure prototype Ba;Nd;Sii1N>3, Baj 63La7 39Si11N23Clo.42:Ce>*
contains chloride ions in channels of the SiN, tetrahedra network, hinting at various
substitution possibilities of the complex zeolite-like structure. It could be shown that
“Si>(NH)s - 6 NH4CI” is a valuable precursor for the synthesis of new (oxo)nitridosilicates and
that microfocused synchrotron radiation is a useful way to obtain precise structure analyses
of crystals, even with complex crystal structures, from inhomogeneous and microcrystalline

samples.
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7 Appendix

7 Appendix

7.1 Supporting Information for Chapter 2.2

Dajana Durach and Wolfgang Schnick, Z. Anorg. Allg. Chem. 2016, 642, 101-106.

Table S1. Anisotropic displacement parameters (U; in Az) of La16.32Ba1.825r7.86[SisoNg; 3203 65] 012 and

La13685r12.32[SigoNgs] F6.3205.65 With standard deviations in parentheses.

atom Ui Uz, Us; Us; Ui Ui
La16.32Ba1.825r7.86[SisoN92.3203.65]O12.

La/Sr1  0.01216(9) Uy 0.00889(12) 0.00006(6) U,3 -0.00394(11)
Ba/Sr2  0.0421(6) Uiz Ui; 0 0 0

Sil 0.0073(7) 0.0067(4) U, 0.0009(6) 0 0

Si2 0.0070(3) Uis 0.0070(5) -0.0002(3) Us,s -0.0001(4)
5i3 0.0071(3)  Us 0.0070(5) 0.0001(3) Uy -0.0002(4)
01 0.019(3)  0.0148(16) U, 0 0 0

N/O2 0.0112(9) Uis 0.0101(15) -0.0015(9) U, -0.0037(11)
N3 0.0128(11) Uy 0.0103(16) -0.0009(9) Uss -0.0045(14)
N4 0.0073(9) Uy 0.0125(17)  0.0020(9)  Uss 0.0007(11)
N5 0.0091(9) Uis 0.0072(14) -0.0005(8) U, 0.0021(12)
La13.68Sr12.32[SicoNos] F6.3205 63

la/Srl  0.01021(7) Uy 0.00693(9)  -0.00007(6) Uss -0.00368(10)
Sil 0.0047(6) 0.0050(4) U, -0.0003(4) 0 0

5i2 0.0051(2)  Us 0.0046(4) 0.0000(2) Uy 0.0001(3)
si3 0.00523) Uy 0.0051(4)  0.0000(2) U -0.0001(3)
F1/01 0.0118(17) 0.0125(11) Uy, 0 0 0

N2 0.0084(7) Uis 0.0056(11) 0.0001(7) Uss -0.0028(8)
N3 0.0111(9) Uy 0.0090(13)  -0.0017(7)  Uss -0.0040(11)
N4 0.0054(7) Uy 0.0108(13)  0.0016(7)  Uss 0.0000(9)
N5 0.0065(7) Uis 0.0060(12) 0.0002(7) Uss 0.0016(9)
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Figure S1. Characteristic section of the experimental powder diffraction pattern (black) of the sample

containing Laig 32Ba1.5:5r7.56[SisoNo2.3203.68]012 (a) and Layz 6sSr12.32[SisoNos] Fe.3205 65, respectively. (b).

Red lines describe the simulation of the structural models obtained from single-crystal structure

elucidation of the respective compound.Unassigned reflections belong to common side phases, e.g.,

a)

LasSigN1; (green), or unknown side phases.
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Figure S2. IR spectrum of Laie3,Ba1.5,5r7.86[SisoNo92.3203.63]012 (@) and Lai3 6sSr12.32[SisoNos]Fe.3205 65 (D).
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7.2 Supporting Information for Chapter 2.3

Dajana Durach and Wolfgang Schnick, Eur. J. Inorg. Chem. 2015, 4095-4100.

Table S1. Anisotropic displacement parameters (U, in A?) of Las[SiN,]F and o-Las[SiN;0]O with

standard deviations in parentheses.

atom Ug Uz Us; Uz Ui Uiz
Las[SiNg]F

Lal 0.00829(10) 0.00859(10) 0.01004(11) -0.00333(7) 0.00086(6) 0.00013(6)
La2 0.00651(13) 0.00534(13) 0.00636(12) O -0.00102(9) O

Sil 0.0051(5) 0.0046(5) 0.0054(5) 0 -0.0001(4) O

F1 0.0126(14) 0.0241(16) 0.0178(15) O 0.0004(12) O

N1 0.0090(12) 0.0056(12) 0.0121(13) -0.0015(10) -0.0011(10) 0.0006(10)
N2 0.0048(17) 0.0117(18) 0.0078(18) O 0.0019(14) O

N3 0.0061(17) 0.0106(18) 0.0065(17) O -0.0008(14) O
o0-La;[SiN;0]O

Lal 0.0087(2) 0.0105(2) 0.0107(2) -0.0030(2)  0.0003(2) 0.00038(19)
La2 0.0075(3) 0.0079(3) 0.0084(3) 0 -0.0012(3) O

si1 0.0071(18) 0.0066(16) 0.0066(17) O -0.0008(13) O

o1 0.016(5) 0.024(5) 0.010(5) 0 -0.005(4) 0

N/02 0.009(3) 0.009(4) 0.012(4) -0.003(3) -0.006(3) 0.001(3)
N/O3 0.009(5) 0.015(6) 0.008(5) 0 -0.003(4) 0

N/O4 0.009(5) 0.011(5) 0.021(7) 0 0.009(4) 0
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Table S2. Crystallographic data of Rietveld refinement of La;[SiN4]F and o-Laz[SiN;0]O.

Formula Las[SiN4]F o-Laz[SiN3;0]0

Crystal system Orthorhombic

Pnma (no. 62)

Space group
a [A] 9.97076(7) 9.96745(17)
b [A] 7.69966(5) 7.6267(12)
c[A] 6.89324(5) 6.90725(11)
Cell volume [A%] 529.204(6) 525.050(14)
Formula units per unit cell 4
Density [g-cm™] 6.524 6.563
Temperature [K] 293(2)

STOE STADI P

Diffractometer

Radiation [A] Mo-Ka; (A = 0.70930)

20 range [°] 2-63

Data points 4120 4087
Total no. of reflections 970 999
Refined parameters 40 143

Background function Shifted Chebychev

Rup 0.05537 0.04457
Rexp 0.01761 0.01859
R, 0.03691 0.03336
Rérage 0.01943 0.01580
X 3.145 2.397
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Figure S1. Rietveld refinement of the sample containing o-La;[SiN30]O. Observed (black line) and
calculated (red line) X-ray powder diffraction pattern as well as difference profile (green line). The
vertical bars indicate positions of Bragg reflections (black: o-Las[SiN30]O (25%), blue:

La16[SigN,,]1[SiONa], (54%) purple: LaN (21%). The marked reflection (*) is from LaN.
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Figure S2. IR spectrum of the sample containing Las[SiN4]F.
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Raman intensity a.u.
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Figure S3. Raman spectrum of a crystal of 0-La;[SiN3;0]O (red) and background of the capillary (black).
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7.3 Supporting Information for Chapter 3.2

Dajana Durach, Peter J. Schmidt and Wolfgang Schnick, patent in progress.

Table S1. Atomic coordinates, isotropic displacement parameters [A?] and site occupancies of

LasCaSi;,N170,0, and Las ;Ca,3Si1,N117014.3 at room temperature with standard deviations in

parentheses.

atom X y z Ueq s.o.f.

