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1 Introduction

The synthesis of nitride materials always requires considerable effort. This originates from the
characteristic that molecular nitrogen contains a triple bond resulting in a bond energy of
941kJ(mol)'* that has to be overcome for bond cleavagend that nitrogen has a positive electron
affinity of 0.07 eV which further impedes the formation of nitride iong*? Additionally, the
formation of nitrides always competes with the formation of oxides when atmospheric conditions
are provided. Here, the lower energy of the oxygen double bond (42&mol)') and the strongly
negative electron affinity { 1.46eV) leads to a preferred formation of oxide compounds over nitride
compounds!*® Consequently, nitride minerals are very rare in nature and mostly observed in
meteorites!” While the exclusion of the competing oxygen from the reaction atmosphere can be
realized using closed reaction systems, the activation of molecular nitrogen as a nitrogen source is
usually energyconsuming. Therefore high-temperature method$iave been developed whichffer

a broad access to several nitrides at temperatures of up @K in resistance heating or high
frequency furnaces which allow the activation of molecular nitrogefi”! On the other hand, some
nitrides, such as ENs, decompose at higher temperatures. Following the principle of Le Chatelier,
this degradation can be counteracted by applying external pressiirélere, the application of the
high-pressure/hightemperature synthesis allows the access to compound classes like the
nitridophosphates at pressures of up to Z5Pa and temperatures of up to2070 K. The
downside of such highpressure methods lies in the sample quantities which are limited to small
amounts to enable theapplication of large pressures during the reaction and therefore impede an

industrial application.

The ammonothermal synthesis allows to overcome some of these problems that arise during nitride
synthesis. It is part of the larger group of solvothermal syntheses which are broadly defined as
processes in closed reaction vessels inducing chemical reactions in the presence of a solvent at a
temperature higher than the boiling temperature of this solvent and at elevated pressiiteshese
processes are often applied to achieve wdkfined and large single crystals of various
compounds!*? The ammonothermal synthesis was developed by Prof. Herbert Jacobs and
coworkers in analogy to the hydrothermal synthesi& While the hydrothermal synthesis
employs water as a solvent and is widely used to obtain oxides, the ammonothermal synthesis uses
anhydrousammonia as a solventLike water, ammonia is a protic solvent thashows to a small

amount autoprotolysis according to equatiorfl):

¢. (9. ( .( (1)

Ammonia as an amphoteric solvent can act as both an acid and as a base as it comprises not only
a free electron pair to act as proton acceptor but also contains three protons that can be released.

While protonation of ammonia leads tothe formation of ammonium ions (NH +*), formal stepwise
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deprotonation of ammonia results in the formation of amidesNH.'), imides (NH#), and
nitrides (N3).1%3

Ammonothermal reactions are usually performeet temperatures and pressures above the critical
point of ammonia (405.2K, 113 MPa).**'7 The supercritical state of ammoniagenerated at these
conditions, provides some advantages such as an increased relative permittivity which comes with
higher solubility for inorganic materials. This allowssynthetic accessowards amides, imides and
nitrides in a dissolutionrecrystallizationbased procesg8? For a further improvement of the
solubility of inorganic materials in supercritical ammonia, saalled mineralizers arautilized. They
allow to adjust the reaction environment into ammonobasidNH ;' predominant), ammononeutral

or ammonoacidic (NH 4 predominant) conditionsby increasing the concentration of the respective
ions. While alkali metal amides or azides are frequently used as ammonobasic mineralizers, the
ammonium halides are commonly employed to creatammonoacidic reaction conditions*® The
desired reaction environment is as well decisive for the selection of autoclave and liner materials
as ammonoacidic conditions are more corrosive than the ammonobasic o#é$? Additionally,
mineralizers are crucial to control dissolution recrystallization processes as they might lead to
severe changes in the solubility. So, for the ammonoacidic growth of GaN, a higher solubility at
higher temperatures is observed while ammonobia conditions show a retrograde solubility with

a precipitation of the product in the hot section of the autoclave at higher temperatuf&sFor a
deeper understanding of the dissolution and recrystallization mechanisms involved during the
ammonothermal crystal growth, the characterization of intermediate species is crucial to enable an

increased synthetic controlising this method 22

To withstand the reaction conditions involving not only high temperatures and pressures but as
well the highly corrosive solvent ammoniain a supercritical state specially designed reaction
vessels, sa@alled autoclaves, are required. Theustombuilt autoclaves used in the context of this
di ssertation were desi gnamnoreROR: Chemistty and techhology rof
ammonothermal synthesis of nitlides f u n d e @ermbry SciénbeeFoundation(DFG). The
interdisciplinary cooperation within this group resulted in the construction of two different types
of autoclaves made from the two nickebased superalloys Inconél 718 and Hayne$ 282°
exhibiting high yield and tensile strength(Figure1.1). These autoclaves allow to apply
temperatures of up tdl070 K and pressures of up to 30PIPa during the reactions?**! To separate
the starting materials fronthe inner wall of the autoclavein order to prevent contaminations, open
reaction containers, which are referred to as liners, are employed. As liner materials, methét
are gable in supercritical ammonia, like niobium and tantalum, are often used, but ceramic

materials such as SN, can be emploed as well182024

t

he
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Figurel.1l: Schematiepresentation of the autoclave body (left) and picture of an assembled autoclave made
from Inconé&l718 (right) wittpressure transmitter (1), safety head with rupture disc (2), hand valve (3),
Incon€él 718connectiopipe (4), screws (5), lid (6), siwatedealingCring (7),autoclave body (8) and

liner(9).

During ammonothermal reactions the utilization of a closed autoclaveenablesexclusion of
atmosphericoxygen from the reaction atmospherer-urthermore, the application of supercritical
ammonia as a significantly more reactive nitrogen source than molecular nitrogen as well as the
utilization of mineralizers to increase solubility of inorganic compounds allovto apply relatively

mild synthesis temperatureduring ammonothermal nitride synthesis. Tlreby, oxidation states

that are difficult to attain can be stabilized and metagable chemical compoundscan be
synthesized?® Furthermore, theammonothermal synthesisloes not only prevent decomposition

of the synthesizeditride materialsby application of an elevated pressuréut also allows to obtain
higher sample quantities compared to the higpressure/hightemperature methodsmentioned
before Regarding these characteristic features, the ammonothermal synthesis presents itself as a

versatile synthesis method for amide, imide and nitride materiafs.

Among the ammonothermally synthesized nitride materials, the crystal growth tfe binary nitride
GaN is by far the besinvestigated systent®?® The relevance of this system arises from the
application of GaN as the most important optoelectronic semiconductor. While the chemical vapor
phase synthesis is by now a wedistablished industrial process, whose development was awarded
with the Nobel Price in 2014, the synthesis of large single crystals is still challengi#@® Such
single crystals of sufficient size with low defect concentrations could be used for hoemtaxial
growth of GaN which has the potential to reduce the defect concentration, a critical parameter in

3
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the production of semiconductor component&? A congruent melting of GaN to obtain single
crystals from meltsnecessitates a nitrogen pressure ofGa to prevent decomposition of the
product resilting in a melting point of 2470 K.Y Here, the ammonothermal growth of GaN single
crystalsat pressures up to 60MPa and temperatures up to 107& presents an industrially more
applicable approach. Intensive research in the past decades shows promising results asphigy
single crystals of GaN and growth rates of up t&70 um per daycould be achievedwhile waver

diameters of up to 100nm can be employed in this methodf?34

As the ammonothermal growth of GaN was prospect of several investigations in the past decades,
research results on the ammonothermal synthesis of other nitride materials are quite limifédAs
early investigatins focused on the synthesis aingle crystals of amidesvith sufficient sizefor X-

ray diffraction analysis at that time, the application of higher temperatures resulted in the
observation of different imides as well as somexamples of nitride materials. These
ammonothermally prepared compoundsare well reviewed by Richteretal. and a review from
Hausler etal. that focuses on the ammonothermal progress oitride synthesis up to 2017839 As

this dissertation focuses mainly on nitride compounds comprising three or more elements, a general
overview on ternary and higher nitride compounds from ammonothermal preparations is given as
an excerpt of the ammonothermal synthesis progress in théldaving. Additionally, the respective
introductions within the respective chapters will give detailed information on the compounds from

ammonothermal preparations relevant for the respective chapters.

From the discovery of he first nitride from ammonothermal reactions, BN ,, in 1966, it took some
time until the first ternary nitridesATaN; (A = Na, K, Rb, Cs) were prepared using this method in
1989531 |n the following years, a few more ternary nitrides were prepared by Jacobs and
coworkers, namely LbTasNs, NaSi:N3; and K3PsN 115849 After establishing the AmmoneFOR
research groupthe ammonothermally accessible nitridesrere complemented by the synthesis of
the ternary GrimmdSommerfeld analogous nitrides II-IV-N, and Li-IV,-N3 (Il = Mg, Mn, Zn;

IV = Si, Ge) crystallizing in wurtziterelated crystal structure§**? Additionally, ternary
nitridophosphates LiPN, | - and 1 -Li10PsN 10, Li1sPsN1s, M2PN3 (M = Mg, Ca, Zn), SrP:N 14, and
SrsPsN; could be accessed using the ammonothermal meth8&54*% The preparation of these
nitridophosphates shows that the ammonothermal approach isuitable to obtain different
structural features in tetrahedrdnased networks from isolated units over chains and layers up to

complex threedimensional networks in different condensation degrees.

When it comes tomultinary nitrides, oxide nitrides or imide nitridescomprising four or more
elements fromammonothermal conditions, the number of reportedexamplesis very limited.
Multinary compounds containing only nitride ions could beprepard ammonothermally for the

first time in wurtzite-related crystal structures for the compound#/AISiN; (M = Ca, Sr),
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CaGaSiNs;, Cay,lLiAln,Gei,Ns as well as for thetwo solid solution series (1?11°)SiN. and
(113,11")GeN, (Il = Mg, Mn, Zn). 234652

The reported oxide nitridesfrom ammonothermal reactionscomprise mainly the compounds
RETaON; (RE= La, Ce, Pr, Nd, Sm, Gd), LaNbON,, BaTaON,, and AEMO;N (AE = Sr, Ba;
M = Nb, Ta) crystallizing in perovskite structures next to the RuddlesderPopper phase
EusTa,N4O3.5*%8 Additionally, it was possible to synthesize multinary compounds comprising
tetrahedrabased structureswith isolated tetrahedra for the oxonitridophosphate BROsN and

exhibiting onedimensionaltetrahedralchains foroxonitridosilicate Cay+Y 11,SiNsi Oy (X > 0).5%6%

The group of imide nitrides might play a crucial roleduring nitride formation in the
ammonothermal process, as the imide anion NH could serve as intermediate species during the
reaction from the uncharged NH to the final N¥ anion. However, only few imide nitrides from
ammonothermal reactionswere prepared until now. They were mainly observed containing the
elements phosphorus or silicon and forming tetrahedi@ased structures. As a parent compound
for the imidonitridophosphates, the ternary phosphorugmide nitride HPN could be obtained
ammonothermally enabling the determination of the hydrogen positions in the crystal structufé.
Isolated P(NH), tetrahedra were observed in the imidophosphagamide Cs;[P(NH) 4]J(NH 2)., while
adamantanelike anions could be observed for the imidonitridophosphatemides with the lighter
alkali metals in Naw[P4(NH)eN4(NH 2)6(NH 3)os and R[PsNe(NH) 4](NH 2),.62%4 However, the
phosphimates A;(PO.NH) ; (A = K, Rb) form isolated tetrahedrabased dreiefring” anions 6558
Among the silicon-containing possible intermediates during ammonothermal conditionsnly few
examples were reported until now. e ternaryimide nitride Si:N,NH forms a threedimensional
structure,while the amido silicatedV,SiO.(NH ). (M = K, Rb, Cs) comprigisolated [SiQ(NH 2).]
tetrahedral®™®® Additionally , the potassium imidonitridosilicate KSisNs(NH) 6, containing a three

dimensional tetrahedra networkwas observed during ammonothermal reactiod®’

The incorporation of oxide or imide groups into nitridematerials comes with some difficulties in
the analysis of such mixed anionic compounds. As the inner surface of the autoclaves may contain
oxide species, oxide contaminations arising from the autoclave wall are occasionally observed
during ammonothermal reactiong®® Therefore, both of the anions & and NH? can be formedn
solution during ammonothermal reactions and may be incorporated into the structure of the
product. Due to their identical charge, they cannot be distinguished from chargeutrality
considerations. For Xray diffraction (XRD) experiments, the atomic form factorf describes how
effective X-rays are diffracted by a respective atom type. The difference in thealues of oxygen
and nitrogen atoms is pretty smallAdditionally, the atomic form factor of hydrogen atoms is close

to zero, making a determination of its atomic position from XRDdata difficult.® This means that

" The termsdreiey vierer sechsesiebenand achterings were coined byLiebau and are derived from the German words
adreier, vierer, s e c traieging,comprises thee tetrmhedrancdntess gieherrirg foor tetraledra
centers, and so on.

5
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XRD as the standard analytical method in soligstate chemistry is often not sufficient to distinguish

between an oxide and an imide functionalization within the crystal structure.

Therefore, the analysis of the synthesized products during this thesis was complemented by
spectroscopic methods. Here, Fouriefransform infrared (FTIR) spectroscopy of the samples can
be conducted to detect the characteristic IR activelMl stretching vibrations of the NH' group in

the region of 3000 3500cm’*.["¥ Additionally, a theoretical IR spectrummay be calculated using
density functional theory (DFT) quantum chemical calculations. A comparison of the theoretical
to the experimental spectrum can serve darther evidencefor the assumption of the correct
structure model as well as for the presence off N functionality. Furthermore, solid-state nuclear
magnetic resonance (NMR) experiments provide a possibility to detect certain nuclei in the sample.
Here, the measurement of the nucleu#l with a spin of %2 and a natural abundance of over 99% is
a standard method. To verify that the detectetH signal originates from the respective main phase
and not from a hydrogencontaining side phase, crospolarization (CP) experiments with a
different nucleus present in the main product can be performed. During the CP experiment, the
polarization is transferred from one nucleus of high natural abundancy (ed) to a different
nucleus of another element in local proximity to the hydrogen atoms in the structure. This can be
exploited if the nucleus which is crospolarized has a low natural abundancy €.g. 0.03% for
N).["2 An assignment of the respective NMR signals to different crystallographic positions may
then be attempted using the spectra of the direct polarization and the CP experiments as well as
the chemical environment of the different crystallographic positionsdm the structure model. A
combination of these different analytical methods as well asvarification of the resulting structure
model to charge density (CHARDI) and bond valence sum (BVS) calculations can subsequently be
used as a further indication that the developed structure model is correcid in agreement to all

employed analysis method§3"4

The ammonothermal method could already be used to access several structural possibilities in a

wide range of compoundclasses ands not limited to the preparation of thermodynamically table

binary or ternary nitrides in crystal structures such as the perovskite or wurtziedated structures

that were initially prepared The observation of a rising number of representatives from the

multinary nitride s shows that the ammonothermatiethod generally provides a suiable synthetic

access towards these compousdThe few already discoveredexamples may presenbnly the

beginning of the accesstowardsmmonot her mal synthesisd untapped ¢

synthesis.

This disertation aims to expand the presentedist of multinary nitride compounds as well as to
add further information on possible intermediate speciesduring the formation of nitrides and
possibilities of synthetic controlon this sparsely investigated synthesis method. Additionally,

different combination of analytical methods allowed to elucidate the respectigempositions and
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crystal structures of the presented compounds. Furthermora,differentiation of the oxide and

imide functionality is possible by this comprehensive characterization

The dissertation will start with the ammonothermal preparation of the pseudternary amide
Na.Ba(NH,), in Chapter2. This amide comprises a crystal structure showing ordering in the
occupation of the octahedral void$or the first time in ternary amides. The discovery of this amide
allows a division of this compound class into different groups according to their crystal structures.
Additionally, a correlation between a structuredirecting influence of the ion radius réo ru ag is

discussed in detail.

Chapter 3 reports on the successful ammonothermal preparation of the imidonitridophosphate
Ba;P.Ns(NH).. The imide nitride forms a crystal structure comprising isolated adamantatike
anions. A multi-step analytical process allowed to determine a crystal structure model showing
preferred amide positions among the possible crystallographic nitrogen posisoAdditionally, the
luminescent behavior of doped samples of BN s(NH) .:Eu?* was analyzed providing data on the
internal quantum efficiency of an imidonitridophosphate phosphor for the first time. The
ammonothermal access to this compound clasllows also to obtain larger sample quantities than

before which is a crucial step on the way of these materials towards industrial application.

The imidonitridosilicate RbsSiENs(NH)¢ presented in Chapted, crystallizes isotypically to the
potassium compound known from literature. Nevertheless, it is one of only few examples of
rubidium ions stabilized in nitride environment. Additionally, NMR spectroscopic investigations
not only allowed to proof the presace of the imide functionality in thecompound, but the unique
conditions of the crystal structure allowed to obtain a first benchmark value for'aN signal in

nitridosilicate environment.

Subsequently, in Chapteb, the ammonothermal synthesis of the literaturnown nitridosilicate
compoundsAESIN; (AE = Sr, Ba), Lb,CaStN4 and BaAlSisNg is reported. These examples allow
to establish, together with the preliminary work from the literature, a universal ammonothermal
route towards nitridosilicate compounds allowing access not only towards a variety of structural
characteristics but also toa controlled synthesis of ternary and quaternary nitridosilicate

compounds.

This approach is then used and refined in Chaptér where the access towards nitridosilicate
zeolites is established. Here, the choice of the mineralizer fromzNi, NaN 3, and KN3, allows to
obtain the compoundsLiRE4[SisNgOs (RE = La, Ce), Ces[SieN11], and K1 25Ce7 79[ Si1iN 210,]Og.7s.
Additionally, the complex tetrahedra networks of theseompounds are investigated and compared
to known nitridosilicate representatives. The results of this chapter might enable a more general
access towards nitride zeolites from ammonothermal synthesis as it is already vestiablished for

oxide zeolites fromhydrothermal reactions.
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Abstract: The ternary amide NaBa(NH;), was synthesized at ammonothermal conditions (87K,
135MPa) in custom-built high-pressure autoclaves. The compound was structurally characterized
using X-ray diffraction and crystallizes in space groug’ccn(no. 56) with lattice parameters

a= 10.6492(2) b= 7.8064(2) andc= 8.1046(2) A. To the best of our knowledge, the structure type
has not yet been observed in any ternary amide before and can be described as a defective variant
of the NaCl structure type. The presence of amide ions in the compound is verified by Fourier
transform infrared (FTIR) spectroscopy and the experimental spectrum is compared to the
theoretical spectrum obtained through density functional theory (DFT) calculations. NRa(NH ),
complements the range of reported ternary alkali metal alkalinearth metal amides with the
smallest Shannon radius ratio of . = 0.76. The influence of this ratio on the formation of the
new structure type is discussed as well. The characterization of intermediate species such as this
ternary amide extends the understanding of the ammonothermal syesis and can be useful for

synthetic control in the formation of nitrides at ammonothermal conditions.