LasCaSi;;N¢7070,

Lal 20 O 0 -0.00003(13) 0.00525(16) 1

La,Ca2A  4c  0.68037(3) 0.18037(3) 0.02320(19) 0.00788(16) 0.7;0.25

La2B 4c  0.6754(7) 0.1754(7) 0.198(3) 0.00788(16) 0.05

Si1 8d 0.20879(13) 0.07935(13)  0.5348(5) 0.0045(3) 1

Si2 4c  0.11796(13) 0.61796(13)  0.0449(6) 0.0037(5) 1

N1 4c  0.1516(5) 0.6516(5) 0.6963(14) 0.0045(14) 1

N,02 8d  0.2319(5) 0.0744(5) 0.1854(10)  0.0089(10)  13/18;5/18

N,O3 8d  0.0796(5) 0.1796(5) 0.6414(11) 0.0095(10) 13/18;5/18

N,04 2b O % 0.072(2) 0.014(2) 13/18;5/18

01 4c  0.5704(9) 0.0704(9) 0.569(3) 0.021(3) %

Las 7Ca3.3Si1oN11 70143

La,Cal 20 O 0 0.00003(18) 0.00878(17)  0.95;0.05

La,Ca2A  4c  0.67945(6)  0.17945(6)  0.0246(3) 0.0189(3) 0.4; 0.4

La,Ca2B 4c  0.6744(4) 0.1744(4) 0.1969(18) 0.0189(3) 0.05; 0.15

Sil 8d 0.20715(14) 0.08102(13) 0.5356(4) 0.0085(3) 1

Si2 4c  0.11985(14) 0.61985(14)  0.0449(5) 0.0070(4) 1

N1 4c  0.1495(5) 0.6495(5) 0.6967(13)  0.0067(13) 1

N,02 8d  0.2311(5) 0.0760(5) 0.1890(10) 0.0160(10) 77/180;
103/180

N,O03 8d  0.0786(5) 0.1816(5) 0.6415(12) 0.0173(10) 77/180;
103/180

N,04 2b 0 % 0.067(2) 0.028(3) 77/180;
103/180

01 4c  0.5689(4) 0.0689(4) 0.5668(11)  0.0116(14) 1
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7 Appendix

Table S2. Anisotropic displacement parameters (U, in A?) of LasCaSi;,N;7,0,0, and

Laz.66Ca2.345i12N11.66014.34.

atom Uiz Uz Uss Uz Uis Ui
LasCaSi;;N¢7070,

Lal 0.00495(19) Uy; 0.0057(3) O 0 0

La/Ca2A 0.00364(17) Uy 0.0176(4) -0.0002(3)  Uj; -0.00055(17)
La/Ca2B 0.00364(17) Uy 0.0176(4) -0.0002(3)  Uj; -0.00055(17)
Sil 0.0045(6) 0.0040(6) 0.0044(8) 0.0006(8) 0.0011(9) -0.0020(5)
Si2 0.0033(5) Ui 0.0046(12) -0.0003(7) Ui 0.0001(7)
N1 0.0047(19) Uy 0.003(3) -0.0011(18) Uy 0.000(3)
N/O2 0.008(2) 0.011(2) 0.007(2) 0.0001(18) 0.0001(18) -0.0013(19)
N/O3 0.008(2) 0.010(3) 0.010(3) 0.0008(19) 0.0003(19) -0.0011(19)
N/O4 0.012(3) Ui 0.019(6) 0 0 -0.006(3)
01 0.021(4) Ui 0.023(9) -0.003(4) Uss 0.002(5)
La3.66Ca2.345i12N11.66014.34

La/Cal  0.0088(2) Ui 0.0091(3) © 0 0

La/Ca2A 0.0097(3) Ui 0.0377(7) -0.0027(5) Uy -0.0007(3)
La/Ca2B 0.0097(3) Ui 0.0377(7)  -0.0027(5)  Uxs -0.0007(3)
Sil 0.0094(6) 0.0098(6) 0.0064(7)  0.0000(7) 0.0002(7) -0.0034(5)
Si2 0.0076(5) Ui 0.0066(10) -0.0006(6) Uy 0.0004(7)
N1 0.0074(18) Uy 0.006(3) 0.0002(16) Uy 0.001(2)
N/O2 0.016(2) 0.020(3)  0.013(2) -0.0017(18) -0.0001(18) -0.0042(18)
N/O3 0.017(2) 0.018(3) 0.017(3) -0.001(2) 0.002(2) -0.0002(19)
N/O4 0.022(3) Ui 0.039(9) 0 0 -0.004(4)
01 0.0105(15) Uy 0.014(4) 0.0004(15) Uy 0.0033(19)
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Figure S1. IR spectrum of (a) LasCaSi;,N170,0, and (b) a washed sample containing

intensity a.u.

Las 7Ca,3Si12N11 7014 3.
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Figure S2. Observed (black line) and calculated (red line) powder diffraction pattern, positions of

Bragg reflections (vertical bars) and difference profile (green line) for the Rietveld refinement of a

sample of LasCaSi;;N170,0,.
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Figure S3. Observed (black line) and calculated (red line) powder diffraction pattern, positions of
Bragg reflections (vertical bars) and difference profile (green line) for the Rietveld refinement of a

washed sample containing Laz ¢6Cas.34Si15N11.66014.34.
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Table S3. Crystallographic data of Rietveld refinement of LasCaSi;,N1;0,0;,and

Laz 66Ca2.345i12N11.66014 3.

Formula

Crystal system

Space group

a [A]

c[A]

Cell volume [A%]
Formula units per unit cell
Density [g-cm™]
Diffractometer
Radiation [A]

20 range [°]

Data points

Total no. of reflections
Refined parameters
Background function
Rup

Rexp

RP

RBragg

LascaSi12N17O7D2

10.12634(10)
4.90341(7)
502.819(12)

4.69534(11)

2.0-63.785
4120

525

47

9.946
1.722
7.058
4.68728082

La3.66Ca2345112N11.66014.3
Tetragonal
P4pm (no. 100)
10.09483(14)

4.93130(9)
502.52(16)
1
4.41406(15)
STOE STADI P

Mo-Ke; (A =0.70930)
2.0-63.485
4100
520
48

Shifted Chebychev
9.813
1.899
6.771
4.01751294
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Figure S4. Temperature dependence of the emission intensity of LaSCaSi12N17O7D2:Ce3+ (1.2 mol% Ce)

(red), Las;Cay3Si1oN1170143:Ce® (2.1 mol% Ce) (blue) and LasCaSi;;Ni,050,:Ce®, Eu®* (1.9 mol% Ce and

0.1 mol% Eu) (green).
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7.4 Supporting Information for Chapter 4.2

Dajana Durach, Lukas Neudert, Peter J. Schmidt, Oliver Oeckler and Wolfgang Schnick, Chem.
Mater. 2015, 27, 4832-4838.

Figure S1. SEM image of an aggregate of La;BaSisNyO,:Ce** mounted on a Kapton foil sample holder.

intensity a.u.

P L L L ¥V U S LT TN TR N R TR L T TN TR VTR DR T T T
[ [N ] [ [l [ | e e L T I T O R WHE 1Y

] L ] L
10 20
20/°

Figure S2. Characteristic section of the Rietveld profile fit for a sample of LazBaSisNyO,: observed

(black line) and calculated (red line) powder diffraction pattern as well as position of Bragg

reflections (black: LazBaSisNgO, (93%), blue: LaSisNs(7%)) and difference profile (green line).
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Figure S3. IR spectrum of the sample whose powder pattern is shown in Figure S1.

Table S1. Atomic coordinates, site occupancies and isotropic (for O/N) or equivalent isotropic atomic
displacement parameters (for Si/La/Ba) of LazBaSisNgO, (in A?) with standard deviations in

parentheses.

atom X y z Uiso/ Ueq s.o.f.
Lal 4b 0.22420(8)  0.03047(4)  0.92256(6)  0.00950(16) 0.9144
Bal 4b 0.22420(8) 0.03047(4) 0.92256(6) 0.00950(16) 0.0856

La2 4b  0.22608(7)  0.28788(3)  0.59655(6)  0.00728(15)  0.9544
Ba2 4b  0.22608(7)  0.28788(3)  0.59655(6)  0.00728(15)  0.0456
La3A  4b  0.2717(2) 0.21079(9)  0.09552(13)  0.0113(3) 0.5433
Ba3A 4b  0.2717(2) 0.21079(9)  0.09552(13)  0.0113(3) 0.2067
La3B  4b  0.2725(8) 0.2223(4) 0.0692(5) 0.0113(3) 0.1936
Ba3B 4b  0.2725(8) 0.2223(4) 0.0692(5) 0.0113(3) 0.0564
Lad 4b  0.27890(8)  0.48297(4)  0.48236(6)  0.00865(16) 0.9044
Bad 4b  0.27890(8)  0.48297(4)  0.48236(6)  0.00865(16) 0.0956

La5SA 2a 0 0.0542(6) 0.2231(14)  0.0071(10)  0.3459
BaSA 2a 0 0.0542(6) 0.2231(14)  0.0071(10)  0.0841
la5B  2a 0 0.0402(4) 0.2316(10)  0.0071(10)  0.4585
Ba5B 2a 0 0.0402(4) 0.2316(10)  0.0071(10)  0.1115
La6 2a 0 0.09669(6)  0.63200(9)  0.0115(2) 0.2344
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Bab
La7
Ba7
La8
Ba8
La9A
Ba9A
LaoB
Bag9B
Lal0
Bal0
Lall
Ball
Lal2
Bal2
Sil
Si2
Si3
Si4
Si5
Si6
Si7
Si8
Si9
Sil0
Sill
Si12
N1
N2
N3
N4
N5
N6
N7
N8

2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
4b
4b
4b
4b
4b
4b
4b
4b
2a
2a
2a
2a
4b
4b
4b
4b
4b
4b
4b
4b

O O O O O O o o o o o o o o

0
0.1636(3)
0.1757(3)
0.1769(3)
0.1808(3)
0.3227(3)
0.3359(3)
0.3368(3)
0.3377(3)
0

0

0

0
0.1479(11)
0.2275(10)
0.2315(14)
0.2360(10)
0.2401(12)
0.2425(14)
0.2472(11)
0.2491(11)

0.09669(6)
0.27154(5)
0.27154(5)
0.34883(5)
0.34883(5)
0.6070(7)
0.6070(7)
0.61423(6)
0.61423(6)
0.77904(5)
0.77904(5)
0.51509(5)
0.51509(5)
0.85597(5)
0.85597(5)
0.20837(14)
0.38100(15)
0.64476(14)
0.14229(14)
0.09717(15)
0.29008(15)
0.53404(14)
0.05057(15)
0.1457(2)
0.4030(2)
0.6385(2)
0.8995(2)
0.1594(5)
0.5678(5)
0.3581(7)
0.3120(5)
0.7167(5)
0.1089(7)
0.2257(5)
0.4614(5)

0.63200(9)
0.30800(8)
0.30800(8)
0.88810(12)
0.88810(12)
0.7095(16)
0.7095(16)
0.65333(12)
0.65333(12)
0.28360(8)
0.28360(8)
0.26193(8)
0.26193(8)
0.91257(8)
0.91257(8)
0.8093(2)
0.1514(2)
0.3985(3)
0.4051(3)
0.6405(3)
0.3446(3)
0.2322(3)
0.2084(2)
0.0003(4)
0.5446(3)
0.0144(3)
0.5091(4)
0.9263(8)
0.3317(8)
0.0208(12)
0.2323(9)
0.3283(10)
0.2843(11)
0.4161(9)
0.1836(9)

0.0115(2)
0.0092(2)
0.0092(2)
0.0175(3)
0.0175(3)
0.0141(3)
0.0141(3)
0.0141(3)
0.0141(3)
0.0097(2)
0.0097(2)
0.00816(19)
0.00816(19)
0.00748(19)
0.00748(19)
0.0050(5)
0.0051(5)
0.0053(5)
0.0053(5)
0.0050(5)
0.0058(5)
0.0047(5)
0.0054(5)
0.0073(8)
0.0049(8)
0.0056(8)
0.0088(8)
0.0099(18)
0.0080(17)
0.025(3)
0.0092(18)
0.013(2)
0.023(2)
0.0106(18)
0.012(2)

0.7656
0.8344
0.1656
0.4544
0.5456
0.0403
0.0396
0.1788
0.7412
0.8244
0.1756
0.9344
0.0656
0.6744
0.3256
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N9
N10
N11
N12
N13
N14
N15
N16
N17
N18
N19
N20
N21
N22
o1
02
03
04
05
06
07
08

4b
4b
4b
4b
4b
4b
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a

0.2552(11)
0.2583(11)
0.2646(11)

0.3496(11)
0.3520(10)
0.3537(10)

0

O O O O O O O o o o o o o o o

0.0912(5)
0.1707(5)
0.0242(5)
0.3583(5)
0.0843(5)
0.5900(5)
0.1423(7)
0.2321(7)
0.3861(7)
0.4830(6)
0.6470(8)
0.7388(6)
0.8956(7)
0.9648(7)
0.0582(6)
0.1899(7)
0.3211(6)
0.4607(7)
0.5571(6)
0.6995(6)
0.8132(7)
0.9477(8)

0.5071(8)

0.7051(9)

0.7107(9)

0.4388(8)

0.0779(8)

0.1222(8)

0.4073(13)
0.7564(12)
0.1695(13)
0.7935(11)
0.4111(15)
0.7994(11)
0.1313(13)
0.7753(13)
0.0247(10)
0.1230(11)
0.4971(10)
0.4436(12)
0.0686(10)
0.1159(10)
0.4828(12)
0.3948(13)

0.0093(18)
0.0098(18)
0.0110(19)
0.0094(18)
0.0100(18)
0.0088(17)
0.013(3)
0.013(3)
0.014(3)
0.007(2)
0.020(3)
0.006(2)
0.014(3)
0.013(3)
0.012(2)
0.021(3)
0.011(2)
0.019(3)
0.011(2)
0.015(2)
0.019(3)
0.027(3)

Table S2. Anisotropic displacement parameters (U, in A?) (for Si/La/Ba) of La3BaSisNgO,.

atom Ujp; Uy, Uss Uss Uiz Ui

Lal 0.0085(4) 0.0110(3) 0.0089(3) -0.0012(3)  -0.0003(3)  0.0007(2)
Bal  0.0085(4) 0.0110(3) 0.0089(3) -0.0012(3)  -0.0003(3)  0.0007(2)
La2 0.0081(3) 0.0089(3) 0.0049(3) 0.0015(2) 0.0010(3) 0.0014(2)
Ba2  0.0081(3) 0.0089(3) 0.0049(3) 0.0015(2) 0.0010(3) 0.0014(2)
La3A 0.0110(4) 0.0119(8) 0.0110(9) -0.0043(5)  -0.0013(7)  0.0023(5)
Ba3A 0.0110(4) 0.0119(8) 0.0110(9) -0.0043(5)  -0.0013(7)  0.0023(5)
La3B  0.0110(4) 0.0119(8) 0.0110(9) -0.0043(5)  -0.0013(7)  0.0023(5)
Ba3B 0.0110(4) 0.0119(8) 0.0110(9) -0.0043(5)  -0.0013(7)  0.0023(5)
Lad 0.0089(3) 0.0099(3) 0.0072(3) 0.0033(2) 0.0002(3) 0.0005(2)
Bad  0.0089(3) 0.0099(3) 0.0072(3) 0.0033(2) 0.0002(3) 0.0005(2)
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La5A
Ba5A
La5B
Ba5B
Lab
Bab
La7
Ba7
La8
Ba8
La9A
Ba%A
La9B
BaoB
Lal0
Balo
Lall
Ball
Lal2
Bal2
Sil
Si2
Si3
Si4
Si5
Si6
Si7
Si8
Si9
Sil0
Sill
Si12

0.0041(5)
0.0041(5)
0.0041(5)
0.0041(5)
0.0071(5)
0.0071(5)
0.0047(5)
0.0047(5)
0.0064(5)
0.0064(5)
0.0066(6)
0.0066(6)
0.0066(6)
0.0066(6)
0.0039(5)
0.0039(5)
0.0049(4)
0.0049(4)
0.0050(5)
0.0050(5)
0.0037(14)
0.0028(14)
0.0043(14)
0.0039(14)
0.0033(13)
0.0047(14)
0.0045(14)
0.0056(15)
0.006(2)
0.002(2)
0.005(2)
0.005(2)

0.011(3) 0
0.011(3) 0
0.011(3) 0
0.011(3) 0
0.0163(5)
0.0163(5)
0.0133(4)
0.0133(4)
0.0105(4)
0.0105(4)
0.0130(5)
0.0130(5)
0.0130(5)
0.0130(5)
0.0160(4)
0.0160(4)
0.0131(4)
0.0131(4)
0.0098(4)
0.0098(4)
0.0070(12)
0.0088(12)
0.0073(12)
0.0065(11)
0.0073(11)
0.0080(12)
0.0049(11)
0.0069(12)
0.0115(18)
0.0092(18)
0.0068(17)
0.017(2)

0.0068(18)
0.0068(18)
0.0068(18)
0.0068(18)
0.0110(4)
0.0110(4)
0.0095(4)
0.0095(4)
0.0356(7)
0.0356(7)
0.0226(7)
0.0226(7)
0.0226(7)
0.0226(7)
0.0091(4)
0.0091(4)
0.0065(4)
0.0065(4)
0.0076(4)
0.0076(4)
0.0043(12)
0.0038(13)
0.0042(13)
0.0056(13)
0.0042(12)
0.0046(12)
0.0048(12)
0.0037(12)
0.0047(18)
0.0033(17)
0.0048(18)
0.0044(18)