15


https://doi.org/10.1002/zaac.202400053

Ammonothermal Synthesis and Crystal Structure of the Ternary Amide Na 2Ba(NH2)4

2.1 Introduction

The ammonothermal synthesis is a versatile solutidmased highpressure method suable for the
synthesis of functional nitrides atelatively low temperatured:? Especially the preparation of large
single-crystal wafers of up to 100nm of the binary nitride GaN for the application in optoelectronic
devices under ammonothermal conditions has attracted considerable industrial interest in recent
yearst®s! During synthesis, supercritical ammonia is generated at the applied temperatures and
pressures which favors the dissolution of inorganic compounds due to the increased relative
permittivity of the solvent® The solubility can be further enhanced by employing mineralizing
agents. These additives react with the starting materials to form soluble species. Since a variation
of the mineralizer can cause a considerable change of the reaction result, the investigaand
understanding of intermediary formed ternary and multinary species is of crucial importance to
enable a synthesis optimization by the selection of the employed mineraliz€ré.Alkali metal
amides are frequently utilized mineralizing agents for syntheses under ammonobasic conditiéns.
Next to these binary amides, a wide range of ternary amides containing an alkali medaand an
alkaline earth metalAE are described in the literature. This compound class can be divided into six
groups regarding the main building blocks of their crystal structur€he first group contains cations

in trigonal planar coordination and is represented by KBe(Nbk and RbBe(NH,)s.®¥ In the second
group, isolated magnesiuntentered tetrahedra are the main structural characteristic in the amides
K2[Mg(NH 2)4], Rba[Mg(NH ,)s] and Cs[Mg(NH 2)4].**% The third group shows octahedral building
blocks connected by faces to form oadgimensional chains, as in the CsCuGlstructure type (for
KCa(NH ;); and RbCa(NH.)s).***2 In the fourth group, a threedimensional octahedra network is
formed in a hexagonal perovskite structure for @&(NH ,); with AE = Ca, Sr!*¥ For the crystal
structure of CsBa(NH)s;, the octahedra are connected at the edges to form double chains

representing the NHCdCI; structure type!*4

The group with the highest number of known representatives shows a distorted cubic closest
packing of nitrogen atoms. The metal ions statistically occupy the octahedral voids of this packing
in two possible structure types with different compositions, namely KEu(NEt and
Na,Sr(NH 5).11517

An important criterion that seems to determine which of the respective structure types is formed,
is the ratio of the ionic radii of the respective alkali and alkaline earth metalgat = ra/r ae.t®
Table 2.1 summarizes the reported compounds according to thej 4z, calculated from their ionic
Shannon radii, as well as an assignment to their respective structural gré§pThere is a
recognizable correlation between,: and the structure typeOnly in the range of pe = 1.38 1.67
more than one structure is table and other criteria than the ionic radius ratioinfluence the

formation of the preferred crystal structurdn this work, we present the ammonothermal synthesis
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Table2.1: Summary of the Shannon radii ratios of the terr@Brafides and their respective crystal
structure features.

Formula Ratio raae Of ionic radii A*/ AE?*118 Structural group and structure type description
RbBe(NH:):® 3.38 1 & Isolated trigonal planar units

KBe(NH 2)3® 3.07 1 & Isolated trigonal planar units, related to RbBe(Nb)s
Cs[Mg(NH 2)4]1*? 2.93 2 8 Isolated tetraheda

Rbz[Mg(NH 2)4]™ 2.67 2 8 Isolated tetrahedra, similar to C§Mg(NH 2)4]
K2[Mg(NH 2)4 2.42 2 d Isolated tetrahedra, related tg -K SO
CsCa(NHz)s™ 1.67 4 8 Octahedra, hexagonal perovskite
RbCa(NH2)s2 1.52 3 8 Octahedra chains, similar to CsCuGl
CsSr(NH)s* 1.42 4 8 Octahedra, hexagonal perovskite

KCa(NH 7)1 1.38 3 8 Octahedra chains, similar to CsCuGl
CsBa(NH,)4*4 1.23 58 Double octahedra chains, related to NkCdCls
KSr(NH 2)3¢ 1.17 6 8 Octahedra, similar to KEu(NH2)s
RbBa(NH_)3*" 1.13 6 & Octahedra, similar to KEu(NH2)s

KBa(NH 2)s% 1.02 6 8 Octahedra, similar to KEU(NH2)s

NaCa(NH )a*517 1.02 6 8 Octahedra, similar to KEu(NH2)s

Na2Srs(NH 2)g8 0.86 6 8 Octahedra, similar to N&Srs(NH 2)s
Na:Ba(NH2)4 0.76 Octahedra, related to MaSnS

of the new ternary amide NaBa(NH2). which extends the reported range of the ionic radius ratios
with ryae = 0.76 and introduces a new structure type. Tremmonothermally synthesized amide is
characterized using singlerystal and powder Xray diffraction as well as Fourieftransform
infrared (FTIR) spectroscopy. The structural relationship of the new compound to the literature

known ternary A-AE-amides is discussed.

2.2 Results and Discussion

2.2.1 Synthesis

The amide Na:Ba(NH;), was synthesized at ammonobasic conditions from supercritical ammonia
in custom-built high-pressure autoclaves made of Incorfef 18. As starting materials, sodium azide
and barium metal were employed. NaMwas used as sodium source due to its high purity and its
higher insensitivity against air and moisture compared to elemental Na or NaNHNaBa(NH2)4
crystallizes as rodike transparent crystalsKigure 2.1) which grow from the liner wall in the cold
zone of the autoclave. The product is sensitive towards air and moisture and was therefore handled

under inert gas conditions.
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500 pm

Figure2.1: Micrograph of tRansparertrystallite of NBa(NH,), in a sealed glass capillary.

The new ternary amide was first observed during synthesis attempts containing Neid Ba in

the molar ratio 3:1. These reaction attempts led to sodium amide as a side phase, which is formed
by the excess of sodium azide among the starting materiadfsirther experiments showed that the
reduction of the sodium content in the starting materials to a molar ratio of 2:1 is not feasible, since
Na.Ba(NH2). could not be detected as the main phasg these conditions. It seems that the excess

of NaN s is necessaryd create an oversaturation of the amide in percritical ammonia.

Measured data
Calculated data
Difference Profile
Na,Ba(NH,), (83%)
NaNH, (17%)

Intensity / a.u.

10 20 30
28/°

Figure2.2 Rietveld refinement based on powday Hiffraction (PXRD) data bfa,Ba(NH,), with
experimental data (bladdts, Ae<,; radiation), calculated diffraction pattern (red line), difference profile
(gray line) and reflection positions gBA@NH,), (blue bars) and NaNkgreen bars).

The phase fraction of the side phase NaNHn the samples was estimated to be 1t% according

to the Rietveld refinement Figure 2.2). Additionally, the reaction temperature of 87X, which is
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relatively high compared to the synthesis of other ternary amides, seems to be necessary for the
crystal growth of Na.Ba(NH,).. Experiments at lower temperatures resulted in products with low
crystallinity.

2.2.2 Crystal Structure

NazBa(NHy), crystallizes in the orthorhombic space groufccn(no. 56). Crystallographic data
obtained from singlecrystal X-ray diffraction data are summarized inTable2.2. Atomic
coordinates, respective Wyckoff positions and displacement parameters are listed @ble 9.1
Table 9.3 (Supporting Information).

Table2.2: Crystallographic data for ,Ra(NH,), obtained from singlgystal Xray diffraction, standard
deviations are given in parentheses.

Formula Na,Ba(NH2)4
Crystal system Orthorhombic
Space group Pccn(no. 56)

Lattice parameters / A

Cell volume / A3

Formula units Z / cell
Density®/ gacm
t/mm'?

T/K

Diffractometer

Radiation ( / A)

F(000)

[ range /°

Total no. of reflections
Independent reflections
Refined parameters / restraints
Goodness of fit §?)

R indices (all data)

Rindices [F? >2A(F?)]

3Mnax | 3Mnin [@ AT

Rint, R/(

a=10.6492(2)
b=7.8064(2)
c=8.1046(2)

673.75(3)

4

2.439

5.916

294(2)

Bruker D8 Venture

MoK, (0.71073)

456

3.236333.133

16846

1289

49/4

1.130

R1 =0.0215,wR2 = 0.0253
R1 =0.0137,wR2 = 0.0234
0.63/10.27

0.0270,0.0147

The crystal structure of NaBa(NH.). can be derived from the MaSnS structure type which
represents a deficient NaCl superstructuf®?® The crystal structure of NaBa(NH>). is built up

from a distorted cubic closest packing of nitrogen atoms of the amide groups with Na and Ba
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located in the octahedral voidsKigure 2.2a). Half of the octahedral voids in this closest packing
are filled with Na atoms forming Na(NHz)s octahedra which are interconnected via edges along

[010] and [001] and via vertices along [100]. Half of the remaining octahedral voids (resulting in a

total occupation of- of the octahedral voids) are occupied by Ba forming infinite chains of edge

sharing Ba(NH.)s octahedra along [001]. The remaining- of the octahedral voids are empty,

resulting in the stoichiometry Na:Ba:N of 2:1:4. The positions of the hydrogen atoms of the amide
groups could be isotropically refined from the residual electron density in the Fourier map. The
NTH bond lengths were restricted to a length of 0.90(3) using DFIX commands and are
orientated towards the empty octahedral voids in the structure.

Figure2.2: Representation of tmgstal structure of JBa(NH,), (a) with coordination environment oftfpa
and Na (c) atomEllipsoids are displayed at 70% probability level.

A superstructure could be identified resulting in a doubling of theaxis compared to the initial unit
cell from 44.05A to a final lengthof c= 8.1046(2)A. The respective reflections that confirm this
larger unit cell are highlighted in the precession image of thell plane in the Supporting
Information (Figure 9.1).

20



Ammonothermal Synthesis and Crystal Structure of the Ternary Amide Na 2Ba(NH2)4

The positions of the Na atoms are split into two distinct crystallographic positions with an
occupation of 95% for Nal and 5% for Na2, respectivelyrigure 2.2c). This disorder is probably
caused by the smaller ionic radius of sodium (1.08) compared to barium (1.358) which both
occupy octahedral voids of nearly the same volume (28.13 for Na and 28.3 A for Ba).*® The
Nai N distances vary between 2.46(2) and 2.88(&) which is in agreement to the reported
distances in the literature for comparablamides {Table 9.3).26172122 The Ba N distances in the
Ba(NH2)s octahedra Figure 2.2b) range from2.7328(12)to 2.8113(10)A. These values correspond
to the reported values for barium ions in octahedral coordination in barinontaining

amides!#1723

The Rietveld refinement of the PXRD data confirms the crystal structure model obtained from the
singlecrystal data Figure 2.2). The crystallographic data and Wyckoff positions of the refinement
are presented inmrable 9.4 and Table 9.5 in the Supporting Information. Next to Na.Ba(NH>)4, the
sample contains residual NaNHas a minor side phase which is formed by the employed excess of

NaN; for the synthesis and could not be removed from the sample.

When compared to the reportedd-AE-amides, the stoichiometry of NaBa(NH:). is similar to the
compoundsA;[Mg(NH )] with A = K, Rb, Cs. In these compoundsthe Mg(NH ,), tetrahedra are
the main structural feature. Due to the larger ionic radius of Ba(1.42A) compared to Mg@*
(0.57A), atetrahedral coordination and therefore the formation of a structure type similar with the

Mg?* containing amides is unlikely!1®

Other representatives of the ternanA-AE-amides form the structural motif of a cubic closest
packing of amide ions as it is observed in NBa(NHz)s. These other ternary amides all show a
statistical occupation of the octahedral voids with the respective and AE ions, resulting in a
composition ratio of A:AE from 1:1 or 2:3[*¢17 Therefore, the described structure with the ordering
in the occupation of the octahedral voids of N#Ba(NH2), presents a new structure type for this
group of ternary amides. The ratio of the ionic radii was discussed before as a criterion for the
formation of the different structure types containing a cubic closest packing of amide idf{sA
reduction of the Shannon radii ratio f,: Seems to induce a change in the crystal structure and the
stoichiometry from RbBa(NH,)s (raae = 1.13) over NaSr(NH 2)s (raae = 0.86) to Na:Ba(NH2)4
(raae = 0.76) (Table 2.1). Here, the crystal structures of the compounds only vary in the occupation

of the octahedral voids of a cubic closest packing of amide io#%.

2.2.3 Fourier-Transform Infrared Spectroscopy

To verify the presence of the amide groups in the compound, a FTpectrum of the sample
containing Na,Ba(NHz), was recorded at ambient temperature. In advance to the measurement,
transparent crystals of NeBa(NHz), were manually separated from the powdery secondary phase
and ground in an agate mortar. A comparison with the positions of the vibrational maxima of

NaNH ; from the literature shows that the sample prepared this way contained only small amounts
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of the side phasé*¥ The comparison of the experimental spectrum to the theoretical spectrum
obtained through quantum chemical calculations using the DFPBE method is shown in

Figure 2.3.

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumber / cm

Figure2.3: Comparison of the experimdftdéR spectrum af sample containifg.Ba(NH,), (black line)

with the theoretical spectrum from -BBE calculations (orange line) and the positions of the maximal
absorbance of Nahfgreen bar?j].Theareas_howing the NH stretching vibratio83100 3300 crt)

and the FH N1 H shear vibrations (14Q000 cri) are shown as enlargements.

The experimental spectrum shows absorbance resulting from the typical vibrations for amide ions.

The stretching vibrationst(NH ;') are observed in the range of 3008500cm'?, shear vibrations
1(HNH) in the range of 1500 1600cm'® and deformation vibrationsy(NH') in the range of

5001 700 cmit. An assignment of the observed signals to their vibrational modes according to the
DFT calculations is given inTable 9.6.2% The vibrations observed in the range of 2002500 cni*

originate from the ATR unit of the employed FTIR spectrometer.

The absorption maxima at 153land 3257cm'! can be assigned to the side phase sodium amide
which are reported at 152&nd 3257cm'? in the literature *¥ The maximum at 3208cm'* could
not be resolved into two distinct maxima, so it is most likelgaused by a mixture of stretching

vibrations of Na;Ba(NH.). and the side phase NaNHK

2.3 Conclusions

The ternaryA-AE-amide Na:Ba(NH.). was synthesized under ammonothermal conditions forming
a well-crystallized product with sodium amide as minor side phas&he new structure type of the

amide is based on a cubic closest packing of the nitrogen atoms and an ordering in the occupation
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of the octahedral voids with the cations which has not been observed in this compound class before.
The formation of this ordered structure type might be a consequence of the ratio of the ionic radii
ravae Which is smaller for NaBa(NH-), than for any other reported ternanA-AE-amide. The FTIR
spectrum of the compound shows stretching, shear and deformation vibrations of the amide ions
in their typical ranges and is in accordance with the theoretical spectrum obtained from quantum
chemical calculations. Ths confirms the presence of hydrogen atoms in the sample and
substantiates the structure model refined from singbeystal X-ray diffraction data. Since the ratio

of the ionic radii seems to be crucial for the structure formation in this compound classgeth
investigation of a broader range ofaxe Will be promising for the observation of new structure types
and may also allow structure predictions for new amides. A further understanding of these
intermediary formed species can help to control the reaction outcome of ammonothermal synthesis

experiments br nitrides, where they are already frequently employed as mineralizers.

2.4 Experimental Section

Due to the instability of the product and some starting materials towards air and moisture, all
manipulations were carried out under inert gas conditions either in argdiied gloveboxes (Unilab,
MBraun, Garching, O, < 1 ppm, H,O < 1 ppm) or in dried Schlenktype glassware using a vacuum
line (WO0.1 Pa) with argon and ammonia supply. The gases argon and ammonia (both Air liquide,
99.999%) passed through gas cartridges (Micro Torr FT4002 for Ar and MC400-702FV for
NH3, SAES Pure Gas Inc., San Luis Obigo, CA, USA) for further purification, resulting in a
purity level of < 1ppbV H;O, O; and CO.. The determination of the amount of ammonia added to
the autoclave was performed using a mass flow meter -@320DR, Bronkhorst, Ruurlo,
Netherlands).

2.4.1 Ammonothermal synthesis

NazBa(NH2), was synthesized from elementabarium (137.3mg, 1.000mmol, smartelements,
99.9% and sodium azide (195.0ng, 3.000mmol, SigmaAldrich, 99.5%) in custombuilt
autoclaves (Inconet 718, max. 900K, 300 MPa, 10 mL volume). In a glovebox, the sodium azide
was ground andplacedtogether with barium metal pieces in a niobium liner. The liner was then
transferred into the autoclave which wasealed using a silvecoated Inconef 718 ring (GFD seals)
and flange joints. The autoclave was connected toe peripheral devices consisting of a hand valve
(SITEC), a pressure transmitter (HBM P2VA1/500(ar) and a bursting disk holder (SITEC)
equipped with a bursting disk (Dieckers GmbH & Co. KG, pressure limi3300 bar). The autoclave
was filled with ammonia (purification described aboveca. 6mL) which was directly condensed in
the autoclave, that wasooled with an ethanol/ liquid nitrogen mixture, via a pressure regulating
valve. The autoclave was heated in a tube furnace to 6RQvithin 2 h, held at this temperature for
14h and subsequently heated to 8740 within 2 h. After 48 h at this temperature, reaching a

maximum pressure of 13MPa, the furnace was switched off. When the autoclave was cooled to
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room temperature, residual ammonia was removed and tleelorlessproduct was isolated from the

liner.