-0.001(2)
-0.001(2)
-0.001(2)
-0.001(2)
0.0022(4)
0.0022(4)
0.0048(4)
0.0048(4)
-0.0039(4)
-0.0039(4)
-0.0018(5)
-0.0018(5)
-0.0018(5)
-0.0018(5)
0.0001(3)
0.0001(3)
0.0024(3)
0.0024(3)
-0.0018(3)
-0.0018(3)
0.0000(10)
0.0007(9)
-0.0004(9)
-0.0003(9)
0.0009(10)
0.0008(9)
0.0014(9)
-0.0003(9)
0.0014(14)
-0.0009(14)
-0.0010(14)
-0.0017(15)

O O O O O O O O O O O O o o o o o o o o

-0.0004(11)
-0.0004(10)
-0.0007(11)
-0.0001(11)
0.0011(11)
-0.0007(11)
0.0006(11)
0.0002(10)
0

0
0
0

©O O O O O O O O O O O o o o o o o o o o

-0.0009(9)
-0.0001(10)
0.0009(10)
0.0004(10)
-0.0006(9)
-0.0010(10)
-0.0001(9)
-0.0001(10)
0

0
0
0
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Table S3. Bond-valence sums for the anions and Si in La;BaSisNgO..

atom BVS oxidation atom BVS oxidation atom BVS oxidation
state state state
Sil 4.05 4 N3 2.79 3 N17 2.85 3
Si2 4.02 4 N4 2.99 3 N18 2.52 3
Si3 4.03 4 N5 2.96 3 N19 2.62 3
Si4 4.07 4 N6 2.68 3 N20 2.62 3
Si5 4.02 4 N7 3.05 3 N21 2.72 3
Si6 3.93 4 N8 2.94 3 N22 2.56 3
Si7 3.95 4 N9 3.05 3 01 1.87 2
Si8 3.95 4 N10 3.05 3 02 1.46 2
Si9 3.80 4 N11 2.86 3 03 2.10 2
Si10 4.03 4 N12 2.98 3 04 1.94 2
Sil1 3.78 4 N13 3.19 3 05 2.24 2
Si12 4.08 4 N14 3.27 3 06 1.84 2
N1 3.00 3 N15 2.72 3 07 1.75 2
N2 3.18 3 N16 2.71 3 08 1.57 2
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Table S4. Bond-valence sums for the heavy atom sites in La;BaSisNyO,.

weighted average weighted average

atom BVS oxidation state  s.o.f. BVS oxidation state
Lal 2.76 3 0.91

2.92 291
Bal 4.60 2 0.09
La2 2.86 3 0.95

2.96 2.95
Ba2 4.77 2 0.05
La3A 2.30 3 0.54

2.04 2.16
Ba3A  3.81 2 0.21
La3B 2.40 3 0.19

0.69 0.69
Ba3B 3.97 2 0.06
Lad 2.72 3 0.90

2.90 2.90
Ba4 4.52 2 0.10
La5A 2.48 3 0.35

1.20 1.21
BaSA  4.04 2 0.08
La5B 2.47 3 0.46

1.59 1.60
BaSB  4.06 2 0.11
La6 1.41 3 0.23

2.23 2.23
Ba6 2.48 2 0.77
La7 2.56 3 0.83

2.84 2.83
Ba7 4.23 2 0.17
La8 1.73 3 0.45

2.46 2.45
Ba8 3.05 2 0.55
La9A 1.79 3 0.04

0.21 0.20
Ba9A  3.16 2 0.04
La9B 1.36 3 0.18

2.02 2.02
Ba9B  2.39 2 0.74
Lal0 2.54 3 0.82

2.83 2.82
Bal0  4.15 2 0.18
Lall 2.82 3 0.93

2.94 2.93
Ball 4.57 2 0.07
Lal2 2.13 3 0.67

2.66 2.67
Bal2  3.75 2 0.33
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7.5 Supporting Information for Chapter 4.3

Dajana Durach, Felix Fahrnbauer, Oliver Oeckler and Wolfgang Schnick, Inorg. Chem. 2015,

54, 8727-8732.

Intensity a.u.

[l LT O T e R T

W I T O TR

| P . | P R 1
5 10 15 20 25 30 35

20/°

Figure S1. Characteristic section of the Rietveld profile fit for a sample of LagBasSi,;N,30,Cl: observed
(black line) and calculated (red line) powder diffraction patterns of the sample as well as position of
Bragg reflections (black: LagBas[Si;7N»90,]Cl (95.1%), blue: BaCl, (4.9%)) and difference profile (green

line).
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Table S1. Crystallographic data of Rietveld refinement of LagBas[Si;7N»90,]Cl at room temperature.

formula

crystal system
space group

a(in A)

c(inA)

cell volume (in A%)
z

density (in g-cm™)
Diffractometer
Radiation

20 range (°)

data points

total no. of reflections
refined parameters

background function

RBragg

LagBas[Si17N290,]Cl
hexagonal

P635/m (no. 176)
9.7974(5)’
19.2415(10)'
1599.53(17)

2

4.5606(5)

STOE STADI P
Mo-Ka; (A = 0.70930 A)
2.0-60.3

3886

1662

94

shifted Chebychev
0.0690

0.0168

0.0500

0.0321

'for crystal structure refinement, single crystal data were used
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Table S2. Anisotropic displacement parameters (U, in A?) of LagBas[Si17N»90,]Cl.

atom U11 U22 U33 U23 U13 U12

Lal 0.00638(6) 0.00758(7) 0.00935(7) -0.00011(4) 0.00072(4) 0.00313(5)

Ba2  0.01125(9) 0.01768(10) 0.00826(9) O 0 0.00861(8)
Sil  0.0051(3)  0.0041(3) Uy 0 0 0.0020(3)
Si2  0.0041(2) Ui 0.0076(4) 0 0 0.00207(11)

Si3  0.0044(2)  0.0048(2)  0.0049(2)  0.00014(17) 0.00018(17) 0.00224(18)
Si4  0.0045(2) U 0.0058(2)  0.00018(17) 0.00038(17) 0.00227(18)
N1  0.0045(7) Uy 0.0084(12) 0O 0 0.0023(3)
N2 0.0070(7)  0.0084(7)  0.0052(7)  0.0009(5)  0.0010(5)  0.0053(6)
N3  0.0069(7)  0.0055(7)  0.0076(7)  -0.0003(5)  0.0009(5)  0.0030(6)
N4  0.0045(6)  0.0058(7)  0.0133(8)  -0.0001(6)  0.0008(6)  0.0022(6)
N5  0.0090(7)  0.0082(7)  0.0076(7)  -0.0026(6) -0.0016(6)  0.0034(6)

N6 0.0055(10) 0.0049(9) 0.0123(11) 0 0 0.0017(8)
o7 0.0088(6) Uiz 0.0082(11) 0 0 0.0044(3)
cla 0.0257(7) Uiz 0.111(5) 0 0 0.0129(4)
1.00 4
0.95
B
3
2
0.90
0.85
4000 l 30IOO l 20IOO l 1OIOO

Wavenumber / cm™

Figure S2. IR spectrum of LagBas[Si;;N,50,]Cl.
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7.6 Supporting Information for Chapter 4.4

Dajana Durach, Peter Schultz, Oliver Oeckler and Wolfgang Schnick, Inorg. Chem. 2016, 55,

3624-3629.

Table S1. Atomic coordinates, site occupancies and isotropic (Ui, for Si15A/Si15B, Si16A/Si16B and

all O and N atoms) or equivalent isotropic atomic displacement parameters (Ueg, in A?) of

La11Si13N27.63601.046 With estimated standard deviations in parentheses. U, is defined as one third of

the trace of the orthogonalized Uj; tensor exp[-21° (Usih’a > + Uyk®b ™ + UssPPc ® + Uphka b +

Uwshla"c" + Uysklb'c)].

atom X y z Uiso/Ueq s.o.f.
Lal 4a 0 0.58418(2) 0.06079(3) 0.00620(7) 1

La2 8b 0.28940(3) 0.08916(2) 0.41059(2) 0.00762(5) 1

La3 4a 0 0.17562(2) 0.35004(3) 0.01097(8) 1

Lad 4a 0 0.48543(2) 0.35207(3) 0.00824(7) 1

La5 8b 0.27814(4) 0.26268(2) 0.40011(2) 0.00965(6) 1

La6 4a 0 0.16838(2) 0.03201(3) 0.00705(7) 1

La7 4a 0 0.05619(2) 0.71944(3) 0.00917(8) 1

La8C 4a 0 0.25015(12) 0.5569(3) 0.0126(3) 0.79(4)
La8D 4a 0 0.2428(8) 0.5711(13) 0.012(2) 0.21(4)
La9 8b  0.29129(4) 0.16447(2) 0.17756(2) 0.01069(6) 1