2.4.2 Single-crystal X-ray diffraction

For the singlecrystal X-ray diffraction measurementsa rod-like shaped transparent crystal of
Na,Ba(NH:), with a size 0f0.02 x 0.03 x 0.04mm?® wasseparated from the side phase manually
under a microscopen a glove box. The crystal vas subsequently transferred ta glass capillay
(d=0.3mm, wall thickness 0.01mm, Hilgenberg GmbH). Diffraction data were collected
employing a Bruker D8 Venture singlerystal X-ray diffractometer with Mo-K, radiation

@ = 0.71073A) and Gébel mirror optics. In a combinedR -3 -scan reflections of a hemisphere were
collected. For integration and absorption correction, the program package APEX3 was uséd.
Data were absorptioncorrected using the MultiScan Method (SADABS)?® The initial crystal
structure solution was carried out byirect M ethods (SHELXT).2*3% The structure was refined by

full-matrix leastsquares methods (SHELXL)?*%2

Crystallographic data (excluding structure factors) for the structure reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supplementary publication.
CSD-2348264 Copies of the data can be obtaed free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK [fax: (internat.) + 44 1223/336-033; email:

deposit@ccdc.cam.ac.ukhttp:/iwww.ccdc.cam.ac. uk].

2.4.3 Powder X-ray diffraction

The powder sample was ground in an agate mortar and sealed in a glass capilldry 0.3 mm,
wall thickness 0.01mm, Hilgenberg GmbH) at argon atmosphere. The powder Xay diffraction
measurements were conducted using a STOE STADI P diffractometer withg-K,; radiation
( = 0.71073A), a Ge(111) monochromator anda Mythen 1K detector in modified DebyeScherrer
geometry.The Rietveldrefinement of the collected data waperformed with the TOPAS program

package'*d

2.4.4 Fourier transform infrared (FTIR) spectroscopy

An infrared spectrum of the sample was collected with a Bruker Alpha Il FTIR spectrometer
equipped with a diamond attenuated total reflectance (ATR) unit. The spectrum was recorded at
ambient temperature in a glovebox under argon atmosphere in the range of 4@00cm'* with a

resolution of 2 cm*. For data collection the OPUS 8.7 program was used?

2.4.5 Density functional theory (DFT) calculations

To simulate a theoretical IR spectrum, the vibrational frequencies were determined by first
principle electronic structure calculations. For thigpurpose, perodic DFT calculations were
performed using the Viennaab intioSimulation package (VASP)***¥ VASP separates core and

valence electrons using projectemugmented waves (PAW)**%d The exchange and correlation
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energy was calculated using the generalized gradient approximation (GGA), as described by
Perdew, Burke and Ernzerhof (PBEJ*! A dense kpoint sampling with a 6x6x8: -centered grid and

a plane wave energy cutoff of 52@V ensured a welconverged structure. Structure parameters
were optimized using theconjugate gradient algorithm*? The vibrational frequencies were
extracted from a densityfunctional perturbation theory (DFPT) linear response calculation with
the plotIR script provided by Dr. Karhanek. The energy convergence criterion was set td &V
and the residual atomic forces were relaxed until the convergence criterion of 2€V/A was

reached. Same convergence criteria wemnsed for the DFPTcalculation.

2.4.6 Microscopy
Micrographs of the sample were taken from crystallites isolated inglass capillary ¢ = 0.3 mm,
wall thickness 0.01mm, Hilgenberg GmbH)using aZeiss Axio Imager.M1mmicroscope equipped

with an AxioCam cameramodule.
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Abstract: The structural variability of a compound class is an important criterion for the research
into phosphor host lattices for phospheconverted lightemitting diodes (peLEDs). Especially,
nitridophosphates and the related class of imidonitridophosphates apgomising candidates.
Recently, the ammonothermal approach has opened a systematic access to this substance class with
larger sample quantities. We present the successful ammonothermal synthesis of the
imidonitridophosphate BaPsNg(NH).:Eu?*. Its crystal structure is solved by Xay diffraction and

it crystallizes in space groupCc (no. 9) with lattice parametersa= 12.5250(3),b= 12.5566(4),
c=7.3882(2)A and [ =102.9793(10)°. For the first time, adamantantype
(imido)nitridophosphate anions [RNg(NH)]® are observed next to metal ions other than alkali
metals in a compound. The presence of imide groups in the structure and the identification of
preferred positions for the hydrogen atoms are performed using a combination of quantum
chemical calculations, Fouriertransform infrared, and solidstate NMR spectroscopy. E& doped
samples exhibit cyan emissionfax = 498nm, fwhm= 50nm/1981 cm'!) when excited with
ultraviolet light with an impressive internal quantum efficiency (IQE) of 426, which represents
the first benchmark for imidonitridophosphates and is promising for potential industrial application

of this compound class.
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3.1 Introduction

In the search for suiable compound classes to be used as phosphor host lattices for application in
phosphorconverted lightemitting diodes (pcLEDs), the importance of multifarious structural
possibilities is often emphasized. With respect to this key feature, nitridophosphates éaained
increasing interest in recent yeats® Here, the high structural variability is expected corresponding

to the variety observed in oxosilicates due to the isoelectronic relation of P/N to Si/O. The
challenge to gain synthetic access to this compound class arises from the combination of low
thermal stability of PsNs together with the necessity of high reaction temperatures for the
crystallization of nitridophosphates. Therefore, only a limited number of nitridophosphates could
be prepared at ambient pressures. As appropriate solution pathways to this challenges tdasé.e
Chateliersd pr i-pressum lsymthesisirautes ia large vblung lpresses have been

developed in the past to synthesize a large number of nitridophosphaifés.

Furthermore, additional medium pressure methods have been reported sastable tools for the
synthesis of nitridophosphates. These overcome the problem of small sample quantities obtained
from the large volume press and allow a systematic access to larger amounts of the compounds,

making an industrial application attractivel®”

In addition to hot isostatic press approaches, where nitrogen gas pressures are applied during the
synthesis, the ammonothermal approach is one of these medium pressure methods. Here,
supercritical ammonia is generated during the reaction in specially dgsed autoclaves and used

as a solvent, mainly for the synthesis of amides, imides or nitrid€¥.To increase the solubility of

the starting materials in this solutiofbased process, mineralizers are usually used generating
ammonobasic, ammononeutral, or ammonoacidic environments during synthesi8.After some

first reports on ammonothermal syntheses of nitridophosphates, a more universal approach was
presented by Mallmann et al’'*'2 Subsequently, also first luminescent samples were obtained

successfully from ammonothermal approachés'?

Next to nitridophosphates, N H functionalized phosphorus nitride imides and
imidonitridophosphates have attracted considerable interest in recent years as well. Two
stoichiometric compositions of phosphorus nitride imides are known: HPNand HP4N 7, the former

of which was also prepared ammonothermally. They consist of threlmensional networks built

up from PN, tetrahedra™**” For both compounds, highpressure polymorphs are reported, namely

[ -HPN, 1 -HP4N- and r-HP4N-.1*2% Furthermore, the incorporation of ammonia gas molecules

into pores of a tetrahedra network is reported for the nitridic clathrate/R4(NH) s(NH 3).2%

For the imidonitridophosphates, syntheses in the large volume press allowed to incorporate
negatively charged threglimensional imidonitridophosphate networks next to alkaline earth
cations as observed in SERsNH, BasPsN 1oNH:Eu ?* and AE,AIPsN 15(NH):Eu?* (AE = Ca, Sr, Ba)
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as well as in imidedoped samples of SBiP:O.N7(NH)? and SgSikPsON 1:(NH)# .22
Additionally, i midonitridophosphate layers could be realized iIl\EPsNg(NH) » (AE = Mg, Ca, Sr)

using this method?&27

From the ammonothermal approach with alkali metal amides andJRs as starting materials, on
the other hand, several imid¢nitride)phosphate amides with isolatedmidonitridophosphate
anions could be prepared. In GEP(NH)4](NH 2),, isolated P(NH), tetrahedra are formed while in
Naio[P4(NH) 6N 4](NH 2)s(NH 35)o5 and Rbs[P4Ng(NH) 4](NH 2). adamantanetype T2 supertetrahedra
anions are incorporated next to free amide iori$*? These structural units have also been observed

in lithium -containing nitridophosphated3%3

Therefore, with only few reported representatives of the imidonitridophosphate compound class,

already a wide range of structural features could be realized.

While imidonitridophosphates were initially only discussed as possible intermediate products
during the formation of nitridophosphates, they already showed interesting luminescent properties
themselved?” Despite the expectation that oscillators such asiM would quench the emission,
luminescent samples of B#sN 10NH:Eu ?* and AEAIPgN 15(NH):Eu?* (AE = Ca, Sr, Ba) could be
prepared and show bright emission in the blue to green spectral region. Here, a low ratio of the NH
groups among the anions (NH:N= 1:10 and 1:15respectively) was discussed as a possible reason

for the observed luminescencé**4

In the following, we present the successful ammonothermal synthesis of the alkaline earth
imidonitridophosphate Ba/PsNg(NH).. X-ray diffraction analysis revealed for thdfirst time a
structure type containing [RNg(NH) ;]® anions next to alkaline earth metal ions. The presence of
NT H functionality is confirmed by Fouriertransform infrared (FTIR) and magic angle spinning
(MAS) NMR spectroscopy, which allow the determination of the nitrogen atoms that are
preferentially bound to hydrogen atoms. Finally, the optical properties and thiiminescent
behavior of Ex**-doped samples of B#:Ng(NH) . are investigated showing promising results for

future research on luminescent imidoitridophosphates.

3.2 Results and Discussion

3.2.1 Synthesis

The ammonothermal synthesis of the barium imidonitridophosphate B&:N s(NH) . was performed
at ammonobasic conditions in custonbuilt high-pressure autoclaves made from a nickbhsed
superalloy. The colorless product crystallizes in blodike crystals Eigure 3.1). The product
decomposes at ambient conditions after a few days and is therefore sensitive towardisture. To

prevent decomposition, the product was handled under inert gas conditions.
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First synthesis attempts contained Batiind PsNs in the molar ratio 9:5 as well as an excess of the
mineralizer NaN; to increase the solubility of the starting materials in supercritical ammonia. After
the correct stoichiometry of the compound was determined from-Ky diffraction data, samples
were obtained from stoichiometric ratios of the starting materials Batdnd red phosphorus with

an excess of NaNas mineralizer.

From the soprepared samples, an unidentified side phase could be removed by washing the sample
with dry ethanol. Luminescent samples were obtained using the dopant Eu(MNi (1 mol% with
respect to the barium content). Doped samples show a yellow body color and cyan luminescence

upon irradiation with ultraviolet (UV) light which is further discussed in the luminescence part.

Figure3.1: SEM image of a BaNg(NH), crystallite

3.2.2 Crystal Structure Description
As the structure elucidation of BaPsNs(NH). comprised a multistep process involving several
analytical methods which can be followed more easily with the knowledge of the final structure

model, a description of this model is given here in advance to the structure determination.

The structure of BaP4Ng(NH) is composed of adamantangéy/pe [PsNg(NH) ]® anions which can
be described as T2 supertetrahedra consisting of four P(N/NHetrahedra. These anions occur in
two orientations (green and pink irFigure 3.2a). Along [001], columns of adjacent supertetrahedra
ions are formed, all oriented in the same direction. Along [100] and [010], the orientation of the
adjacent supertetrahedraalternates §igure 3.2b). The P(N/NH) , tetrahedra exhibit minimal
distortion as evidenced by the 8N distances and bonding angles, which fall within the typical
range reported in the literature Higure 3.2c, Table9.9).2*%3 As the following structure
determination will show, it is most probable that the hydrogen atoms are connected to terminal
nitrogen positions of the supertetrahedra with a higher probability of a connection to nitrogen
atoms N1 and N3.
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The space between thePNg(NH) ;]® anions is occupied by barium atoms. They are coordinated

by six to eight nitrogen atoms Figure 3.2d), respectively. The coordination polyhedra of the
barium atoms can be described as distorted polyhedra, namely as monocapped trigonal frustum
(Bal), monocapped trigonal prism (BaZ2), biaugmented isosceles wedge (Ba3) and isosceles wedge
(Ba4)*¥ The Bd N distances range from 2.767(6) to 362(7)A. This is consistent with other
reported barium nitridophosphate compound§3223537

Figure3.2. Representation of the crystal structure,NBEH), showing columns of NBNH),]*®
aniong@a)with view along [001] (b). The barium atoms are shown in orange, the phosphorus atoms in green
and the nitrogen atoms in blue. The two orientations of the adaymnf{&\g(NH),]® anions (c) are
represented in green and pink, respectively. The coordination spheres of the barium atoms @k shown below
Regarding the compositions of (imido)nitridophosphate compounds comprising T2
supertetrahedra anions, they all show the same condensation degree0.4 which is defined as the

ratio of tetrahedron centers to tetrahedron cornef832 Ba,P,Ng(NH ,). exhibits an unprecedented
arrangement of thesupertetrahedraanions resulting in a new structure type. While two orientations

of the anions are observed frequently in this structural family, only JBsNs(NH) 4J(NH 2). exhibits

columns of supertetrahedra with the same orientation along [001] in the structure. The orientation

of the anion columns alternates along [100] and [010] as weéf. In contrast to
Rbg[PsNs(NH) 4J(NH 2),, where one corner of the supertetrahedra points in the direction of the

columns, the supertetrahedra in B&4Ng(NH 2), point with edges in the direction of the columns.

However, next to the structural similarity of the supertetrahedra anions, the compositions of the
imidonitridophosphate (@amides) Naw[P4(NH)sN4J(NH 2)s(NH 3)os, Rbs[PsNs(NH) J(NH2). and
Ba:P.Ng(NH) . vary significantly. This phenomenon can be attributed to a multitude of factors,

including the relative quantity of metal cations, the ratio of additional amide anions, and the
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proportion of imide groups present in the T2 supertetrahedra. Among these compounds,
BasPsNs(NH) > shows the lowest hydrogen content. This may be achieved by the incorporation of
the large divalent alkalineearth metal ion B&* next to the T2 supertetrahedra structural motif for

the first time which could render the incorporation of additional amide anions unnecessary to form

a gablestructure.

3.2.3 Crystal Structure Determination

From singlecrystal X-ray diffraction data, a first structure model was obtained without hydrogen
atoms. BaPsNg(NH). crystallizes in the monoclinic space groupCc (no. 9) with the lattice
parametersa= 12.5250(3)b = 12.5566(4),c= 7.3882(2)A andy = 102.9793(10)°. Information on
the structure refinement is summarized ifmable 1. The atomic coordinates together with the
respective Wyckoff positions and displacement parameters are reported in the Supporting

Information in Table9.71 Table 9.9.38

The refined structure model is supported by CHARDI and BVS calculationsTéble 9.15 and
Table 9.16). Additionally, Rietveld refinement of powder X-ray diffraction (PXRD) data confirmed
that Ba:PsNg(NH) is formed without crystalline side phases as bulk material after the ethanol
washing Figure 3.3, Table 9.13 and Table 9.14).

Measured data
Calculated data
Difference Profile
Ba,P,Ng(NH),

Intensity / a.u.

Lo rrrmnm IIIIIHII\IIIIHIIIIHIIII\IIIIII-II-I---_ﬁ
T I T I T I T I T I 1
10 20 30 40 50
20/°

Figure3.3: Rietveld refinement based on PXRD datafRyNR&IH,) with experimental data (black dots,
AgK| ; radiation), calculated diffraction pattern (red line), difference profile (gray line) and reflection positions
of BaP.,Ng(NH,) (blue bars).
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Table3.1: Crystallographic data Ba,P,Ns(NH), obtained from singleystal Xray diffraction, standard

deviations are given in parentheses.

Formula BasPsNg(NH) ,
Crystal system monoclinic
Space group Cc(no. 9)

al A 12.5250(3)

b/ A 12.5566(4)
c/A 7.3882(2)

r’e

Cell volume / A3

Formula units Z / cell
Density®/ gacm
t/mmi?

T/K

Diffractometer

Radiation @ / A)

F(000)

[ range /°

Total no. of reflections

No. of independent reflections
Observed reflectionsf? > 24(F?) ]
Rint, R«

Refined parameters / restraints
Flack parameter

Goodness of fit §?)

R1 (all data) / R1 [F?> 24(F?)]
wR2 (all data) / wR2 indices [F? > 24(F?)]

3Mnax | 3Mnin [€ATT]

102.9793(10)

1132.27(5)

4

4.783

14.285

298(2)

Bruker D8 Venture
Mo-K, (0.71073)
1424

3.245 36.965
8923

4321

4077

0.0328, 0.0514
163/2
0.044(17)

1.051

0.0336 / 0.0297
0.0555/ 0.0540

1.62/ 61.95

From the refined atomic positions, two charg@eutral sum formulas BaP.NgX, where X is either

O% or (NH)? were reasonable, since oxygen incorporation cannot be excluded due to

contamination from the autoclave wall*® From the residual electron density obtained from the

difference Fourier map, maxima in reasonable distances to the nitrogen atoms for an imide

functionality were found. Therefore, further spectroscopic investigations were performed to clarify

the structural composition.
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The results of the EDX measurements support the Ba:P ratio obtained from the XRD structure
model (Table9.17). However, the differentiation of the lighter elements oxygen and nitrogen by
this method is not reliable for the investigated compound due to its moistusensitivity. It is
possible that the measured oxygen content results from surface hydrolysis of sheple, as the
sample is in contact with air during preparation for the EDX measurement, as well as from the

washing step with dry ethanol.

In the FTIR spectrum (Figure 3.4), typical NT H stretching vibrations in the region of 31003300
cm't were observed. The absorption bands at 612, 3208 and 3268 (literature: 591, 3208 and
3257cm't) can be assigned to NaNK which is formed during the reaction from the excess of
mineralizeremployed ™ In general the measured spectrum agrees well with a theoretical spectrum
obtained from quantum chemical density functional theory calculations based on a structure model
containing hydrogen atoms, as described later. The signal at 3188'! can be assigned to the
stretching vibration #(NH?) of BaPsNg(NH). with the help of the theoretical spectrum
(Table9.18). This indicates the presence of NH groups in the sample in general. In contrast to
Naio[P4(NH) N 4] (NH 2)s(NH 3)o5, BasPsNs(NH) » shows a sharp band at 313@n'! and therefore a
structure without disorder of the amide ions is expected. The signals in the region of 50R00cm'*

can be assigned to various lattice vibrations of the anionicifs(NH) 2] units.