Lal0 8b 0.30195(3) 0.38924(2) 0.37888(2) 0.00762(5) 1

Lall 4a 0 0.43409(2) 0.08172(3) 0.00833(7) 1

La12 4a 0 0.24850(2) 0.22376(3) 0.00896(8) 1

Lal3 4a 0 0.32814(2) 0.01726(3) 0.00934(8) 1

Lal4A 4a 0 0.00336(2) -0.00005(7) 0.00782(19) 0.636(3)
La14B 4a 0 0.00315(4) 0.03582(15) 0.0123(4) 0.364(3)
La15 8b  0.26314(4)  0.34391(2)  0.17511(2) 0.01255(6)

Lal6A 8b 0.27108(14) 0.04158(2) 0.21484(4) 0.01183(16) 0.636(3)
Lal6B 8b 0.2129(2) 0.04436(3) 0.21221(6) 0.0109(3) 0.364(3)
Si1 8  0.17795(15)  0.25015(4) 0.07923(8) 0.0047(2) 1

Si2 8b 0.17028(15) 0.16820(4) 0.49788(8) 0.0053(2) 1

Si3 8b 0.33842(15) 0.48558(4) 0.35643(8) 0.0053(2) 1
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Si4
Si5
Si6
Si7
Si8
Si9
Si10
Si11
Si12
Sil13
Sil4
Si15A
Si15B
Si16A
Si1l6B
N1
N2
N3A
O3B
N4
N5
N6
N7
N8
N9
N10
N11
N12
N13
N14
N15
N16
N17
N18
N19

8b
da
8b
8b
8b
4a
8b
8b
4a
4a
8b
4a
4a
4a
da
4a
8b
da
4a
8b
4a
da
4a
8b
4a
8b
8b
8b
8b
4a
8b
8b
8b
4a
da

0.16292(15)
0
0.16194(16)
0.31997(15)
0.34679(15)
0
0.34132(15)
0.34697(16)
0
0
0.32815(15)
0

.2833(5)

.3539(5)

o O O O O o o o o o o

0.2304(5)
0
0.1488(5)
0.2632(5)
0.2329(6)
0.3540(5)
0
0.1482(5)
0.2560(5)
0.2570(5)
0
0

0.43555(4)
0.60279(6)
0.08563(5)
0.00871(4)
0.17653(4)
0.30769(6)
0.16622(4)
0.24950(4)
0.17810(6)
0.36202(7)
0.42400(4)
0.11873(13)
0.1205(2)
0.05318(10)
0.06573(17)
0.50721(19)
0.37566(15)
0.1048(3)
0.0864(6)
0.13147(14)
0.0627(2)
0.0816(2)
0.2698(2)
0.16569(14)
0.03826(19)
0.03773(14)
0.21329(14)
0.25423(15)
0.29495(12)
0.1808(2)
0.32878(13)
0.42535(14)
0.04055(13)
0.24789(18)
0.3141(2)

0.23036(8)
0.27303(12)
0.06580(10)
0.00628(8)
0.34348(8)
0.37442(13)
0.00373(8)
0.23520(8)
0.80725(12)
0.24973(13)
0.07203(8)
0.2018(2)
0.1889(4)
0.30694(19)
0.3383(3)
0.0088(4)
0.0412(3)
0.2925(6)
0.2554(12)
0.2944(3)
0.5810(5)
0.0253(4)
0.6986(4)
0.4113(3)
0.8634(4)
0.3494(3)
0.2899(3)
0.1648(3)
0.2805(2)
0.4988(4)
0.4131(3)
0.1553(3)
0.0740(2)
0.0745(4)
0.2841(4)

0.0055(2)
0.0057(3)
0.0102(3)
0.0049(2)
0.0055(2)
0.0082(3)
0.0054(2)
0.0053(2)
0.0060(3)
0.0093(4)
0.0060(2)
0.0061(5)
0.0061(5)
0.0070(5)
0.0070(5)
0.0093(10)
0.0114(8)
0.0138(19)
0.021(4)
0.0084(7)
0.0185(14)
0.0123(11)
0.0115(11)
0.0109(8)
0.0086(10)
0.0097(7)
0.0080(7)
0.0121(8)
0.0070(7)
0.0143(12)
0.0080(7)
0.0095(7)
0.0072(7)
0.0071(10)
0.0135(12)

S e o T T O Y

1
0.636(3)
0.364(3)
0.636(3)
0.364(3)
1

1

0.636(3)
0.364(3)
1

R R R R R R R R R R R R R R
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N20
N21
N22
N23
N24
N25
N26
N27
N28
N29
N30
N31
N32
N33
N34
N35
N36
037B
N38
N39A
040
0418B

8b 0.2478(5)
8b 0.1482(5)
8b 0.2580(6)
8b 0.2419(5)
4a 0
4a 0
8b 0.2571(5)
4a 0
8b 0.2283(5)
8b 0.2388(6)
8b 0.1473(7)
4a 0
4a 0
4a 0
4a 0
4a 0
4a 0
4a 0
4a 0
4a 0
4a 0
4a 0

0.45977(13)
0.38903(14)
0.12068(16)
0.20576(14)
0.69561(18)
0.45762(18)
0.46951(14)
0.33341(19)
0.47046(14)
0.29131(18)
0.1047(2)
0.3539(2)
0.5556(2)
0.8255(2)
0.5961(3)
0.1281(2)
0.2544(2)
0.1037(5)
0.1718(2)
0.0259(3)
0.60356(16)
0.0108(5)

0.0169(3)
0.2751(3)
0.0161(3)
0.0399(3)
0.3809(4)
0.2148(4)
0.2801(3)
0.5487(4)
0.4246(3)
0.0342(3)
0.1514(4)
0.1547(4)
0.3177(4)
0.4022(4)
0.1808(5)
0.7721(4)
0.3884(5)
0.3969(9)
0.2044(5)
0.2287(6)
0.4733(3)
0.1673(10)

0.0083(7)
0.0091(7)
0.0156(9)
0.0097(7)
0.0078(10)
0.0078(10)
0.0107(8)
0.0087(10)
0.0101(8)
0.0179(10)
0.0244(12)
0.0163(13)
0.0126(12)
0.0120(11)
0.0207(15)
0.0139(12)
0.0202(15)
0.011(3)
0.0184(14)
0.0091(16)
0.0080(9)
0.013(3)

R R R R R R R R R R R R R R R R R

0.364(3)
1
0.636(3)
1
0.364(3)

Table S2. Anisotropic displacement parameters (in A%) (for La and Si except Si15A/Si15B, Si16A/Si16B)

of La11Si13N7.63601.046.

atom Uy Uz Us; Uz Uis Uz

Lal  0.00485(17) 0.00642(14) 0.00734(18) -0.00064(13) O 0

La2  0.00731(12) 0.00708(11) 0.00847(13) 0.00121(9) -0.00218(11) -0.00181(9)
La3  0.00627(19) 0.01481(19) 0.0118(2) 0.00224(16) O 0

La4  0.00541(17) 0.00902(16) 0.01029(19) -0.00203(14) O 0

La5 0.01049(14) 0.01047(12) 0.00798(13) -0.00186(10) 0.00037(11) 0.00290(10)
La6  0.00406(17) 0.00702(15) 0.01006(19) 0.00009(13) O 0

La7  0.00418(17) 0.01617(19) 0.00715(19) -0.00013(15) O 0

La8C 0.0064(3) 0.0052(5) 0.0262(8) 0.0037(7) 0 0

La8D 0.0064(12) 0.008(4) 0.020(4) -0.006(3) 0 0
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La9
Lal0
Lall
Lal2
Lal3
Lald
Ea14
Ea15
Lal6
Eal6
Sit
Si2
Si3
Si4
Si5
Si6
Si7
Si8
Si9
Si10
Sill
Sil2
Sil3
Sil4

0.01492(15)
0.00578(12)
0.00584(18)
0.00692(18)
0.00682(19)
0.0057(6)
0.0060(3)
0.01575(16)
0.0126(8)
0.0095(4)
0.0025(6)
0.0032(6)
0.0036(6)
0.0036(6)
0.0049(8)
0.0030(6)
0.0034(6)
0.0040(6)
0.0040(8)
0.0037(6)
0.0034(6)
0.0042(8)
0.0056(9)
0.0033(6)

0.00935(12)
0.00851(11)
0.01215(17)
0.00856(16)
0.00725(16)
0.0068(5)
0.0106(3)
0.00879(12)
0.0117(4)
0.0180(2)
0.0049(5)
0.0059(5)
0.0065(5)
0.0077(5)
0.0063(7)
0.0068(5)
0.0051(5)
0.0065(5)
0.0071(7)
0.0054(5)
0.0065(5)
0.0057(7)
0.0123(8)
0.0098(5)

0.00780(13)
0.00859(13)
0.00701(18)
0.0114(2)
0.0140(2)
0.0244(13)
0.0069(5)
0.01311(15)
0.0084(4)
0.0080(2)
0.0066(6)
0.0067(6)
0.0058(6)
0.0052(6)
0.0059(8)
0.0208(8)
0.0063(6)
0.0061(6)
0.0135(9)
0.0070(6)
0.0060(6)
0.0081(9)
0.0100(9)
0.0049(6)

0.00097(10)
0.00070(9)
-0.00086(14)
-0.00153(14)
0.00245(14)
0.0008(5)
0.0030(2)
0.00035(10)
0.0028(3)
0.00447(18)
-0.0002(4)
0.0004(4)
-0.0010(4)
-0.0008(4)
-0.0001(6)
-0.0048(5)
0.0002(4)
0.0005(4)
-0.0006(7)
0.0001(4)
-0.0005(4)
0.0020(6)
-0.0001(7)
0.0002(4)

-0.00200(12)
0.00037(10)
0

0

0

0

0
0.00065(13)
0.0023(4)
-0.0001(2)
-0.0003(4)
-0.0004(5)
0.0004(5)
-0.0004(4)
0
-0.0008(5)
0.0001(4)
0.0007(5)

0

0.0001(5)
-0.0004(4)
0

0
-0.0001(4)

-0.00153(10)
0.00000(9)
0

0

0

0

0
0.00012(10)
0.0027(4)
-0.0035(2)
0.0003(4)
-0.0001(4)
0.0001(4)
-0.0002(4)
0
0.0003(4)
0.0002(4)
0.0005(4)
0
0.0003(4)
-0.0006(4)
0

0
0.0016(4)
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Table S3. Crystallographic data and details of the structure refinement of La;1Si13N»7.37600.936F .

formula La11Si13N»7.37600.036F
crystal system orthorhombic
space group Cmc2, (no. 36)
a(in A) 9.5602(3)

b (in A) 32.3092(14)
c(inA) 18.7599(8)

cell volume (in A®) 5794.6(4)

z 8

density (in g-cm™) 5.297

 (in mm™) 16.436
Temperature (in K) 293(2)

radiation Bruker D8 Venture (Mo-Ka; A = 0.71073 A)
F(000) 8137

0 range (in °) 2.171<6<27.483
total no. of rflns 27388
independent rflns 6968 [R(int) = 0.0543]
refined params 389

twin ratio 0.37(3) / 0.63

GOF 1.392

R1 (all data / for F* > 20(F?)) 0.0575 / 0.0405
wR?2 (all data / for F* > 26(F)) 0.0598 / 0.0577
DPrmax Bpmin (in e/A%) 5.312;-1.730

i: compared to La;1Si1sN;7.63601.046 the crystal structure of La11Si13N»7.37600.936F contains an
additional isolated anion position occupied with F
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Table S4. Atomic coordinates, site occupancies and isotropic (Ui, for Si15A/Si15B, Si16A/Si16B and
all O and N atoms) or equivalent isotropic atomic displacement parameters (Ueg, in A?) of
La11Si13N27.37600.036F With estimated standard deviations in parentheses. U, is defined as one third of
the trace of the orthogonalized Uj; tensor exp[-21° (Uy;h?a™® + Uyok®b ™ + UsslPc™? + Upohka b +

Usshla’c” + Uysklb™c)].

atom X y z Uiso/Ueq s.o.f.

Lal 4a O 0.58379(5) 0.05638(9) 0.0094(4) 1

La2 8b  0.28503(11) 0.08801(4)  0.41019(6) 0.0126(3) 1

La3 4a 0 0.17441(6) 0.35177(9) 0.0172(4) 1

La4 4a 0 0.48278(5) 0.35645(9) 0.0117(4) 1

LaS 8b  0.27805(11) 0.26185(4)  0.40193(6) 0.0118(2) 1

Lab 4a 0 0.16843(5) 0.03338(9) 0.0085(4) 1

La7 40 0 0.05860(5) 0.72122(9) 0.0102(4) 1

Lag8D 4a 0 0.24690(6) 0.56663(10)  0.0157(4) 1

La9 8b  0.29191(11) 0.16301(4)  0.17683(6) 0.0140(3) 1

Lal0 8b 0.29470(12) 0.38970(4) 0.38099(6) 0.0159(3) 1

La1ll 4a 0 0.43262(6) 0.08382(9) 0.0127(4) 1

La12 4a 0 0.24730(6)  0.22460(9) 0.0129(4) 1

Lal3 4a 0 0.32679(5) 0.01776(9) 0.0149(4) 1

L14B 4a 0 0.0020(6) 0.0007(4) 0.0091(14) 0.624(10)
L14A 4a O 0.0022(10) 0.0184(8) 0.0091(14)  0.376(10)

La15 8b  0.26882(10) 0.34195(4)  0.17727(6)  0.0126(3) 1

L16B  8b  0.2804(6) 0.03826(17)  0.2122(3) 0.0190(9) 0.624(10)
L1I6A  8b  0.2388(8) 0.0479(3) 0.2170(5) 0.0190(9) 0.376(10)
si1 8b  0.1782(5) 0.25034(17)  0.0803(3) 0.0065(12) 1

Si2 8b  0.1689(5) 0.16837(17)  0.4971(3) 0.0080(11)

Si3 8b  0.3396(5) 0.48765(16)  0.3541(3) 0.0081(11) 1

Si4 8b  0.1626(5) 0.43387(16)  0.2315(3) 0.0088(11) 1

Si5 46 0 0.6018(3) 0.2729(4) 0.0100(17) 1

Si6 8b  0.1616(5) 0.08439(18)  0.0685(3) 0.0138(14) 1

Si7 8b  0.3197(5) 0.00667(16)  0.0071(3) 0.0057(11) 1

Si8 8b  0.3460(5) 0.17559(17)  0.3426(3) 0.0073(11) 1

Si9 46 0 0.3083(3) 0.3741(4) 0.0146(18) 1

Si10 8b  0.3407(5) 0.16679(17)  0.0061(3) 0.0074(12) 1

Si11 8b  0.3472(5) 0.24843(16)  0.2370(3) 0.0066(11) 1
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Si12
Si13
Si14
5158
5168
S16A
N1
N2
03B
N3A
N4
N5
N6
N7
N8
N9
N10
N11
N12
N13
N14
N15
N16
N17
N18
N19
N20
N21
N22
N23
N24
N25
N26
N27
N28

4a
da
8b
da
4a

4a
8b
da
4a
8b
4a
4a
4a
8b
4a
8b
8b
8b
8b
4a
8b
8b
8b
4a
da
8b
8b
8b
8b
4a
da
8b
4a
8b

0

0
0.3297(5)
0

0

0

0
0.2838(13)
0

0
0.3548(14)
0

0

0
0.2340(14)
0
0.1505(16)
0.2574(12)
0.2348(15)
0.3541(12)
0
0.1505(14)
0.2575(13)
0.2567(14)
0

0
0.2428(13)
0.1505(13)
0.2558(13)
0.2408(15)
0

0
0.2530(16)
0
0.2345(16)

0.1792(2)
0.3609(3)
0.42234(16)
0.1184(2)
0.0684(5)
0.0594(38)
0.5059(7)
0.3741(5)
0.0975(12)
0.165(3)
0.1301(5)
0.0628(8)
0.0793(7)
0.2715(7)
0.1650(4)
0.0361(7)
0.0394(5)
0.2113(5)
0.2543(5)
0.2932(5)
0.1836(8)
0.3280(4)
0.4247(4)
0.0392(5)
0.2506(6)
0.3126(7)
0.4580(4)
0.3872(4)
0.1208(5)
0.2062(5)
0.6959(7)
0.4542(7)
0.4678(5)
0.3319(6)
0.4751(5)

0.8109(4)
0.2509(5)
0.0735(3)
0.1968(4)
0.3404(8)
0.3212(13)
0.0094(11)
0.0422(8)
0.2649(19)
0.487(5)
0.2955(8)
0.5809(13)
0.0278(12)
0.7015(11)
0.4116(8)
0.8650(11)
0.3395(9)
0.2903(8)
0.1640(8)
0.2843(8)
0.4900(15)
0.4157(8)
0.1556(7)
0.0742(8)
0.0762(11)
0.2874(11)
0.0187(7)
0.2747(7)
0.0203(8)
0.0417(8)
0.3794(11)
0.2148(12)
0.2826(8)
0.5508(10)
0.4266(9)