~

Transmittance / a.u.

Y

I | I I I I I
4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumber / cm

Figure3.4: Comparison of the experimental FTIR spectrum of a sample confaiNiiy B (black line)

with the theoretical spectrum from -BBE calculations (green line) and the positions of the maximum

absorption of NaNHorange bars). The area showing ithé $tretching vibrations (318300 ciri) is
shown as enlargement.

For a further assignment of the imide groups among the nitrogen positiond], %P and cross

polarization 3*P{*H} solid-state MAS NMR experiments were performed.

36



Ammonothermal Synthesis of Luminescent Imidonitridophosphate Ba 4P4Ng(NH)2:Eu?*

The *H spectrum shows a strong signal with a maximum at 2dpm and a smaller broad shoulder
around 2.4ppm (Figure 3.5a). The observation of aH NMR signal confirms the presence of
hydrogencontaining groups in the sample. In combination with the FTIR spectrum that shows no
O1 H vibrations, this allows the presumption that the compound containsnide ions. While the
strong signal can be assigned to the main phase, the shoulder may originate from a disorder of the
hydrogen atoms which could be statistically bound to different nitrogen atoms of the,NR(NH) 2]¥
units next to preferred positions which are responsible for the main signal. Another possible
explanation for the shoulder of the signal could be unidentified minor side phases or hydrolysis
products from the decompositionof Ba,PsNg(NH) .. In comparison to other alkaline earth metal
imidonitridophosphates, for which ranges of théH chemical shift from 9 5 ppm are reported, an
upfield shift for the signal of BaPsNg(NH) . is observed???4?21 This shift might be caused by a
higher electron density in close proximity to the hydrogen atoms due to the highefative content

of the alkaline earth metal in BaPsNs(NH) . compared to the compounds in the literature, such as
BaPsN 1o(NH). 23

a) 21 b) 252 —3p

40 20 0 20 -40 40 20 0 20 -40
(v—vo)vo ("H) / ppm (v=vo)vo (*'P) / ppm
C) ——3'P observed
P3 P1 ——3'P calculated
o Background

Separate signals

Peak integral ratio:

P4 A:B:C=18:10:08

P2 MA\

[TTTT T T"TT"T T 7171
50 40 30 20 10 O -10-20-30
(v=vo)lvg (BWP) / ppm

Figure3.5: Solidstate NMR spectra of themeasurement (a) and normalized spe€faaof*P{*H}
measurements (b), all atktl@ MAS rate. Rotational side bands are marked with an asterisk. The
deconvolution of the spectrum is shown next to a representatiofNgfNHR]® unit from the structural

model with the preferred positions of the hydrogen atoms (c).

The 3P NMR spectrum shows four separate signals at 25.2, 19.8, 9.2 and @gp2n with small full

widths at half maximum (fwhm) of 1.8 3 ppm (Figure 3.5b). These chemical shifts are in the range

reported for nitridophosphates containing T2 supertetrahedra as structural feattit&? In the cross
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polarized *'P{*H} spectrum, it is visible that all four signals occur as wellnder indirect
polarization. Normalized to the signal at 25.20pm, however, the other three signals lose intensity
under indirect polarization compared to the ones under direct polarization. The observation of the
signals in the crosolarized spectrum proofs the presence of hydrogen in a phospiooantaining
compound and, therefore, confirms the presence of the imide groups in BaNg(NH).. For an
assignment of the signals to the crystallographic positions, a deconvolution of tHe spectrum was
conducted (Figure 3.5¢). From this, it can be derived that the signals at 25gbm (signalA),
9.2 ppm (signalB) and 6.2ppm (signalC) show an integral ratio of 1.8:1.0:0.8. This fits well to the
four independent crystallographic phosphorus positions from the structure modglith an equal
site multiplicity of Wyckoff positions 4a). It seems that the chemical environments of two of the
phosphorus nuclei are very similar so that no separation into two signals is observed for signal A.
Furthermore, the signal at 19.&pm is smaller than the others and its relative intensity loss iha
31P{*H} spectrum is significantly higher. Therefore, it can be assigned to an unidentified minor side
phase which also contains hydrogen in the spatial proximity of phosphorus and which might be

the same phase that contributes to the shoulder in the spectrum.

A possible assignment of the signals A to C to crystallographic phosphorus sites can be attempted
regarding their respective chemical shift and the distances of the phosphorus atoms to their
neighboring atoms Table9.9). In their first coordination sphere, all phosphorus atoms are
surrounded by four nitrogen atoms. The respectivel R distances deviate only slightly among the
different phosphorus positionsdesy = 1.572(7p1.702(6)A). Therefore, no significant variations in

the chemical shifts are expected due to this coordinatiom the second coordination sphere, the
distance to the barium atoms is regarded. Here, differences in the distances to the closest barium
atom are obtained from the crystal structure refinement. The atoms P2 and P4 show significantly
shorter A Ba distances of 3.147(2) and 3.129(8) compared to the positims P1 (3.421(2A) and

P3 (3.446(2)A). Therefore, for the nuclei P2 and P4, an upfield shift could be expected compared
to the nuclei P1 and P3 due to the electron density of the barium atoms in closer proximity to their
nuclei. Subsequently, an assignment of the signals B and C to atom pgiosis P2 and P4 is
reasonable, although a further distinction of the two sites is not feasible. Accordingly, signal A may

be assigned to positions P1 and P3 which show less electron density close to their nuclei.

Comparing the 3P and*'P{'H} spectra, the proximity of the hydrogen atoms to the phosphorus
atoms may be derived according to the relative changes in signal intensity. The magnetization
transfer under cross polarization is mediated by dipolar couplings through space, which scaléwi
the inverse cube of the distance. Therefore, the further away a phosphorus atom is from the next
hydrogen atoms, the larger is the loss of signal intensity in the crgsslarization experiment!“?
From the spectra inFigure 3.5b, it is consistent to say that the probability of hydrogen atoms is
highest close to the positions belonging to signal A, most likely P1 and P3. As the signals B and C

are still visible in the cross polarization spectrum, a local proximity to hydrogen atts for these
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positions may still be assumed, which could cause the observed shoulder in tHespectrum as

well.

To determine the imide positions among the ten possible crystallographic nitrogen positions, the
results of the NMR spectra were used. From the sm&Whmof signal A, a regular environment for
these *'P nuclei is expected which makes mixed occupations of several positions and the
simultaneous presence of a terminal and a bridging imide group close to P1 and P3 improbable as
both of these possibilities would cause a broadening of the signal. Additionalthe simultaneous
occupation of two bridging nitrogenatoms can be ruled out, as the intensity loss for ti#P{H}
signals then should be in the same dimension for at least three signals. Therefore, it is expected that
the hydrogen positions are bound to the terminal nitrogen positions N1, N2, N3 and N4 of the

supertetrahedra which i sndirue®accordance to Paulin

From the NMR data, it is reasonable to say that the hydrogen atoms are partly statistically bound
to all four terminal nitrogen atoms since alP'P signals of BaPs,Ng(NH), are present in the cross
polarization spectrum as well. Additionally, a preferred occupation of positions close to P1 and P3
can be derived from the data and therefore, the hydrogen is preferably bound to the imide positions
N1 and N3. This assignment issupported by the results from CHARDI and BVS calculations
(Table9.15and Table 9.16).

Based on these considerations, a second structure model for the quantum chemical calculations of
the theoretical IR spectrum was generated by adding two hydrogen positions to residual electron
density peaks from the Fourier map close to N1 and N3 and resting the Ni H distance to
0.90(2)A. Information on this structure model is summarized inTable 9.101 Table 9.12.

3.2.4 UV/Vis Reflectance Spectroscopy

To allow an estimation of the optical band gap of B&:Ns(NH) 2, a diffuse reflectance spectrum of
an undoped sample was collecte@Figure 9.2). To determine the optical band gap from this
spectrum, a pseud@bsorption spectrum was generated using the Kubeikéunk function
F(R) = (11 R)%2 R, with the measured reflectancéR.“? From a Tauc plot Figure 3.6), a linear
region is evident assuming a direct band gé&3. By applying a tangent to the inflection point, an

optical b a n deVgvaspstimated.a 3. 5 ( 2)

39



Ammonothermal Synthesis of Luminescent Imidonitridophosphate Ba 4PsNg(NH)2:Eu?*

T | | T
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hv / eV

Figure3.6: Tauc Plot of an undoped sample SNBANH), (black) with a tangent to the inflection point
(red line).

3.2.5 Luminescence

Due to the observation of promising luminescence properties in other compound clasgeth
tetrahedrabased, isolated anions, such as orthosilicates and orthophosphates, doping experiments

were performedi*+49

When doped with approximately 1mol% Eu** with respect to the barium content,
Ba,P:Ng(NH) »:Eu?* shows cyan luminescence&pon irradiation with near UV to blue light. The
room temperature photoluminescence (PL) and photoluminescence excitation (PLE) spectra and
a microscope image of the probed microcrystal under 40@n light excitation are shown in
Figure 3.7. Ba;PsNg(NH) 2:Eu?* shows a narrowband emission fwhm 50nm/1981 cm'?) with a

maximum at 498 nm.

Due to the different coordination numbers and bond lengthsF{gure 3.2d, Table9.9) for the
different barium sites, differences in absorption band positions and the Stokes shifts are expected
for the four Ba sites which could explain the broadening of the PL emission band. Additionally, it
is possible that not all of the four possibleations are occupied with Eé&" which could explain the
narrow-band emission. Future investigations could include overdoping experiments to test this
hypothesis. The observed luminescence of BaNg(NH) »:Eu®* is comparable to othenarrow-band
nitride-based phosphors such as BIPgNis(NH):Eu? (I max = 496nm, fwhma 46 nm),
[-MgSIPsNsO2  (Imax=502nm, fwhma 42nm) or Bay,Sr[MgPioNx:Eu?* (x= 01 3,

Vmax = 4921 515nm, fwhma 361 46 nm).[24374648 Dye to the maximum position and thefwhmof the
emission, BaPsNg(NH) »:Eu?* is a promising candidate phosphor to close the cyayap occurring

in stateof-the-art pc-LEDs.“¥ Next to the PL emission, the internal quantum efficiency (IQE) and
the thermal quenching behavior are important factors to assess the potential of a phosphor for a

potential industrial application.
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Figure3.7: Spectra of the photoluminescence excitation (PLE, dashed black line) and photoluminescence (PL
green line) of BBNg(NH), upon excitation at 48fn at room temperature.

From the IQE measurements in an integrating sphere, an IQE of up to 44 for assynthesized

samples of for BaPsNg(NH).:Eu? upon 443nm laser excitation at room temperature was
determined.This is a promising value for a possible application and can likely be further increased

by synthesis and crystallite growth optimization in the future. To estimate the thermal behavior of
Ba,P.Ng(NH) »:Eu?* at typical working temperatures of a LED, luminescence spectra at different
temperatures were collected=igure 3.8 shows the thermal quenching (TQ) of B#4Ns(NH) .:Eu?

from room temperature to 200°C derived from these spectra. The compound shows pronounced

thermal quenching resulting in 4®6 of the photoemission power at 150°C compared to the

emission power at room temperature.

' I ' I ' I ' I
0 50 100 150 200
Temperature / °C

Figure3.8: Thermal behavior of the normalized integrated emission powRNgNBREU* under
415nm LED excitation.
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Compounds containing imide groups were considered as suitable for an industrial application
due to possible absorption effects of the oscillator TH. Additionally, luminescent
imidonitridophosphates were until now only prepared using large volume press experiments which
produce only small sample quantities that impede an industrial scale up. Therefore, no data on the
efficiency and temperature behawor of luminescent imidonitridophosphates is available in the
literature.”® Hence, the data for BaP4Ng(NH) 2:Eu?* present a first benchmark for the compound

class of imidonitridophosphates.

The observation of a high IQE at room temperature in the imidonitridophosphate is surprising as
Ba;P.Ng(NH). shows the highest NHN ratio of 1:4 compared to reported luminescent
imidonitridophosphates which showed NHN ratios of 1:10 and lower. For them, the low
concentration of imidegroups among the anions was discussed as possible reason for the observed

luminescence despite the presence of imide groups in the structété!

The thermal quenching observed for BRiNg(NH).:Eu?* might be caused by the discussed
absorption of the imide group oscillators. As there are other possible explanations, such as
concentration quenching, which could cause the observed decrease in PL intensity at higher
temperatures, further measurements, fexample for different doping concentrations, should be

conducted in the future.

Despite the unfavorable thermal behavior of BBiNg(NH).Eu?, the high IQE at room
temperature in a structure with isolated anionic units shows that imidonitridophosphates are a
promising compound class for host lattices of LED phosphors even for structures containing higher
NH :N ratios.

3.3 Conclusion s

We succeeded in the ammonothermal synthesis of the barium imidonitridophosphate
BasPsNg(NH) .. The multi-step structural characterization revealed the incorporation of the
adamantanetype [PsN 1] structural unit next to metal cations other than alkali metal cations for
the first time. Furthermore, the spectroscopic investigation enabled the determination of the
presence of imide groups in the [Rg(NH).]® anions as evidenced by FTIR, as well as the
identification of the nitrogen atoms that are most likelyd be bound to the hydrogen atoms, as
indicated by solidstate NMR. Doped samples ofBa;PsNg(NH).:Eu?* show a narrowband
emission fwhm 50nm/1981 cm'?) with a maximum at 498nm and a promising IQE of 41%. The

luminescence shows pronounced thermal quenching above room temperature.

Overall, this luminescent behavior is highly promising, as BB.Ng(NH) is built up from isolated
anionic supertetrahedra. Additionally, it exhibits the highest NEN ratio reported for luminescent
nitridophosphates, as the latter was previously regarded as a potential impediment for

luminescence in imide containing compounds. In light of the promising luminescence behavior
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observed for BaPsNs(NH) ,, imidonitridophosphates should be considered in future research on
suitablesubstance classes to be used as host structures in phosphor materials. Phosphors showing
emission in the spectral region observed for BaNg(NH) »:Eu?" have the potential to address the
so-called cyan gap in whitdight emitting pcLEDs.*? For this possible application, the
ammonothermal synthesis enables a medium pressure access to the imidonitridophosphate
compound class which has in contrast to the large volume press synthesisthe potential for

industrial scale up.

3.4 Experimental Section

Since some of the starting materials as well as the product show sensitivity towards air and
moisture, all handling of these compounds was conducted under inert gas conditions. Therefore,
argonfilled glove boxes (MBraun, Q< 1ppm, H.O < 1ppm) or flamedried Schlenktype
glassware was used in combination with a vacuum linenQ  OPa) Wwith supply of Ar and NHs.

To purify the two gases (Air liquide, 99.99%%), they passed through purification cartridges Micro
Torr FT400-902 for Ar and Micro Torr MC400-702FV for NH 3 (both SAES Pure Gas Inc.) to reach

a purity level of <1ppbV H,O, O, and CO; prior to their utilization. The respective amount of NH
that was condensed in the autoclave was estimated with the help of a mass flow met&§320DR
(Bronkhorst).

3.4.1 Synthesis of PsNs

Semicrystalline PNs was prepared according to the literature by ammonolysis of 4%,
(approx. 7 g, SigmaAldrich, 99.99 %) with ammonia (purification described above) at 850°C in a
fused silica boat?” First, the insertion of the silica boat was performed in an Ar counter flow and
the apparatus was floated with NH for 4 h. Subsequent heating to 850°C with a holding time of
4 h followed by cooling to room temperature yielded ENs as orange powder. The product was
identified by PXRD, FTIR and CHNS analysis.

3.4.2 Synthesis of Eu(NH2)2
Eu(NH.). was synthesized from supercritical ammonia from elemental Egsmartelements,
99.99%) according to the literaturés!

3.4.3 Ammonothermal Synthesis

For the synthesis of Ba&P4Ns(NH ,)., custombuilt Inconel® 718 autoclaves (max. 90&, 300 MPa,
volume: 10mL) were used. The autoclave was further equipped with a hand valve (SITEC), a
bursting disk (Dieckers GmbH & Co. KG, pressure limit: 330MPa) in a bursting disk holder
(SITEC) and a pressure transmitter (HB P2VA1/5000 bar). The starting materials Bakl
(Materion, 99.7 %, 209.0mg, 1.500mmol) and PsN5s (135.7mg, 0.8333mmol) or red phosphorus
(SigmaAldrich, >97 %, 46.5mg, 1.50mmol) were ground togeher with the employed mineralizer

NaN ; (Sigma-Aldrich, 99.5 %, 162.5mg, 2.500mmol). To synthesize doped sample$, 1 mol% of
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the BaH; were replaced by Eu(NH),. The mixture was placed in a niobium or tantalum liner and
subsequently transferred to the autoclave. To seal the autoclave, a sis@ated Inconef 718 ring
(GFD seals) was used by tightening the autoclave screws. Cooling of the autoclave with a liquid
nitrogen/ethanol bath allowed to condense ammonia (ca. 8L, purification described above) in
the autoclave. When the autoclave reached room temperad it was placed in a tube furnace and
heated to 670 K in 2h, held at that temperature for 121 and then heated to 87& in 2 h. The
temperature was held for 96120 h, reaching a maximum pressure of 1581Pa, before the furnace
was switched off and the autoclave was cooled to room temperature. After removing residual
ammonia from the autoclave, the reaction product was separated from the liner wall in a glove box.

The samples were subsequently washed with dry ethanol to remove the side phase.

3.4.4 Single-Crystal X-ray Diffraction

A single crystal (0.04 x 0.04 x 0.081m?) was isolated under oil using a microscope. The crystal
was immediately transferred to a Bruker D8 Venture diffractometer to avoid hydrolysis and the
data was collected usinilo-K , radiation (! = 0.71073A) and acombinedi -5 -scan. To index and
integrate the data, the APEX3 program was used as well as for the space group determination and
semiempirical absorption correction (SADABS)>2%¥ The structure solution was performed using
XPREP and SHELXT and for the refinement fullmatrix leastsquares methods (SHELXL) were
employed in the program WINGX. 5458

3.4.5 Powder X-ray Diffraction

Powder X-ray diffraction data were collected on a STOE STADI P diffractometer employing Ag
K,1 radiation (! = 0.5594217A), a Ge(111) monochromator as well as a Mythen 1K detector in
modified Debye-Scherrergeometry. Prior to the measurement, the sample was prepared at argon
atmosphere by grounding in an agate mortar and was transferred into a glass capilldry 0.3 mm,
wall thickness 0.01Imm, Hilgenberg GmbH). The TOPAS software package was used to perform
a Rietveld refinement of the collected diffraction dat&’

3.4.6 Fourier-Transform (FTIR) Spectroscopy

The FTIR spectroscopy data were collected in an argditied glove box on an Alphall FTIR
spectrometer (Bruker) equipped with a diamond attenuated total reflectance (ATR) unit. Using the
program OPUS 8.7, a spectrum in the range &f00i 4000cm® with a resolution of 2cm * was

collected at ambient temperatur&?

3.4.7 DFT Calculations

To simulate the theoretical IR spectrumab initioelectronic structure calculations were performed
to determine the vibrational frequencies. Periodic DFT calculations were conducted using the
Viennaab intioSimulation Package (VASPJ*%4 VASP separates core and valence electrons using

projector-augmented waves (PAW)¢>%¢ The generalized gradient approximation (GGA) was used
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to calculate exchangeand correlationenergy, as described by Perdew, Burke and Ernzerhof
(PBE) . A dense kpoint sampling with a 4x4x4: -centered grid (~0.2/A) and a plane wavesnergy
cutoff of 520eV ensured a welconverged structure. An optimization with full ionic degrees of
freedom, i.e. atomic positions, cell shape and cell volume was performed using the conjugate
gradient algorithm!®® The extraction of vibrational frequencies from a densitfunctional
perturbation theory (DFPT) linear response calculation was performed using the plotIR script
provided by Dr. Karhanek. The energy convergence criterion was set td 16V and the Hellmann
Feynmann forces and stresses were relaxed until the convergence criterion of é0/A was

reached. The same convergence criteria were used for the DFPT calculation.

3.4.8 Solid-State MAS NMR Spectroscopy

The 'H, 3P and®'P{'H} spectra were recorded employing an Avance lll 500 spectrometer (Bruker)
operating at a'H frequency of 500.25 MHz (magnetic field strength: 11.7). The sample was
ground in a glove box and transferred in a Zr@rotor with an outer diameter of 2.5mm which was
rotated with a frequency of 1820 kHz. Device-specific software was used for the evaluation of the
spectra. As a secondary reference, thd resonance of 1% Si(CHs), in CDCI ; was used, adapting
the f values for3'P relative to kPO, as reported by the IUPAC®®

3.4.9 Scanning Electron Microscopy

For the generation of the electron microscope images of the crystallites and the energy dispersive
X-ray (EDX) spectroscopy data, a Dualbeam Helios Nanolab G3UC (FEI) equipped with an-X
Max80 SDD detector (Oxford instruments) was used. The sample was pldcen an aluminium
holder using carbon foil. Additionally, to prevent electrostatic charging of the sample, a high

vacuum sputter coater (CCW010, Safematic GmbH) was used to carbecoat the sample.

3.4.10 UV/Vis Spectroscopy
Diffuse reflectance spectra were collected using a Jasc630 UV/vis spectrophotometer (JASCO)
equipped with a deuterium and a halogen lamp, a CzernyTurner monochromator with

1200lines/mm, concave grating and a photomultiplier tube detector.

3.4.11 Luminescence Spectroscopy
Particles of Eu?*-doped samples of B&4Ns(NH). were analyzed by luminescence spectroscopy
employing a HORIBA Fluoromax4 spectrofluorimeter systemconnected to @ Olympus BX51
microscope. Recording of the respective PL and PLE spectra was performed at room temperature
with emission and excitation wavelengths ot ;= 498nm and 1..=420nm in a range from
4001 650 nm with a step size of 2im. For the determination of the internal quantum efficiency, a
powder sample of BaPsNs(NH) , was placed in a PTFE sample holder with polymeric lid in a glove
box beore it was transferred to the spectrometer. The measurements were performed on an in
house built system which is based oran integrating sphere with attached spectrofluorimeter
(Instrument Systems CAS 140D)The internal quantum efficiency measurement was performed
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using the two measurement method and an excitation wavelength of 44 (laser diode)™ For

the temperaturedependent measurements of emission spectra, a very thin powder layer was
produced by curing a silicor suspension containing the sample between an alumina substrate and
a cover glass at 150°@ a glove box The soprepared sample was heated on a Linkam THMS600
stage and the emission spectra at 415 nm excitation were measua#tgr thermal equilibration
using a calibrated Ocean Insight HR2000Plus ES spectrometer controlled by the measurement
software SweepMe! (Axel Fischer and Felix Kaschura, SweepMe!A multi -tool measurement

software (sweepme.net)).
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Abstract: The imidonitridosilicate RbsSisNs(NH) s, being only the second representative of this
compound classwas synthesized ammonothermally at 878 and 230MPa. Its crystal structure
was solved from singlecrystal X-ray diffraction data. The imidonitridosilicate crystallizes
isotypically with the respective potassium compound in space grouph32 with the lattice
parametera= 10.9422(4)A forming a threedimensional imidonitridosilicate tetrahedranetwork
with voids for the rubidium ions. The structure model and the presence of the imide groupsre
verified by Fourier-Transform infrared (FTIR) and magicangle spinning (MAS) NMR
spectroscopy, using cross polarization **N{*H} and 2°Si{*H} MAS NMR experiments.
RbsSisNs(NH) s represens a possible intermediate during the ammonothermal synthesief
nitridosilicates. The characterization of such intermediatesmproves the understandingof the
reaction pathway from ammonothermal solutions to nitridesThus, the ammonothermal synthesis
is an alternative approach to the well-established hightemperature synthesis leading to the

compound class of nitridosilicates
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4.1 Introduction

The ammonothermal synthesis is a solvothermal method which employs supercritical ammonia as
solvent and is used for the synthesis of nitrides, imides and amides at relatively low reaction
temperatures? The employment of mineralizers allows the dissolution of the starting materials via
the formation of soluble and reactive intermediate species which often form wellystallized

products?

For the highttemperature synthesis of nitridosilicates, the utilization of an activated silicen
containing starting material, silicon diimide Si(NH) (SDI), is a wellestablished approack! This
starting material allows access to the structurally versatile compound class of nitridosilicates which
showed relevance as efficient phosphor materials for phospkmmverted lightemitting diodes
(pcLEDs), such asM,SisNg (M = Ca, Sr, Ba)”

The ammonothermal synthesis proved to bsuitable for obtaining the nitridosilicates MSi:N 3

(M = Li, Na), MSiN., (M =Zn, Mg, Mn) and their solid solutions, CaGaSiN; as well as the
oxonitridosilicate Cag+,Y 15SiN150x (X > 0).52% For NaSi;N 3, CaGaSiN; and Cai+,Y 15SiN150,, the
synthesis was only possible using the ammonothermal route. In these syntheses, the elemental
silicon was activatedin situ by the use of alkalmetal-containing mineralizers. Next to these
nitrides, only possible intermediates during the dissolution of elemental silicon in supercritical
ammonia, could be observed and isolated: Starting from SiCthe amido silicatesM,SiO(NH ).

with M = K, Rb, Cs were synthesized, while N, as starting material yielded crystalline silicon
nitride imide Si.N.NH for the first time.1*12

Additionally, the first imidonitridosilicate K ;SisNs(NH)es was synthesized at ammonothermal
conditions starting from the elements silicon and potassiuff Here, a tendency among the alkali
metals can be observed: The lighter alkali metal ions form the wurtzitierived nitrides LiStN; and
NaSi;N ; while the larger ionic radius of potassium leads to the formation of an imidonitridosilicate
with a complex anionic tetrahedra network>'¥ K3SisNs(NH)e crystallizes in a homeotypic
structure to the alkali metal nitridophosphate®sPsN1: (M = Na, K, Rb, Cs)**'" The existence of
these nitridophosphates shows that the structure type tolerates alkali metal ions with larger ionic
radii than potassium and represents one of only few examples of the heavier alkali metals in nitride

environment.

In this contribution, we present the first rubidium imidonitridosilicate RBSisNs(NH)e, which is
homologous to the potassium compound. Furthermore, it is only the second representative of this
compound class. The compound is characterized using-rdy diffraction, Fourier-Transform

infrared (FTIR) and magicangle spinning (MAS) NMR spectrosopy.
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4.2 Results and Discuss ion

4.2.1 Synthesis

The rubidium imidonitridosilicate RbsSisNs(NH) s was synthesized at ammonothermal conditions
in custom-built high-pressure autoclaves made fromrackel-based superalloysing niobium liners.
Starting from RbNH; and elemental silicon, the title compound was obtained at a temperature of
870K and a pressure of 230MPa. RbNH; was employed in excess and acted additionally as a
mineralizer to ensure the complete dissolution of silicon in supercritical ammonia. E8&Ns(NH) s
crystallizes as colorless plates at the bottom of the closed niobium linBigure 4.1). The size and
shape of the crystallites suggest a solutitmased growth mechanism. The moistureensitive
product was handled and stored under inert gas conditions. In comparison to the potassium
compound, RkSisNs(NH)s was obtained at higher temperatures since an increase of the
temperature showed to be beneficial for the dissolution of silicon in previous ammonothermal

reactions!*®

Figured.1: SEM image of a BisNs(NH)s crystallite

4.2.2 Crystal Structure

The crystal structure ofRb;SisNs(NH)s was refinedin space groupP4,32 (no. 213) with lattice
parameter a= 10.942(4)A .9 Crystallographic information on the structure solution and
refinement are given inTable4.1. Atomic coordinates, respective Wyckoff positions and
displacement parameters are summarized Trable 9.198Table 9.21in the Supporting Information.
Rb;SisNs(NH) 6 is isotypic to the potassium compound ESisNs(NH) ¢ for which the crystal structure
determination revealedthe corresponding enantiomeric space group4:32 (no. 212)*¥ The
structure consists of a network of SilNtetrahedra which are interconnected via vertices. The Rb
ions are located in voids of this anionic networkKigure 4.2a). Rb1 is coordinated by two N3 and
six N2 atoms in a way that can be described as a distorted bicappégbnal antiprism (Figure 4.2b).

In this nitride ion coordination, the two bonds towards N3 are remarkably shorter (3.078(A)
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than the other six bonds towards N2 (3.4145(6)). Rb2 exhibits a distorted trigonal prismatic
coordination by three nitridic N2 atoms and three imide groups (NIH). Here, the RBN distances
are both very similar to the shorter RbAN3 distance (sedable 9.21).

Table4.1: Crystallographic data for;&kNs(NH)s obtained from singlgystal Xray diffraction, standard
deviations are given in parentheses.

Formula

RbsSisNs(NH) 6

Crystal system

Space group

Lattice parameters / A
Cell volume / A3
Formula units Z / cell
Density® / gacm
t/mm't

T/K

Crystal size / mm?
Crystal shape
Diffractometer
Radiation (1 / A)
F(000)

[ range /°

Total no. of reflections

No. of independent reflections

Observed reflectionsf? > 2A(F?) ]

Rint, R¢

Refined parameters / restraints
Flack parameter

Goodness of fit ¢?)

R1 (all data); R1 [F? > 24(F?)]

wR2 (all data);wR2 indices [F? > 24(F?)]

3Mnax | 3Mnin [€ AT

cubic

P4,32 (no. 213)
a=10.9422(4)
1310.1(2)

4

2.966

11.718

293(2)

0.03 x 0.04 x 0.09
plates

Bruker D8 Quest
Mo- K, (0.71073)
1112

2.632 38.412
90133

1232

1180

0.0696, 0.0131
36/1

00.006(3)

1.168
0.0345/0.0321
0.0702/0.0689
1.29/ 01.08

In the anionic network, each tetrahedron consists of a Sil atom in the center. The vertices are

formed by two N1 atoms of the imide group and one of each of the nitridic nitrogen atoms N2 and
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N3. The nitridic N2 and the imide nitrogen N1 both connect two of theetrahedra while the nitridic

N3 connects three tetrahedraFigure 4.2c, left). The network is built up from condensed boat
formed dreierrings which are further condensed to infinite drilled strapg$-{gure 4.2c, right). The
straps are arranged and interconnected in a way that two of the bdéatmed rings face each other.
The Rb1 position is located on the connection line between two N3 atoms in the center of these
boatformed units (dashed lineFigure 4.2b). In voids between the drilled straps, pairs of Rb2 atoms
are situated. The coordination polyhedra of these neighboring Rb2 atoms share the trigonal plane,
formed by three N2 atomsigure 4.2b). This coordination leads to very short Rb@Rb2 distances

of approximately 3.28A which is only slightly longer than twice the ionic radius of rubidium
(rro = 1.52 A).29 |t seems that the network structure enforces this small distance, as for the isotypic
potassium compound KSisNs(NH)s, very short K20K2 distances & 3.12A) were reported as
well.’¥ In the homeotypic nitridophosphate RbPsN 11, however, the R®Rb distances & 4.08A)

are larger due to the lack of the positively charged protons bound to the N1 atoms of the tetrahedra
network (Figure 4.2b).1*

Figured.2: Representation of the crystal structuregSaNsbIH)s with Rb in orange, Si in green, N in blue

and H in gray (a). The environment of the Rb positions is shown in detail (b). The condensation of the
tetrahedra from triplets (c, left), which further condense to drilled straps (c, right), hydrogenititlins were o
here for clarity.

The hydrogen atoms bound to N1 were refined from the residual electron density map using a

DFIX constraint. The refined positions for H1 point away from the Rb atoms towards voids left by

the tetrahedra network. For the SN bonds, it is observed that théond to N2 (1.689(2)A) is

shorter than for the other nitrogen atomsTable 9.21). This is in agreement with reported bond

lengths for twofold connected nitrogen atoms for N2 and for thre®old connected nitrogen atoms

for N3 and N1, where the latter is bound to two Si and one H ato.In general, the bond lengths

and bonding angles in the tetrahedra network deviate only slightly from the values ig3%Ns(NH) s

(Table 9.21).4 Only the lattice parameter and the R8N bond lengths are significantly larger than
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the values for K N in the potassium compound due to the larger ionic radius of rubidium compared
to potassium!?? This supports the assumption that the network formation is the maistructure-

directing force for the formed structure.
CHARDI calculations corroborate the described structure modeséeTable 9.24).121

The Rietveld refinement results of the powder Xay diffraction (PXRD) data are given in
Figure 4.3, Table9.22 and Table9.23. The refinement of the diffractogram shows only little
deviation in the difference plot. This confirms the structure model from the singbeystal data and

shows no crystalline side phases in the sample.

Measured data
Calculated data
Difference Profile
Rb,SigN5(NH)g

Intensity / a.u.

L [T [TTIETn
I T I T I I T I I I I T I

10 20 30 40 50 60 70 80 90
28/°

Figured.3: Rietveld refinemdrdsed otive PXRDdata using the structure model obtained fronteiatie
XRD data with experimental data (black dots), calculated diffraction pilites)) (fiéference profileygra
line) andeflection positions okENs(NH)s (blue bars).

4.2.3 Fourier-Transform Infrared Spectroscopy

To detect the presence of the imide group in the compound, a FTIR spectrum of the powder sample
was collected Figure 4.4). The spectrum shows several signals in the range of 40600cm?,
resulting from various lattice vibrations. The weak absorption bands in the area of
190M2500cm® are caused by the ATR unit of the spectrometer. Next to the strong signals from
the network, a weak absorption signal indicates the presence di\stretching vibrations resulting
from the imide group. The position of the maximum at 334@m?® is in the range reported for imide

groups in rubidium-containing compounds!?2
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Transmittance / a.u.

I T I T I I I
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

Figured.4: FTIR spectrum of RRigNs(NH)s with magnification of the area around 8#®Ghowing the
NOH stretching vibration.

4.3 Solid-State MAS NMR Spectroscopy

To further verify the presence of hydrogen in the title compound and the proposed structure model,
'H and cross polarization (CP)**N{'H} and 2°Si{*H} solid -state MAS NMR spectra of the
RbsSisNs(NH) ¢ sample were recorded. The CP method allows transfer of the polarization from a
more abundant nucleus, such a#i, to less abundant nuclides in close proximity in the structure,
in our caseN and #Si.[?¥ Additionally, faster collection of the spectra can be achieved by CP due
to the shorter spinlattice relaxation times of the protons. Therefore, CP allows shorter
measurement times without the necessity for the isotopic enrichment of the less abundantides

during synthesig?4

In the *N{*H} NMR spectrum, a single signal with a maximum at3307.3ppm is observed
(Figure 4.5a) which confirms the presence of protons in close proximity to a nitrogen atom and fits
to the observation of one crystallographic position (N1) for the imide group. The position of the
resonance signal is close to the value range reported ferand [ -SisN4 (6282.2to 6306.7ppm)
which also contain SiN, tetrahedra as main building block&>%% For the two nitridic nitrogen atoms
(N2 and N3), no signal in the crospolarized spectrum is expected due to their larger distance to

hydrogen atoms.

The special combination of the crystal structure of RBiENs(NH)e containing a single
crystallographic positionfor the nitrogen of the imide groupwith the possibility of an indirect
polarization of this nitrogen resonance via CP allowr this compound to connect the crosslinking
pattern of the nitrogen atom with silicon with a chemical shift in the NMR spectroscoppased on
our results, it is consistent to say that this chemical shift 8807.3ppm originates from the nitrogen

N1 of the imide group, which is bridging two silicon atoms. To the best of our knowledge, this is
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the first reported value for &N chemical shift in nitridosilicate environment, which may be helpful

for the assignment of*N NMR signals in the future.