0.0081(16)
0.025(2)
0.0061(11)
0.0113(16)
0.012(2)
0.012(2)
0.008(5)
0.009(3)
0.038(9)
0.038(9)
0.011(3)
0.017(6)
0.008(5)
0.007(5)
0.008(3)
0.007(5)
0.025(4)
0.008(3)
0.014(4)
0.006(3)
0.020(7)
0.010(3)
0.005(3)
0.013(4)
0.004(4)
0.010(5)
0.008(3)
0.008(3)
0.011(3)
0.010(3)
0.011(5)
0.007(4)
0.016(4)
0.004(4)
0.018(4)

1
1
1
1

0.624(10)
0.376(10)
1
1
0.624(10)
0.376(10)
1

R R R R R R R R R R R R R R R R R R R R R R R
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N29
N30
N31
N32
N33
N34
N35
N36
037B
N38
N39A
F1
041B
F2

8b
8b
4a
da
4a
4a
4a
da
4a
4a
da
4a
4a
4a

0.2419(15)
0.1495(15)
0

o O O O O o o o o o

N

0.2911(5)
0.1018(5)
0.3519(8)
0.5516(7)
0.8230(7)
0.5933(7)
0.1287(8)
0.2531(8)
0.0961(11)
0.1709(6)
0.0174(18)
0.6040(5)
0.0118(9)
0.3169(5)

0.0312(8)
0.1539(8)
0.1517(13)
0.3162(11)
0.4055(12)
0.1795(13)
0.7788(11)
0.3798(13)
0.408(2)
0.1851(11)
0.200(3)
0.4728(8)
0.1711(14)
0.1392(9)

0.012(3)
0.020(4)
0.026(6)
0.009(5)
0.013(5)
0.022(6)
0.015(5)
0.028(7)
0.035(9)
0.010(5)
0.004(5)
0.025(4)
0.004(5)
0.026(4)

R R R R R R R R

0.624(10)
1
0.376(10)
1
0.624(10)
1
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Table S5. Crystallographic data of Rietveld refinement for La;;Si;sN,7.37600.036F; the refinement was

based on the results of the single-crystal investigation of La;1Si13N»7.37600.036F, only lattice parameters

were refined.

formula

crystal system
space group

a(in A)

b (in A)

c(in A)

cell volume (in A3)
z

density (in g-cm™)
temperature (in K)
diffractometer
radiation

20 range (°)

data points

total no. of rflns
refined params
background function
Rwp

Rexp

RP

RBragg

La11Si13N27.37600.936F
orthorhombic
Cmc2, (no. 36)
9.56301(8)
32.2977(4)
18.75796(19)
5793.64(10)

8

5.297

293(2)

STOE STADI P
Mo-Kay (A =0.70930 A)
2.0-62.6

4042

5265

28

shifted Chebychev
0.0490

0.0192

0.0344

0.0253
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a) b)
La_[Si N ][Si.ON .
La:s[iﬁg 22][ : 3]2 La‘HSI13N27 63601 046
3 5
s ©
= =
2 2
2 \ 2
= =
I
Mo MLt
1 n 1 n
10 20 30 10 20 30
20/° 20/°

Figure S1. a) Characteristic section of the experimental powder diffraction pattern (black) of the
sample containing La11Si13N27 63601 046:Ce>": red peaks belong to the calculated pattern of
La6[SigN,,][SizONs], and green ones to that of LasSisNg; b) characteristic section of the experimental
powder diffraction pattern (black) of the same sample washed with H,0, pink peaks correspond to a
diagram calculated according to the structure model of La1;Si13N,7.63601.046 Obtained from single-

crystal data of the respective compound; unassigned reflections belong to unknown side phases.

a) b)
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Figure S2. FTIR spectra of washed samples: a) containing La11Si13N57 63601 026:Ce>"; b) of single-phase

La 11$i13 N 27.37600.936F-
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7.7 Supporting Information for Chapter 4.5

Peter Schultz, Dajana Durach, Wolfgang Schnick and Oliver Oeckler, Z. Anorg. Allg. Chem.
2016, 642, 603-608.

a) b)

Figure S1. SEM images of the crystal used for data collection: a) position on the micromount

(encircled), b) enlarged view.
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intensity in arbitrary unit

T - | - |
10 20in° 20 30

Figure S2. Characteristic section of the experimental powder diffraction pattern (black) of the sample

(washed in H,0) containing Bay g3La; 395i11N»3Clo 42:Ce% as a minority phase; the gray histogram depicts

the simulation according to the structure model obtained from single-crystal structure elucidation;

unassigned additional reflections belong to unknown side phases.

0.95

0.9

reflection

0.85

0.8

4000

T

y T T T T T T T T T : T T 1
3500 3000 2500 2000 1500 1000 500

wavenumber in cm’!

Figure S3. FTIR spectrum of the sample (washed in H,0) containing Bay g3La; 305i11N,3Clo.42:Ce®: no

bands are visible at typical N-H or O-H wavenumbers.
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Table S1. Bond valence sums for some cations in Bay gsLa; 36Si11N»3Clo.42:Ce>".

BVS oxidation state occupancy
Lal 2.89 3 1
La2A 2.89 3 1
La2B 2.85 3 1
La3 2.86 3 1
Lad 1.32 3 0.16
Ba4d 2.324 2 0.84
La5 2.20 3 0.70
Ba5 3.88 2 0.30
Sil 4.14 4 1
Si2 4.39 4 1
Si3 4.09 4 1
Si4 4.22 4 1
Si5 3.91 4 1
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Table S2. Anisotropic displacement parameters of all atomic positions in Bay g3La7 395111N»3Clo 42:Ce> in

the form exp[-2r® (U11h?a™ 2 + Uxok®b ™ + UsslPc 2 + Ushka b + Usshla'c + Uysklb )]

atom Uy Uy Us; Uys Uis Uiz
Lal  0.00657(5) 0.00696(5) 0.00618(5) -0.00016(3) 0 0
La2A 0.00695(12) 0.00552(17) 0.00694(5) 0 0 -0.00061(13)
La2B 0.00695(12) 0.00552(17) 0.00694(5) 0 0 -0.00061(13)
La3  0.00798(7) 0.00660(7)  0.00850(7) 0 0 0
La4  0.01583(8) 0.00785(7)  0.00746(7) 0 0 0
Ba4  0.01583(8) 0.00785(7)  0.00746(7) 0 0 0
La5 0.01653(6) 0.00762(6) 0.01018(6) 0 0 0.00226(4)
Ba5 0.01653(6) 0.00762(6) 0.01018(6) 0 0 0.00226(4)
LabA  0.0309(6) 0.0529(17) 0.0205(6) 0 -0.0054(4) 0
La6B  0.0312(11)  0.0342(13) 0.0166(7) -0.0077(5) 0 0
Ba7 0.056(2) 0.139(5) 0.0161(16) 0 0 0
Sil  0.00659(19)  0.0035(2) 0.0044(2) 0 -0.00009(16) 0
Si2 0.0096(2) 0.0050(2) 0.0051(2) 0 0 -0.00223(17)

Si3  0.00644(14) 0.00526(15) 0.00433(14) -0.00033(11) 0.00018(11) -0.00114(11)

Si4  0.00555(19) 0.0051(2) 0.0042(2)  0.00065(16) 0 0
Si5 0.0081(3) 0.0034(3) 0.0047(3) 0 0 0
N1 0.0130(10) 0.0078(9) 0.0052(8) 0 0 0

N2 0.0086(4) 0.0098(5) 0.0064(4) -0.0019(4) -0.0009(3) 0.0013(4)

N3  0.0108(5)  0.0149(6)  0.0096(5)  -0.0002(4)  0.0032(4) -0.0043(4)
N4  0.0247(9)  0.0055(7)  0.0074(7)  0.0007(5) 0 0

N5  0.0096(9)  0.0074(9)  0.0051(8) 0 0 0

N6  0.0098(6)  0.0089(7)  0.0055(6) 0 0 -0.0001(5)a
N7  0.0172(8)  0.0165(9)  0.0124(8) 0 0 0.0105(7)

N8  0.0080(9)  0.0116(10)  0.0098(9) 0 0 0

N9  0.0160(5)  0.0075(5)  0.0075(5)  -0.0015(4)  -0.0004(4)  -0.0049(4)

N10 0.0120(10) 0.0078(9)  0.0089(9) 0 0 0
N11  0.011(4) 0.013(4)  0.0114(12) 0 0 -0.007(3)
Cl1  0.0198(6)  0.0113(5)  0.0171(6) 0 0 0
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List of Publications Included in this Thesis

Lanthanum (Oxo)nitridosilicates: From Ordered to Disordered Crystal Structures
Dajana Durach and Wolfgang Schnick
Z. Anorg. Allg. Chem. 2016, 642, 101-106.