The crosspolarized *Si{*H} MAS spectrum shows a single signal a®43.0ppm (Figure 4.5b)
which further verifies the presence of hydrogen in the silicezontaining product. Furthermore, a
single signal is in accordance with the single crystallographic position for silicon in the presented
structure model. Here, the comparison with values repted for | - and -SisN 4 (646.8to 848.7 ppm)
shows only little deviation!?>?" For amorphous samples of SDI, values frond40 to 842 ppm are
reported which show an upfield shift upon dehydrogenation at elevated temperatures reaching
finally the value range reported for SN .28 This fits our observation of a downfieleshifted signal
compared to SiN, which is caused by the presence of the imide group in f&EiNs(NH)s.
Furthermore, the determined maximum value for the rubidium compound is close to the chemical

shift of 844.7 reported for the structurally closely related nitride imide $i,NH. 29

a) b)

| T | T | T | I | T I T | T I T | 1
280 300 -320 340 0 -20 -40 -60 -80

(v=vo)lvo ("°N) / ppm (v=vo)ivo (**Si) / ppm
c)

100 80 60 40 20 0 20 -40 -60 -80 -100

(v=vo)vo ("H) / ppm
Figured.5: Solidstate MAS NMR spectra of'thg *H} (a), 2°Si{*H} (b) and"H measurements (c), ak#@
MAS rate Rotation side bands are marked with an asterisk.
In the *H MAS NMR spectrum, a single signal with a maximum at 0.9pm is observed
(Figure 4.5¢). The broadening of the signal is most likely caused by heteronuclear dipolar coupling
of the hydrogen atoms with the nearby nitrogen atoms of the imide group, which is not fully
suppressed by a MAS rate of 18iz. The observation of a single resonance is consistent with the
single crystallographic position for hydrogen from the structure model. In comparison to thie
NMR signal of SDI, which is reported at 4ppm, an upfield shift of the signal is observed This
shift could be caused by the higher electron density of the rubidium atoms in close proximity to the
hydrogen atoms in RBSisN s(NH) 6.
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4.4 Conclusions

We report the successful ammonothermal synthesis of tHist rubidium imidonitridosilicate
RbsSisNs(NH)s. The structural characterization of the compound reveals a threi@mensional
network with rubidium atoms in its voids, isotypic to the potassium compound. The presence of
hydrogen in the imide groups is verified by FTIR and solidgtate MAS NMR methods. The NMR
data from CP experiments fit well to reported data from the literature for I, SbN,NH and SDI
showing a shift for most signals due to the presence of the electrash rubidium in the structure.
Additionally, a first value for a'®N resonance of a nitrogen atom bridging two silicon atoms in
nitridosilicate environment could be observedvhich can be helpful as a reference mark in the
future. Our work also proves that the ammonothermal method is suitabletool to stabilize the
heavy alkali metal rubidium in nitridic environment for which only few examples exist.***"7 The
characterization of such intermediate products of the ammonothermal synthesis is crucial for the
optimization and an increased control over the reaction outcom&his knowledge might be useful

to extend the variety of nitridosilicates accessible by the ammonothermal synthesis. Furthermore,
the ammonothermal route offers an alternative synthesis route to the we#tablished SDI
approach and might lead to new nitridsilicates containing heavy alkali metal ions for the first

time.

4.5 Experimental Section

Some starting materials and the product of the reaction are iable towards air and moisture,
therefore all manipulations were performed under inert gas conditions using either arefdled
gloveboxes (MBraun, Q< 1 ppm, H.O < 1 ppm) or flamedried Schlenktype glassware and a
vacuumlinemO 0.1 Pa) with argon and ammoni a;@upply.
liquide, 99.999%) passed for purification through gas cartridges Micro Torr FT4802 for Ar and

Micro Torr MC400 -702FV for NH3, respectivey (both SAES Pure Gas Inc.), reaching a final purity

level of < 1ppbV HO, O, and CO.. The ammonia amount condensed in the autoclave was

determined using a mass flow meter 8320DR (Bronkhorst).

4.5.1 Synthesis of Rb(NH>)

Rb(NH,) was synthesized from supercritical ammonia starting from Rb (Thermo Scientific,
099,75%) at 37K. Powder X-ray diffraction data of the resulting sample and a comparison to the
reflection positions and intensity from the literature is given irFigure 9.3 in the Supporting

Information. (38

4.5.2 Ammonothermal Synthesis
RbsSisNs(NH) ¢ was synthesized at ammonothermal conditions using a custdouilt Inconel® 718

autoclave (max. 90K, 300 MPa, volume: 100mL). The autoclave was equipped with a hand
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valve (SITEC) connected to a pressure transmitter (HBM P2VA1/5000ar) and a bursting disk
holder (SITEC) with a bursting disk (Dieckers GmbH & Co.KG, pressure limit: 330MPa). The
starting materials RbNH (492.4mg, 4.852mmol) and Si (Alfa Aesar, 99.99%, 140.4ng,
5.000mmol) were placed in a niobium liner and the liner was closed with a perforated lid to allow
intrusion of ammonia into the liner. The liner was transferred into the autoclave which was $ed
with a silver-coated InconeP 718 ring (GFD seals) and cooled with an ethanol/ liquid nitrogen
bath to condense ammonia (ca. 54 mL) in the autoclave. The reaction mixture was heated in a tube
furnace to 670K in 4 h, held at that temperature for 1 and subsequently heated to 8/ in 4 h.
This tempeature was held for 18 reaching a maximum pressure of 230IPa, before the furnace
was switched off. After cooling to room temperature, residual ammonia was removed from the

autoclave and the white, crystalline product was isolated from the liner in aogkebox.

4.5.3 Single-Crystal X-ray Diffraction

A transparent crystal (0.03 x 0.04 x 0.08nm?® was isolated from the sample under inegas
conditions under a microscope and placed in a capillary. Diffraction data were collected using a
Bruker D8 Quest diffractometer with MoK, radiation I = 0.71073A) using a combineds -5 -scan.
Indexing and integration of the data was performed using the program APEX$emiempirical
absorption correction (SADABS) and space group determination were performed using APEX3 as
well.B%4% The crystal structure was solved using XPREP and SHELXT and refined by fulatrix
leastsquares methods (SHELXL) employing the program WING X149

4.5.4 Powder X-ray Diffraction

The sample for the collection of the powder Xay diffraction data was ground in an agate mortar

and filled into a glasscapillary (d = 0.3 mm, wall thickness 0.01mm, Hilgenberg GmbH) at argon
atmosphere. Subsequently, the capillary was sealed and the measurements were conducted on a
STOE STADI P diffractometer using CuK,; radiation ( = 0.71073A), a Ge(111) monochromator

and a Mythen 1K detector in modified DebyeScherrer geometry. A Rietveldefinement of the
diffraction data was performed with the TOPAS software packad®!

4.5.5 Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy data were collected using an Alpha Il FTIR spectrometer (Bruker) using a
diamond attenuated total reflectance (ATR) unit in an argofilled glovebox. The spectrum was
collected at ambient temperature in the range of 408000cm® with a resolution of 2cm * using
the program OPUS 8.7

4.5.6 Solid-Sate Magic-Angle Spinning (MAS) NMR Spectroscopy

'H, ®N{*H} and *Si{*H} spectra were collected using an Avanckl 500 spectrometer (Bruker)

operating at a'H frequency of 500.29MHz (magnetic field strength 11.7T). A ZrO , rotor with an

outer diameter of 4mm was filled with the ground sample of RESisNs(NH) s in a glovebox, inserted

into a MAS probe (Bruker) and rotated with a frequency of 1kHz. The analysis of the obtained
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data was performed with devicespecific software. The'H resonance of 1% Si(Ch), (TMS) in
CDCl;was used as an external secondary reference, usingfihalues for'>N relative to CHzNO
and for 2°Si relative to 1% TMS in CDC} as reported by the IUPAC!8

4.5.7 Scanning Electron Microscopy

Micrographs of the sample were collected on a scanning electron microscope Dualbeam Helios
Nanolab G3 UC (FEI). Prior to the measurements, crystallites of the sample were mounted on
adhesive carbon pads and coated withcamnductive carbon film using a highvacuum sputter coater
BAL -TEC MED 020 (Bal Tec A) at ambient conditions.
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5 Synthesis of Known Nitridosilicate Compounds Using the

Ammonothermal Technique

Unpublished results

Abstract: Nitridosilicate compounds represent one of the bestvestigated compound classes
among the nitrides. In analogy to the oxosilicates, they form a variety of different crystal structures
comprising SiN, tetrahedra as a central building block. Here, the first ammonothermal preparations
of the literatureknown nitridosilicate compounds AESiIN, (AE= Sr, Ba), Li,CaSiN, and
BaAlSisNy is reported. Their identification among the products was performed using-fdy
diffraction. The synthesized nitridosilicates comprise structural motifs, namely tetrahedra layers
and complex threedimensional networks, which were not observed from ammono#imal
reactions before. Together with preliminary work, this shows that the ammonothermal method
offers a universal approach towards the high structural variability of nitridosilicate compounds.
Additionally, the results show that the selection of startingnaterials allows the preparation of
ternary nitrides but at the same time, their formation can be circumvented to yield phgaere
quaternary nitridosilicate compounds. This is an advantage of the ammonothermal method
compared to other synthesis methodshere often binary or ternary nitrides are preferably formed
over quaternary compounds. Furthermore, this ammonothermal access towards nitridosilicates
enables a drastic reduction of the synthesis temperature compared to the established- high

temperature roues.
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5.1 Introduction

As presented in Chapte#, only few imide nitride compounds containing silicon were reported in
the literature, mainly received from ammonothermal preparations. In contrast to that, the
compound class of nitridosilicates presents one of the béstestigated systems amondne nitrides
reported in literature with a multitude of different representative$® Nitridosilicates are closely
related to the oxosilicates and form in analogy to them SiNetrahedra as central building blocks.
The possibilities for connection of these building blocks hereby even surpass the possibilities in
oxosilicates due to the longer $IN bonds which have a more covalent character compared to
Sit 0." Therefore, the effective charge of two adjacent“Siis reduced and simultaneously their
spatial distance to each other is increased which comes with a decrease in the electrostatic repulsion
between them. This allows, next to the connection of the tetrahedra via common vertices, also
tetrahedra connectionswith shared edges. Additionally, connections of three or even four SiN
tetrahedra at a single common nitrogen atom are possibl€igure 5.1).5¥ Next to isolated
tetrahedra, such as in C&iN4, these connection possibilities lead to structures comprising isolated
units such as bowtie shaped double tetrahedra in B&i:Ns. Furthermore, the tetrahedra can be
condensed forming onalimensional chains, e.g. in EbSiNs, two-dimensional layers, e.g. in

AESIN, (AE = Sr, Ba), up to complex threadimensional networks such as in LBiN,.56912

A main parameter to characterize the formed nitridosilicate networks is the condensation degsee

It is defined as the ratio of the tetrahedra centers, in nitridosilicate compounds mainly occupied by
Si, to the vertices of the tetrahedra, formed by N atoms. Here, again, the higher structural variability
of nitridosilicates compared to oxosilicates igisualized by the possible range that can attain in

the different compound classes. The lower limit is formed by the smallest building blocks of the

networks, the SiQ and SiN, tetrahedra, respectively, to[ = -. The upper limit meanwhile is
achieved in the binary compounds and therefore a significantly higher value fof - is attainedin

silicon nitride SN+ compared tosilicon dioxide SiO, with [ = -.

The structural variety which was first assumed from the described relation to the structurally
versatile oxosilicates and later proven by the synthesis of many nitridosilicate representatives,
allows the application of Eud*-doped nitridosilicates as inorganic phosphors for phosphor
converted lightemitting diodes (pcLED)!*® The most prominent nitridosilicate system for this
application is M.SisNg (M = Ca, Sr, Ba, Eu) which shows beneficial properties for inorganic
phosphors such as high chemical and thermal stability, a small Stokes shift as well as a tunable

emission*3t7
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Ca,SiN, BaYbsSi;N,
Eu,SiN, BaSiN2 Li,SiN,

Figureb.1: Representation different tetrahedrased structural motifs observed in nitridosilicate compounds
together with the compound examples they were observed in. For clarity, only the nitridosilicate tetrahedra a
depicted without counter cations.

Over the years, several synthetic strategies were developed to give access to the structural variety
of nitridosilicates. All methods have in common that high reaction temperatures @70K) are
required and oxygen has to be excluded from the reaction atsphere to avoid incorporation of
oxide anions into the product. Already for the preparation of the first nitridosilicate kE8iNs, the
respective binary nitrides were chosen as starting mateftdl Another already early applied route
involves the nitridation of metallic compounds such as metals or intermetallic phases with
elemental nitrogen at elevated temperatures as it was used e.g. for the preparatiobng®isN 11

(Ln = La, Ce, Pr, Nd, Sm).!’*2% |n a third approach, a metallic flux of the alkali metals Li or Na is
used which is advantageous as it often yields wellystallized products. As nitrogen source the
respective azides LiNor NaN; are employed. The amount of azide added to the reaction mixture
also allows synthetic control over the reaction outcome as the nitrogen amount and pressure
generatedin situin the closed reaction vessels is influenced by this paramétét. As the most
recently developed method, an ion exchange route employing metal chlorides in excess next te pre
synthesized nitridosilicates was presented, but currently this approach is limited to the system
M.SisNs with a variety of different elementsvl = Mg, Ca, Sr, Fe, Sc, U, Pd???® The most universal
access towards nitridosilicates found until now is provided by the employment of the reactive
silicon-containing starting material silicon diimide (SDI, Si(NH)}). The combination of SDI with
different elemental metals as well as metal amides, nitrides, or halides as starting material yielded
numerous nitridosilicate compounds from hightemperature syntheses particularly using high
frequency furnaces'? Next to SDI, also other reactive silicon sources such as Si(@N or

amorphous SiN, were employed to synthesize nitridosilicate compound&:2628
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Next to this high-temperature route, the solutiorbased ammonothermal method was also used to
obtain nitridosilicate compounds. By now, only few examples for thpreparation of nitridosilicate
compounds from the ammonothermal synthesis are reported, although Na$i, the first
nitridosilicate prepared from ammonothermal conditions, was already described in 1993 0Other
example compounds areMSiN, (M = Mg, Mn, Zn) with their solid solutions as well as LiSpN3
which could be prepared ammonothermally£®32 All of these ternary double nitrides crystallize in
wurtzite-related crystal structures with not only silicon but also the counter cations in tetrahedral
coordination. Additionally, two nitridosilicates comprising threedimensional structures other than
the wurtzite structure type were observed as side phases, nameppiN, and CaieSii7N 24.5%3 Next

to these nitridosilicate compounds with threglimensional structure types, with EuSiNs; and
Cai+ Y 11,SiN&, O, (x> 0) two examples of chairype nitridosilicates were observed from
ammonothermal conditions as welFF** Additionally, incorporation of other network forming
cations next to silicon led to the ammonothermal synthesis of the quaternary nitridoalumosilicate
compoundsAEAISIN ; (AE = Ca, Sr) as well as to the first nitridogallosilicate CaGaSiNwvhich,
again, all three crystallize in wurtziterelated structured®2*%37 During the preparation of these
compounds, the observation was made that potassidmased mineralizers such as KiNseem to be
beneficial for the preparation of nitridosilicate compounds as well as for the dissolution of

elemental Si as starting materiat®

These findings are generally promising for an evolving progress in ammonothermal synthesis of
nitridosilicates as a variety of elements could already be incorporated into nitridosilicate
compounds and even quaternary compounds could bstabilized. Nevertheless, the structural
variability of the ammonothermally obtained nitridosilicates falls short of the mentioned
opportunities with mostly wurtzite-related structure types. This was the motivation for the
explorative synthesis attempts wibh are presented within this chapter. In the following, the
systematic synthetic accessibility towards nitridosilicate compounds using the ammonothermal
method was confirmed and expanded. The literatusfenown ternary nitridosilicate compounds
SrSiN; and BaSiN; as well as the quaternary compounds CaSiN 4 and BaAISisN s were observed
from ammonothermal reactions. These examples together with the presented preliminary work on
the ammonothermal synthesis of nitridosilicate compounds show that different structural motifs

can be realized in the nitridosilicate compound clagsmploying this approach.
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5.2 Ammonothermal Synthesis of Layered Nitridosilicates SrSiN 2
and BaSiN 2

5.2.1 Experimental Details

All compounds presented in this chapter were synthesized in highessure, higitemperature
autoclaves and analyzed by Xay diffraction analogously to the procedure described in detail in
Section6.4.

For the ammonothermal synthesis of SrSiN the starting materials Sr (Sigm#ldrich, 99.9%,
175.2mg, 2.000mmol), Si (Alfa Aesar, 99.99%,56.2 mg, 2.00 mmol) and the mineralizer KN
(SigmaAldrich, 99.9%, 405.6mg, 5.000mmol) were ground together and filled into a tantalum
liner. The liner was placed in a Haynes 282 autoclave which was closed and subsequently filled
with approximately 3.8 mL NH ; under cooling. The autoclave was heated to 6#in 2 h, held at
that temperature for 1th and subsequently heated to 104in 3 h. The synthesis temperature was
maintained for 192h, reaching a maximum pressure of25 MPa before the autoclave was cooled
to room temperature by switching ofthe furnace. The colorless product was isolated from the liner

under argon atmosphere and analyzed by-My powder diffraction using CuK,, radiation.

To prepare BaSiN, the starting materials Ba (Sigmldrich, 99.9%, 274.6mg, 2.000mmol), Si
(Alfa Aesar, 99.99%,56.2 mg, 2.00 mmol) as well as the mineralizer KN (SigmaAldrich, 99.9%,
486.7mg, 6.000mmol) were ground together and filled into a tantalum liner. The liner was placed
in a Haynes 282 autoclave which was closed and subsequently filled with approximately ;B

NH ; under cooling. The autoclave was heated to 640 in 2 h, held at that temperature for 1%
and thenheated to 107X in 3 h. The synthesis temperature was maintained for 94§ reaching a
maximum pressure of 50 MPa before the autoclave was cooled to room temperature by switching
off the furnace. The colorless product was isolated from the liner under argon atmosphere and

analyzed using Xray powder diffraction with Mo-K, , radiation.

5.2.2 Results and Discussion

The PXRD pattern of the product for the Sicontaining sample shows SrSiNas the main phase
and unreacted Si as a minor side phase (cawB%) as depicted in the Rietveld refinement plot
(Figure 5.2). Additionally, the sample contains a minor unidentified side phase as it can be
observed from the difference plot. Further details on the refinement are summarizedable 9.25

and Table 9.26 in the Supporting Information.

73



Synthesis of Known Nitridosilicate Compounds Using the Ammonothermal Technique
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Figureb.2: Rietveldefinemenplot based on PXRD dataSe§SiN, with experimental data (black dots),
calculatediiffraction pattern (red line), difference profile (gray line) and reflection RrSifdndlot
bars)and Si (green bars).

For the Bacontaining sample, BaSiN was observed as the only known product in the PXRD
pattern next to an unknown minor side phaseHgure 5.3). Further details on the refinement are
summarized inTable 9.27 and Table 9.28 in the Supporting Information.

* Measured data
Calculated data
Difference Profile
BaSiN,

Intensity / a.u.
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Figureb.3: Rietveld refinemeplot based on PXRD dataBafSiN with experimental data (black dots),
calculatediffraction pattern (red line), difference profile (gray line) and reflection B=8ithébhfe
bars)
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SrSiN, crystallizes in space groupP2i/ ¢ (no. 14) with lattice parametersa= 5.9723417) A,
b= 7.3170(2)A, c=5.4996517) A, and 1 = 113.507718)°. BaSiN; crystallizes in space group
Cmcegno. 64) with lattice parametersa= 5.6040(2)A, b= 11.3622(5)A and c= 7.5881(4)A .01
Both structures comprise layers of SiNetrahedra which are separated by the respective alkaline
earth metal cations Figure 5.4).2% While BaSiN, shows a symmetric orientation of the Sil
tetrahedra within the layers, the layers in SrSiNare slightly distorted. The layers are built up from
edgesharing bowtie-shaped SiNs double tetrahedra which are interconnected via common

vertices!*!

Figureb.4: Depictiorof the crystal structures of Ba8iidhg [100] with a top view on the layers (a) and of
the crystal structure of SkRiNNng [001] together with a top view on the distorted layers (b). In the middle,
the central g double tetrahedra that build up the layers are shown.

The ammonothermal syntheses of SrSiNand BaSiN; present the first examples for the successful
formation of the structural motif of nitridosilicate layers using this synthesis method. In comparison

to the reported syntheses at 1170@370K from molten sodium, the ammonothermal route offers a

further reduction of the synthesis temperature to 107 ™% This might be achieved by the
employment of the more reactive NH instead of N. gas and the applied higher pressures during

the synthesis. Additionally, the results proof that also extremely asensitive compounds such as

SrSiN,, which could be only stabilized in metal flux reactions before are accessible using the

ammonothermal synthesis.
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5.3 Ammonothermal  Synthesis of Quaternary  Network
Nitridosilicate Li 2CaSi2N4

5.3.1 Experimental Details

Li.CaSi was synthesized as a starting material according to the literature fr@a (SigmaAldrich,
99.99%, 200.4mg, 5.000mmol) and Si (Alfa Aesar, 99.99%, 140.4ng, 5.000mmol) in
combination with an excess of Li (Alfa Aesar, 99%,173.61g, 25.00mmol) as flux.*¥ The
employed Li excess during the synthesis of the starting material was subsequently used as a
mineralizer and therefore not removed from the products. The starting material was filled in a
molybdenum liner and transferred to a Haynes 282 autoclave whighas sealed and subsequently
filled with ammonia (approx. 3.4mL) under cooling. The autoclave was heated to 670 in 2 h,
held at that temperature for 16 and heated to 107X in 3 h. The synthesis temperature was
maintained for 96h, reaching a maximum pressure of28 MPa before the autoclave was cooled to
room temperature by switching off the furnace. The colorless product was isolated from the liner

under argon atmosphere and analyzed using-éy powder diffraction with Cu-K,, radiation.

5.3.2 Results and Discussion

Li.CaSbN,was observed among the products in the PXRD pattern of the sample next to the ternary
nitridosilicate Ca;sSihi7N34 and the oxides CaO and LiO as one of the main productsKigure 5.5).
The formation of the oxide side products may occur due to contaminations arising from the

autoclave wall.

m | i2CaSi2N4

o CaO
o Li2O

Intensity / a.u.

10 20 30 40 50
28/ °

Figureb.5: PXRD pattern of the sample containin@d$iN, (black line) with the highlighted reflections of
Li,CaSjN, (red squargCasSi/Nz, (orange circleaO (blue squares) an@®l(greewircles).
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Li,CaSiN, crystallizes in space groufPao (no. 205) with lattice parameterm= 1056.9(12)A. The
structure comprises a thredimensional cubic nitridosilicate network with exclusively corner
sharing tetrahedra. The counter cations Li and Ca are filling the voids left by the network
(Figure 5.6a).*% The central nitridosilicate substructure comprises foudreierrings which are
interconnected via common vertices forming @iebenering (Figure 5.6b).1***2 This network is
forming the first representative ofNet39according to the network topology classification by
00 K e etfalfoleserved in nitridosilicated!*4¥

Figureb.6: Representation of the crystal structir€atiN, along [001] jawith thecentral building unit

of the nitridosilicate substructure (b)

The ammonothermal synthesis of LCaSiN4 presents the first observation of a quaternary
nitridosilicate comprising both alkali metal and alkaline earth metal counter cations. Before the
synthesis of LyCaSiN4, intermetallic starting materials were already employed to obtain
nitridosilicates ammonothermally, e.g. for the preparation of CaGaSilNand Cau+,Y 11 xSiNa Oy

(x> 0).33%4 Therefore, the suitability of such starting materials for the ammonothermal synthesis
of nitridosilicates is emphasized by the presented results. It seems that the reaction product can be
controlled by a preorientation of the elements in such an intermatlic phase as LiCaSiN4 was

not observed among the products when elemental Li, Ca and Si were used as separate starting
materials. Again, the synthesis temperature could be slightly reduced using the ammonothermal
method from 1170K in tantalum ampoules to 107K in supercritical ammonia. As the nitrogen
pressure was already discussed as a crucial parameter for the synthesis of the condensed structure
of Li.CaSbN4, the ammonothermal highpressure method directly addresses this demand during
the preparaton.*? As Li.CaSiN4 is another compound for which the synthesis from metal flux
reactions could be replaced by the ammonothermal synthesis, it might be possible to also obtain
lower condensed nitridosilicates using the ammonothermal method in the future, as such

nitridosilic ates are often prepared from reactions in metal fluxék.
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5.4 Ammonothermal Synthesis of Network Nitridoalumosilicate
Ba2AlSisNog

5.4.1 Experimental Details

Ba,AlSisNg was synthesized from the metals Ba (Sigr#ddrich, 99.99%, 274.6mg, 2.000mmol),

Al (Acros, 99.97%, 27.0mg, 1.00mmol), Si (Alfa Aesar, 99.99%, 140.4ng, 5.000 mmol) and an
excess of the mineralizer KN (SigmaAldrich, 99.9%, 811.0mg, 11.00mmol). The starting
materials were ground together and filled into a tantalum liner. The liner was placed into a
Haynes282 autoclave which was closed and subsequently filled with ammonia (ca. &) under
cooling. The autoclave was heated to 67K in 2 h, held at that temperature for 17 and then
heated to 107K in 3 h. The synthesis temperature was maintained for 4§ reaching a maximum
pressure of 40 MPa, before the autoclave was cooled to room temperature by switching off the
furnace. The colorless product was isolated from the liner under argon atmosphere and analyzed

using X-ray diffraction with Mo -K,; radiation.

5.4.2 Results and Discussion
A Rietveld refinement of the PXRD pattern of the sample showed BalSisNg as the only
crystalline reaction product Figure 5.7). Further details on the refinement are summarized in

Table9.29 and Table 9.30in the Supporting Information.
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Figureb.7: Rietveld refinemepibt based on PXRD datdBafAlSisN, with experimental data (black dots),
calculatediffraction pattern (red line), difference profile (gray line) and reflection Baghtiiglgiblue
bars)
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Ba,AlSisNy crystallizes in the triclinic space groufl (no. 1) with lattice parametersi= 9.875(3)A,

b= 10.294(3)A, c=10.359(3)A, | =90.144(12}, r =118.526(13), and r =103.770(15). The
structure consists of a highly condensed nitridoalumosilicate tetrahedra network with barium
cations in its voids Figure 5.8a).“4 The centers of the tetrahedra in the anionic network are
statistically occupied by Al and Si while the vertices are formed by N. The network comprises
layers ofdreierings formed by these (Si/Al)N; tetrahedra with a characteristic uglown sequence
of the tetrahedra verticesKigure 5.8b). The layers are interconnected by two differeniereming-

based motifs as further described by Kechede ali*4

Figureb.8: Representation of the crystal structure,AlSiBy, along [001], neglecting less occupied
alternative positiofr clarity (ayvith a depiction @he updown sequence within the Kikerparts of the
structure (b).

BaAlSisNo presents another example of a nitridoalumosilicate which is accessible using the
ammonothermal synthesis next tahe wurtzite-type compoundsAEAISIN ; (AE = Ca, Sr)E¢%
Hereby, the synthesis temperature of BalSisNs could be radically reduced compared to the high
temperature synthesis from 2008 to 1070K using the ammonothermal process. This might be
enabled as elemental Al and Si could be employed as more reactive starting materials compared to
the binary nitridesAIN and SisN 4. Additionally, the more reactive nitrogencontaining supercritical
ammonia was employed as a solvent instead of nitrogen gas. Furthermore,,A&isN, was
received without crystalline side phases that were observed before in the kighperature synthesis
such as BaSisNg or BaSiN 10144

Ba,AlSisN has the same condensation degrge= - asAEAISIN ; (AE = Ca, Sr) but does not form

a wurtzite-related structure. They differ in their cation ration CR) which is defined as the ratio of
counter cations that do noform the network (Ba for BaAlSisN,) to the networkforming cations
in the tetrahedra centers (Si and Al for nitridoalumosilicate$)>*® This value allows to visualize

the broad variety of possible elemental compositions even at a fixed condensation dedgree
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Furthermore, the formation of two different highly condensed structures can be explained by their

different CRvalues of- and - for Ba,AlSisN¢ and AEAISIN ; (AE = Ca, Sr), respectively.

The observation of two nitridoalumosilicates with the same condensation degree shows that the
ammonothermal synthesis allows access to diverse, highly condensed structural motifs at different
CR values for nitridosilicate compounds. Therefore, the ammonothermal synthesis provides a
suitable tool to access the high structural variability offered by the compound class of

nitridosilicates.

5.5 Conclusions

The ammonothermal preparations oAESIN; (AE = Sr, Ba), Li,CaStN4 and BaAlSisN presented

in this chapter show that the ammonothermal synthesis presentsiatabletool to access ternary as
well as quaternary nitride compounds in the nitridosilicate system. Here, the selection of the
starting materials and the mineralizer are powerful ways to influence the reaction outcome. This
enables an aimed synthesis proceduréther towards the ternary compounds as observed for
BaSiN,, while their formation can as well be circumvented to receive phaggure quaternary
compounds such as B&AlSisNs. During the preparation of quaternary and higher nitride species
often dable binary and ternary nitrides are observed as side phases. It seems that the
ammonothermal solutionbased reaction mechanism, which involves the formation of dissolved
intermediate species, may help tprevent the unintentional formation of such binary or ternary
compounds. This is demonstrated by the phagmire preparation of BaAlSisNe using the

ammonothermal method while the hightemperature synthesis yielded multiple side phasés.

Furthermore, the ammonothermal approach can be used to synthesize a variety of tetrahdzhsed
structural motifs in nitridosilicate compounds. Next tothe already observed motifs of chains and
wurtzite-like three-dimensional networks, in this chapter, layers and highly condensed three
dimensional structures could be presented in the ammonothermal reaction products SeSiN
BaSiN,, Li,CaSkN, and BaAlSisNs. As starting materials for these compounds, not only
intermetallic silicides, but also elemental silicon were used and showed together with previous
results that a preorientation of the elements in intermetallic compounds can be performed, but is
not absolutely required to obtain quaternary nitridosilicates. The reaction route from literature,
starting from elemental silicon at, for nitridosilicate synthesis, relatively low temperatures up to
1070K could be enhanced with further examples and might be osidered as a universal
ammonothermal synthesis approach towards nitridosilicates, analogously to the procedure
presented for multiple structural motifs in nitridophosphate8? This approach provides an access
to nitridosilicate compounds without the need for reactive starting materials such as SDI.
Furthermore, it can be used to prepare extremely aensitive compounds such as SrSiNvhich

were only observed from metal flux reactions before. This might allow the incorporation of isolated
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low-dimensional motifs, such as double tetrahedra or isolated tetrahedra, using the
ammonothermal synthesis in the future. The results also show that different mineralizers than KN
can besuitablefor the preparation of nitridosilicates, as shown for LCaSiN 4, where the Li excess
from the preparation of LpCaSi served as mineralizing agent. Next to silicon, also other network
forming agents can be incorporated into nitridosilicate compounds using the ammonothermal
synthesis such as Al or Ga, as already eWwn before®*3¢37 Additionally, the preparation of
BaAlSisNs demonstrates that different nitridosilicate structure types are accessible

ammonothermally by maintaining the same condensation degree.

The results presented in this chapten combination with the preliminary work show that the
ammonothermal synthesis offers a universal access towards various structural motifs in
nitridosilicate compounds starting from elemental silicoror intermetallic compounds An initial
exploration of this synthetic access towards new compounds within this structurally diverse

compound class will be presented in the following chapter.
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Abstract: Oxide zeolites are synthesized from agueous solutions in an established way employing
hydrothermal synthesis. Transferring this approach to nitride zeolites requires a solvent providing
nitrogen for which ammonia has proven to be particularly suitable. Weresent the successful
ammonothermal synthesis of the (oxo)nitridosilicate compounds G[&isN11], LiRE[Si:NgOs
(RE= La, Ce) and K;2sCe;75Si11N2:10,]O0075. Within this procedure, the usage of supercritical
ammonia as a solvent as well as the utilization of the mineralizers NaNLisN and KN s,
respectively, allowed the targeted synthesis of large single crystals. Formation of these
(oxo)nitridosilicates depend mainly on the employed mineralizer despite their similar degree of
condensation. The three compounds were structurally characterized usinga§ diffraction and
their crystal structures contain a wide range of different ring sizes within théetrahedra networks.
The zeolite¢like) crystal structures are elucidated and compared to known nitridosilicate
representatives of the respective structure types. Their elemental composition was investigated
using energydispersive Xray (EDX) spectrosc@y and incorporation of the O rather than N H
functionality was confirmed by FourierTransform infrared (FTIR) spectroscopy as well as by
charge distribution (CHARDI) and bond valence sum (BVS) calculations. The presented examples
demonstrate that ammonotlermal synthesis provides a onstep access from elemental starting

materials towards nitride zeolites.
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6.1 Introduction

Zeolites are a family of crystalline materials which are in most cases built up from anionic
alumosilicate tetrahedra networks in combination with counter cations. Their areas of application
range from ion exchange over adsorptieeeparation processes taatalysis™™ This material class is
commonly synthesized using the hydrothermal approach In close relation to this synthesis
method, the ammonothermal synthesis was developed to synthesize amides, imides and nitrides
by using supercritical ammonia instead of water as a solvertAdditionally, so-called mineralizers
can improve the solubility of inorganic starting materials in supercritical ammonia. The selection
of the mineralizer thereby allows to influence the reaction environment and so ammonobasic (NH
predominant), ammononeutral and ammonoacidic (NH" predominant) reactions can be
realized!® The ammonothermal method recently opened an additional synthetic access to the
structurally versatile compound class of (oxo)nitridosilicates at lower temperatures next to the
established higiemperature synthesi§:*¥ This might allow the synthesis of networks containing
channels, as the temperature was found to play a crucial role on the dimensionality of tetrahedra
networks beforel!? Furthermore, the number of zeolites containing nitriddased instead of the
oxygenbased tetrahedra connections, like e.g. the zeolites NPO and NPT, increased in recent
years!*1¥ Among these nitride zeolites are also representatives of the nitridosilicate compound
class, such as LBr[SisNg]O and LiIAE4SisNg]F (AE = Ca, Sr), forming distorted BCT zeolite
networks*?2% |n addition, some nitridosilicates forming zeolitelike networks were reported as
well.?22 Nitridosilicate networks are built up from [SiNy] tetrahedra in which the nitrogen atoms

at the vertices can be bound to a maximum of four silicon atoms. This enables a larger structural
variability than for alumosilicates where only up to two tetrahedral centers can be connected
through oxygen?® Additionally, the formation of anionic networks with high silicon content is
easier incorporating only N' anions as the higher negative charge compared td @an be balanced

by the higher positive charge of $i compared to AP*. These broad structural possibilities given in
nitridosilicate networks enable several possible areas of applications from which phosphor

materials for white light emitting diodes (LEDSs) is the most prominent ong&>?

Regarding the progress in ammonothermal synthesis of nitridosilicates and the increasing number
of zeolite structures formed by this compound class, a combination of the ammonothermal
synthesis andhe compound class of nitridosilicates presents a promising singkep approach to
obtain nitride zeolites from elemental silicon as an alternative to pesynthetic nitridation of oxide
zeolites in ammonia flow or the necessity for reactive precursorscsuas silicon diimide in high

temperature synthesi&%?
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6.2 Results and Discussion

Due to the high number of reported cerium (oxo)nitridosilicates, elemental cerium and silicon were
selected as starting materials for our investigatioff§*® Surprisingly, the choice of the utilized
mineralizer had a major influence on the reaction outcome and so it was possible to isolate the
literature-known nitridosilicate Ce;[SiegN11] with NaNs; as well as the novel compounds
Li,RE4[SisNg]Os (RE = La, Ce) with LisN and Ki25Ce;75[Si1iN210]O00.75s With KN 3 as respective
mineralizers!?*3® Detailed information on the synthesis is summarized in thé&xperimental
Sedion. All products were obtained as weltrystallized powders with crystallite sizes of up to
100f{ m (Figure6.1). The presented compounds are insensitive towards hydrolysis and were
washed with HCI for purification resulting in phasepure samples except for

K 1.25Ce7. 74 Si11N 2:02]O0.7s Which could only be synthesized next to an unidentified minor side phase
as depicted in the Supporting Informatior(SI, Figure 9.41 Figure 9.6 and Figure 9.8). The oxygen
content in the products arises from contaminations from the autoclave wall as already observed
before in ammonothermal reaction&” Subsequent experiments showed that addition of oxygen
containing starting materials such as kO favors the formation of the (oxo)nitridosilicate oxides
Li.Cey[SisN )O3 and K1 25Ce7 79[ Si1iN 210,]O0 75 as main phases. The incorporation of imide groups
in the structures was excluded using infrared spectroscopy where nbHNvibrations were detected
(Figure 9.9). Further experiments with the three mineralizers using La instead of Ce only resulted
in the corresponding lanthanum phase Liias[Si:Ng]O; for the experiments using the mineralizer
LisN.