For this article, writing the manuscript, synthesis of the samples, single-crystal
refinements, evaluation of spectroscopic data, analysis of the electron density as well
as topological analyses and MAPLE calculations were performed by D. Durach. W.

Schnick supervised the work and revised the manuscript.

Non-Condensed (Oxo)nitridosilicates: Las[SiNs]F and the Polymorph o-La3[SiN;0]O
Dajana Durach and Wolfgang Schnick
Eur. J. Inorg. Chem. 2015, 4095-4100.

For this publication, writing the manuscript, synthesis of the samples, single-crystal
and Rietveld refinements, evaluation of spectroscopic data, topological analyses and
MAPLE calculations were done by D. Durach. W. Schnick supervised the work and

revised the manuscript.

LasCaSi;2N17070; and Las 7Ca;3Si12N11.7014.3: Two Promising Host Lattices for Eu®-
and Ce**-doping Towards Phosphor Materials with Highly Tunable Luminescence

patent in progress: Dajana Durach, Peter J. Schmidt and Wolfgang Schnick

In this contribution, writing the manuscript, synthese of the samples, and structure
determination based on single-crystal and powder XRD data were done by D. Durach.
Luminescence investigations and interpretation of measured values were done in the
LDC Aachen by P. J. Schmidt. Supervision of the research project was carried out by W.
Schnick.
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LagBaSi_r,Ngoz:Ce3+ - A Yellow Phosphor with an Unprecedented Tetrahedra Network
Structure Investigated by Combination of Electron Microscopy and Synchrotron
X-ray Diffraction

Dajana Durach, Lukas Neudert, Peter J. Schmidt, Oliver Oeckler and Wolfgang Schnick
Chem. Mater. 2015, 27, 4832-4838.

D. Durach did the synthesis, PXRD analyses, topological analysis, bond valence
calculations and prepared the main part of the manuscript. It was revised by all co-
authors. O. Oeckler did the synchrotron measurements and structure refinement, the
latter supported by D. Durach. TEM investigations and the interpretation of obtained
results were done by L. Neudert and O. Oeckler. Luminescence investigations and
interpretation of measured values were done in the LDC Aachen by P. J. Schmidt. W.
Schnick and O. Oeckler supervised the work. Help of F. Heinke, P. Urban, P. Schultz, F.
Fahrnbauer, L. Erra, G. Vaughan and J. Wright during synchrotron measurements is

acknowledged.

LagBas[Si17N290,]Cl - An Oxonitridosilicate Chloride with Exceptional Structural
Motifs
Dajana Durach, Felix Fahrnbauer, Oliver Oeckler and Wolfgang Schnick

Inorg. Chem. 2015, 54, 8727-8732.

W. Schnick supervised the work. D. Durach did the synthesis, crystal selection and
preparation, PXRD analyses, evaluation of spectroscopic data, the MAPLE
calculations, bond valence calculations and prepared the manuscript. It was revised
by all co-authors. O. Oeckler and F. Fahrnbauer did the synchrotron measurements
and structure refinement, the latter supported by D. Durach. Help of F. Heinke, P.
Urban, P. Schultz, L. Erra, G. Vaughan and J. Wright during synchrotron
measurements is acknowledged. N. Auner, University of Frankfurt provided Si,Cls as a

starting material.
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6 From Minor Side Phases to Bulk Samples of Lanthanum Oxonitridosilicates — An
Investigation with Microfocused Synchrotron Radiation
Dajana Durach, Peter Schultz, Oliver Oeckler and Wolfgang Schnick
Inorg. Chem. 2016, 55, 3624-3629.

W. Schnick supervised the work. D. Durach did the synthesis, crystal selection and
preparation, PXRD analyses, evaluation of spectroscopic data and prepared the
manuscript. It was revised by all co-authors. O. Oeckler and P. Schultz did the
synchrotron measurements and in close collaboration with D. Durach the structure
refinement. Help of F. Heinke, P. Urban, F. Fahrnbauer, L. Erra, G. Vaughan and J.

Wright during synchrotron measurements is acknowledged.

7 Bay 63Lay 395i11N»3Clo 42:Ce>* - A Nitridosilicate Chloride with a Zeolite-like Structure
Peter Schultz, Dajana Durach, Wolfgang Schnick and Oliver Oeckler

Z. Anorg. Allg. Chem. 2016, 642, 603-608.

In this contribution, synthesis of the sample, crystal selection and preparation, PXRD
analyses and the evaluation of spectroscopic data were done by D. Durach. P. Schultz
did the bond valence calculations, the structure refinement and prepared the
manuscript. All co-authors revised the manuscript. Synchrotron measurements were
done by O. Oeckler and P. Schultz. Help of F. Heinke, P. Urban, F. Fahrnbauer, L. Erra,

G. Vaughan and J. Wright during synchrotron measurements is acknowledged.
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8.2

8.3

Other Publications

Increasing crystallinity for improved electrical conductivity of TiO2 blocking layers
A. S. Wochnik, M. Handloser, D. Durach, A. Hartschuh, and C. Scheu
ACS Appl. Mater. Interfaces 2013, 5, 5696.

Li3sLngSizoN590,F with Ln = Ce, Pr - Highly Condensed Nitridosilicates
S. Lupart, D. Durach, W. Schnick
Z. Anorg. Allg. Chem. 2011, 637, 1841

Conference Contributions

Structure  determination of  microcrystalline  oxonitridosilicates  and
oxonitridoimidophosphates by combination of TEM and synchrotron methods
(poster)

L. Neudert, F. Pucher, D. Durach, O. Oeckler, W. Schnick

Microscopy Conference, Gottingen, 2015.

Microfocused Synchrotron Radiation as a Powerful Tool for Structure Elucidation of
Lanthanum Barium Oxonitridosilicates (poster)
D. Durach, F. Fahrnbauer, L. Neudert, O. Oeckler, W. Schnick

15th European Conference on Solid State Chemistry, Wien, 2015.

Neue Lanthannitridosilicate und ihre strukturelle Vielfalt (talk)
D. Durach, F. Fahrnbauer, O. Oeckler, W. Schnick,

Seminar fiir Festkorperchemie, Hirschegg, 2015.

Neue zeolithartige Silicatstrukturen aus Einkristallmessungen mit mikrofokussierter
Synchrotronstrahlung (talk)
P. Schultz, D. Durach, W. Schnick, O. Oeckler

Seminar fiir Festkorperchemie, Hirschegg, 2015.
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5 Structure determination of luminescent oxonitridosilicates by a combination of
electron microspcopy and microfocus synchrotron diffraction (poster)
L. Neudert, D. Durach, O. Oeckler, W. Schnick
23th Annual Meeting of the German Crystallographic Society (DGK), Gottingen, 2015.

6 Structure determination of luminescent oxonitridosilicates by a combination of
electron microspcopy and microfocus synchrotron diffraction (poster)
L. Neudert, D. Durach, O. Oeckler, W. Schnick
Woahler-Tagung, Saarbriicken, 2014.

7 TEM und Synchrotron-Mikrodiffraktion  zur  Strukturaufklarung neuer
Oxonitridophosphate und -silicate (talk)
P. Schultz, D. Durach, L. Neudert, A. Marchuk, T. Rosenthal, W. Schnick, O. Oeckler

Mitteldeutsches Anorganiker Nachwuchs Symphosium (MANS), 2014, Freiberg.

8 Neue Lanthannitridosilicate und ihr Potential als Leuchtstoff (talk)
D. Durach, P. Suchultz, L. Neudert, O. Oeckler, W. Schnick,

Obergurgl-Seminar Festkorperchemie, Obergurgl, 2014.

9 Synthetic Approach to Promising Nitride Host Lattices (poster)
D. Durach, F. Hintze, C. P6sl, W. Schnick,

11th International Krutyn Summer School, Krutyn, 2012.
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8.4 CSD Numbers

Crystallographic data (cif files) for the compounds synthesized as part of this work were
deposited at the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen,
Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de) and are available on

quoting the following depository numbers.

La16.32Ba1.825r7.86[SicoN92.3203.68] 012 CSD-429945
La13.68Sr12.32[SisoNos]F6.3205 63 CSD-429946
0-La3[SiON3]O CSD-429559
Laz[SiNg]F CSD-429558
La3BaSisNgO, CSD-429510
LagBas[Si;7N»90,]Cl CSD-429711
La11Si13N27.63601.046 CSD-430509
Bai.g3La7.39Si11N23Clg 42 CSD-430956
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