—

Li,Ce,[SisNg]O5 Li,La,[Si,Ng]O5

50 pm

Figure6.1: SEM images of crystallites sREJ[Si;Ng|O; (RE= La, Ce) and L& 74 Si;iN»05]Op 75
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The nitridosilicate oxides LbRE4[SisNs]Os (RE = La, Ce) crystallize isotypically in the BCT zeolite
structure type with the highest possible symmetry of the networkn space group
14/ mmm(no. 139)*7 Information on the structure solution and refinements is given in
Table 9.311 Table 9.38 in the SI*® The nitridosilicate network, which is built up from allside
vertex sharing (@-type) [SiN4] tetrahedra, forms viererring channels along [001] that are
interconnected via common vertices to fornachtering channelst***? Along [100], the tetrahedra
connection results insechsemg channels Figure 6.2a, b). The vierering channels are nominally
filled with Li.O chains, as it was already observed in {3u[SiuNg]O and LiAE{Al;Ta:Ng]O
(AE = Sr, Ba). Meanwhile, the achterrings are filled with cerium position Cel and the oxygen
position O2 in the middle, which all form chains along [001L.[1*5%52 Compared to Li,Sr[SisNg]O,
this additional oxygen position in theachterings, which is necessary to balance the higher charge
of Ce** instead of St*, results in a more symmetric form of thechterings.*? The described anionic
network results in a square pyramidal coordination of the lithium atoms and a ninefold
coordination of the cerium atoms Figure 6.2c, d). An assignment of oxygen and nitrogen positions
among the anionic positions was conducted due to the shorteinl® and Ca O distances compared
to LiTN and Cel N distances to the closest neighboring atom3dble 9.34) and is in accordance
with literature values in nitridosilicates as well as charge distribution (CHARDI) and bond valence
sum (BVS) calculations Table9.46 and Table9.47).4*41 The elemental composition was
confirmed using energydispersive Xray (EDX) spectroscopy Table 9.49 and Table 9.50). Doping
experiments with C&* for the La compound Li,La4[SisNs]O3 did not result in luminescent samples.
A possible reason for this might be high defect concentrations within the prepared samples due to

contaminations from the autoclave wall.

Ce;[SigN44]

Figure6.2: Left: Representation of the crystal structur€@liSi,NgO; (a) with view along [100] (b),
coordination of Cel and depiction of Beuhits in the vierer rings (d). Right: Representation of the crystal
structure of g8igN,4] () with coordination of the cerium atoms (f).

In this study, the influence of different ammonobasic mineralizers was tested and therefore NaN

was used as a second mineralizer aftersN. Experiments employing NaN; yielded Ce[SisN11] as
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main phase. The nitridosilicate known from literature forms layers ofachterand viererrings
(Figure 6.2e, green tetrahedra) whiclareinterconnected by [SiN /] tetrahedra double Figure 6.2e,
orange)'?*%% As the tetrahedra double bridge the achter rings, sechser ring channels are formed next
to the vierer ring channels along [001] which are all filled with cerium atoms. This results in
eightfold coordination of the cerium atoms as distorted bicapped trigahprism for position Cel

and as a tetragonal antiprism for position CeZ={gure 6.2f). In this experiment, no incorporation

of sodium from the mineralizer was observed. A possible reason for this could be that the
condensed network is already thermodynamically stable. As only one nitridosilicate containing
sodium is reported in the liteature, it seems that the contribution of Na incorporation in
nitridosilicate environment to the lattice energy is small and therefaré might be too small to

allow for incorporation of Na in the cerium nitridosilicate network!

The first potassium cerium oxonitridosilicate oxide K2sCe77{Si1iN210,]O075 known so far was
isolated from experimentsapplying the mineralizer KN; and crystallizes in a highly disordered
variant of the zeolitelike Ba;Nd-SiiiN 3 structure typel?” Details on the structure refinement are
summarized in Table 9.391 Table 9.45 in the SI*® The structure comprises an oxonitridosilicate
network forming achterring channels along [001] which are occupied by potassium amdsemi
occupied oxygen positionwhile a cerium split position and a mixeeoccupied cerium/potassium
position are observed at the edges of thechterring channels(Figure 6.3a, b). Additionally, dreier
vierer sechsand siebenaings are presenin the structure. Thenetwork is built up from both Q*
type and Q*type silicon-centered tetrahedra in a atomic ratio of 10:1 Therefore,
K1.2:5Ce774Si1iN2:102]O075 is not a classical zeolite according to the definition of the international
zeolite association (IZA) which onlyincludes compounds built up solely from Gtype tetrahedra.
Nevertheless, large cavities and channels are formed in the structurd&@fsCes 75/Si1iN2:02]O0 7s.
The zeolitelike character of the network is as well illustrated by the low framework density. This
measure is defined as the number of tetrahedral centers within 1000 For

K 1.25Ce7.74Si11N2:02]O0.75, @ value of roughly 17.6 was calculated which is in the typical range for
zeolites’™ The terminal Q*type SiO:N, tetrahedra are located asplit position Si5A/B and show
strong distortion. This may be explained by #lting of the tetrahedrato both sidesalong [100]with
an atomic ratio of tilted to regular positions that was refined to 3£46:66% (Figure 6.3c). Such
distortions and the several split positions, especially in proximity to thechtering channels, were
already observed before for this structure type in Balas3SiiiN23Clo4:Ce** .22 It seems that the
formation of the gable (oxo)nitridosilicate network in this structure type tolerates the incorporation
of a variety of different ions filling the space left by the tetrahedra network. For
K 1.25Ce7.74Si11N 2:02]O0.75, an additional anion position 012 within thesechseings along [001] is
observed as wellwhich is neither observed irBa:Nd+[Si1iN 23] nor in Bay ssLaz.3o[Si1aN 23]Clo42. This
additional position with an occupation fixed to 0.5 due to symmetry considerations, leads to a

distortion of the achterrings along [0D] in comparison to the other two representatives of the
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structure type leaving space for the additional oxygen positioRi§ure 6.3d). The cerium positions

in K125Cer74Si1iN2102]O0 75 are coordinated by seven to nine nitrogen or oxygen atoms while the
potassium position K6 within theachterrings is only in local proximity to the O13 position in the
achtering channels(Figure 6.3b andFigure 9.7). The ratio of Ce:K at the mixedoccupied position
Ce/K5 was fixed to 0.75:0.25 after free refinement resulted in values close to this ra#i@cording

to CHARDI calculations (Table 9.48) and Pauling6s s e cpitnpdsitionaul e, t |
O7A/B/C were chosen as oxygen positions within the tetrahedra network next to the extra
network oxygen positions!®>*® These restrictions to the refinement allowetb obtain a charge
neutral sum formula which is in agreement with the results of the EDX measurements for the
heavier elements Table 9.51). The deviations from the calculated values for the lighter elements
oxygen and nitrogen might arise from surface oxidation during the washing process with HCI.

K1 .75097.75[Si1 1 N21 02100.75
b) c)

orc
O7A  O7A 2° o oga
) P 078
O ce L Si5A Lisg  SI5A
0 CelK ore 078 _ + + o7B
[ X
@ si
N 17% 66% 17%
@0 CeZA CezB _
d) 92% 8% Ba g3L87.30[Si11N3]Clo 42

@ Ba

© ceK

OlLa

e—a
Ba,Nd;[Si;4Ny;] K1 .25Ce7 75[S111N210,]0g 75

Figure6.3: Representation of the crystal struckire©g€ ;4 Si;|N».0,]Oy 75(a) with detailed depiction of the

achter ring channels (b), the distortion at positions Si5A/B (c) and comparison to the sechser rings in
BaNd/[Si;iN»q and Bagd-a; 2 Si;iN»j Cly s,Showing the tetrahedra tilting that allows the insertion of oxygen

at the semaccupied position O12 (d). Partially or mixed occupied positions are shown according to their site
occupation factor or occupation is given in percentage.

The condensation degreg of a network is defined as the ratio of its tetrahedral centers (here Si) to

its tetrahedral vertices (here N and also O fdf12sCe;75Si1iN21:02]00.75). For the three observed

cerium compounds these condensation degrees are all close to each other and equal or close to

L = 0.5 (approx.0.48 for Ki25Ce779Si1iN2102]O0.75, 0.5 for Li.Ces[SisNs]O3s and approx.0.55 for

Ce;[SigN14]). Therefore, it would be difficult to control the reaction products only by altering the

weight proportions of the starting materials. Especially, since the nitrogen amount is provided in

excess by the solvent ammonia during ammonothermal synthesis. Additalty, one would expect

to obtain the (oxo)nitridosilicates presented in this work as well as other ternary nitridosilicates

with [-values close to 0.5 such as 13iN; as side phases. Particularly, as the latter one has been

reported as a side phase from ammonothermal syntheses eaffigfrom the products in this work,

CesSisN1; could theoretically be formed from the starting materials in all three synthesis attempts,
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regardless of the employed mineralizer, but was only observed in experiments involving NaN
Here, the ammonothermal synthesis provides a useful tool to control the synthesis outcome by the
utilization of mineralizers which allows to obtain not only different products as respective main
phases in three different reactions despite their similaoralensation degrees but also two novel
quinary nitridosilicate phases. Additionally, the ammonothermal approach is the only one that
allowed to stabilize potassium ations in a nitridosilicate environment, which was only observed

in a single compound before, namely the imidonitridosilicate {SisNs(NH)].®” The transfer of
this procedure to the lanthanum compounds led to phageire Li.La4[SisNs]Os asonly the second
yet reportedquinary phaseafter LiLas[SisN100] containing the elements Lj La, Si, N and O and
the first nitridosilicate oxide incorporating bothLi and La atoms!*®

6.3 Conclusions

Our results substantiate that the ammonothermal synthesis issaitable tool to obtain nitride
zeolites in general and especially representatives from the nitridosilicate compound class. Here,
synthetic control is given by the utilization of different mineralizers towards phagmire samples
from elemental starting materials. His approach allowed the synthesis of the nitridosilicate
compounds Li:RE{SiuNg]O; (RE= La, Ce), Ce;[SieN11], and Ki25Ce775Si1iN2102]007s In the
context of these investigations, different unknown side phases were observed as exemplarily shown
for the synthesis 0ofK125Ce;75Si1iN210,]0075. These side phases may be accessed at different
synthesis conditions or by the employment of even more different mineralizers in future
investigations. While the presented study only focused on three ammonobasic mineralizers, the
ammonoacidic environmentseems to be worth for further investigation as well. Additionally, other
elemental combinations whichare rarely found in nitride environment yet, might be accessible
using the ammonothermal synthesis as several quinary phases and the rare combination of K, Si
and N in a single compound could be already implemented. Additionally, further characterization
of magnetic and optical properties as well as ion exchange and desorption experiments with the
presented compounds might pave the way for nitride zeolites towards possible applications in the

future.

6.4 Experimental Section

Due to the sensitivity towards air and moisture of some starting materials, all manipulations were

performed under inert gas conditions either in argefilled glove boxes (MBraun, Q < 1 ppm,

H,O < 1 ppm) or using a vacuum line¢©O 0. 1 Pa) with argon and ammoni
and NH; (Air liquide, 99.999%) were purified with gas cartridges Micro Torr FT40@02 for Ar

and Micro Torr MC400-702FV for NHs, respectively (both SAES Pure Gas Inc.). This procedure

resulted in a final purity level of < 1ppbVfor H,O, O, and CO,, respectively. The amount of

ammonia used for the reactions was determined with a mass flow metefd320DR (Bronkhorst).
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6.4.1 Ammonothermal Synthesis

The (oxo)nitridosilicates were synthesized in custosuilt high-temperature autoclaves made of
Haynes® 282° (max. 1100K, 170 MPa, volume: 11mL) equipped with a hand valve (SITEC), a
bursting disk (Dieckers GmbH & Co. KG, pressure limit: 330MPa) in a bursting disk holder
(SITEC) and a pressure transmitter (HBM P2VA1/500ar). The autoclave design is descritden

the literature® The starting materials were ground together with the respective mineralizer, filled
into niobium liners and transferred into the autoclave in a glove box. The autoclave was sealed
using a silvercoated Inconef 718 ring (GFD seals) by tightening the autoclave screws. Afterwards,
the autoclave was cooled using a mixture of liquid nitrogen and ethanol. Ammonia (ca.mL,
purification described above) was condensed in the autoclave. When the autoclave regained room
temperature, it was placed in a tube furnace and heated according to the respective furnace
program, reaching the respective maximum pressure. After cooling to room temperature by
switching off the furnace, residual ammonia was removed from the autoclaamd the reaction
product was separated from the liner wall in a glove box. The samples were washed with

concentrated hydrochloric acid to remove side phases.

6.4.2 Synthesis of LioCes[SisNg]O3

Li.Cey[SisN )O3 was synthesized from filed Ce metal (abcr, 99.9%, 140rig, 1.000mmol), Si (Alfa
Aesar, 99.99%, 28.1 mg, 1.00 mmol), kO (Schuchardt, 98%, 22.4ng, 0.750mmol), and LisN
(Alfa Aesar, 99.4%, 87.1Img, 2.50mmol) as a mineralizer. The autoclave was heated to 6R0in
2 h, held at that temperature for 13 and subsequently heated to 1040 in 3 h. The reaction
temperature was held for 48, reaching a maximum pressure of 1581Pa, then the autoclave was
cooled to 670K in 48 h before the furnace was switchedff. Li .Cey[SisNsO3; was received as red

crystals.

6.4.3 Synthesis of LizLas[SisNg]O3

LioLa4SisNgOs; was synthesized from filed La metal (smartelements, 99.9%, 2084,
1.500mmol), Si (Alfa Aesar, 99.99%, 28.1 mg, 1.00 mmol), and LN (Alfa Aesar, 99.4%,
104.5mg, 3.000mmol) as a mineralizer.The oxygen content arose from the autoclave wall. The
autoclave was heated to 678 in 2 h, held at that temperature for 14 and subsequently heated to
1070K in 3 h. The reaction temperature was held for 48, reaching a maximum pressure of
140MPa, then the autoclave was cooled to 678 in 48 h before the furnace was switched off.

Li,Las[SisN]O3 was received as red crystals.

6.4.4 Synthesis of Ces[SigN11]

Ce;[SisN11] was obtained ammonothermally starting from filed Cenetal (abcr, 99.9%, 140.1ing,
1.000mmol), Si (Alfa Aesar, 99.99%, 84.3 mg, 3.00 mmol), andNaN; (SigmaAldrich, 99.5%,
390.1mg, 6.000mmol). The autoclave was heated to 67R in 2 h, held at that temperature for

12h and subsequently heated to 1040 in 3 h. The reaction temperature was held for 98,
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reaching a maximum pressure of 15PIPa before the furnace was switched off. GESigN 11] was

isolated from the liner as yellow powder.

6.4.5 Synthesis of K1.25Ce7.75[Si11N2102]O0.75

K125Ce7.74dSi1iN2:102]007s Was synthesized from filed Ce metal (abcr, 99.9%, 140rg,
1.000mmol), Si (Alfa Aesar, 99.99%, 38.6 mg, 1.38 mmol), and KN(SigmaAldrich, >99.9%,
243.4mg, 3.000mmol) as a mineralizer. The autoclave was heated to 6®0in 2 h, held at that
temperature for 13h and subsequently heated to 1040in 3 h. The reaction temperature was held
for 48 h, reaching a maximum pressurefdl40 MPa and the autoclave was subsequently cooled to
670K in 48 h before the furnace was switched DfK 1 25Ce;.75[Si1iN 210,]O0.7s Was received as red

crystals.

6.4.6 Single-Crystal X-ray Diffraction

Diffraction data of the investigated crystals were collected using a combingeb -scan on a Bruker
D8 Quest diffractometer withMo-K, radiation (} = 0.71073A). The program APEX3 was used
for indexing and integration of the data, seraémpirical absorption correction (SADABS) and
determination of the space group were performed in APEX3 as wélt®¥ For the solution of the
structures XPREP and SHELXT were used, while the data was refined using follatrix least
squares methods (SHELXL) in the program suite WING X(¢26¢

6.4.7 Powder X-ray Diffraction

Powder X-ray diffraction data were collected of ground samples sealed into glass capillaries
(d=0.2mm or 0.3mm, wall thickness 0.0lmm, Hilgenberg GmbH) on a STOE STADI P
diffractometer using AgK,: radiation ( = 0.5594217 A) equipped with a Ge(111) monochromator
and a Mythen 1K detector in modified DebyeScherrer geometry. Rietveld refinements of the

diffraction data was conducted with the software TOPAE

6.4.8 Scanning Electron Microscopy (SEM)

Electron microscope images of the crystallites and energy dispersiveay (EDX) spectroscopy
data were collected using a Dualbeam Helios Nanolab G3UC (FEI) electron microscope equipped
with an X-Max80 SSD detector (Oxford instruments). The samples weredd on an aluminum
holder using carbon foil and carborcoated using a highvacuum sputter coater (CCL010,
Safematic GmbH) to prevent electrostatic charging and subsequently transferred to the electron

microscope.

6.4.9 Fourier-Transform Infrared (FTIR) Spectroscopy

The FTIR spectroscopy data were collected using the program OPUS 8.7 and an Alpha Il FTIR
spectrometer (Bruker) equipped with a diamond attenuated total reflectance (ATR) ul§#t.The
spectra were recorded in the range of 408000cm® with a resolution of 2cm ! at ambient

temperature under argon atmosphere.
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7 Summary

This cumulative dissertation presents explorative research using the ammonothermal synthesis as
central method. Employing custombuilt high-pressure autoclaves, it was possible to obtain
different amide, imide nitride, oxide nitride, and pure nitride compands using different starting
materials and mineralizers. The potential of this approach to access a variety of structural features
is demonstrated by the structural characterization of these different compounds. Especially for the

compound class of nitridsilicates, a universal ammonothermal synthesis access is presented.

The combination of several analytical methods allowed the determination of the different anionic
species amide, imide, oxide, and nitride ions within the synthesized compounds. This
comprehensive characterization of the synthesis product resutissome benchmark values which

might be useful duringthe analysisof similar nitride-basedcompounds in the future.

The findings contribute not only to a better understanding of intermediate species formed during
the complex and only rarely understood dissolution processes at ammonothermal conditions, but
also showcase possible diverse application possibilities of theethrod for the production of
functional nitride materials. Additionally, synthetic control during ammonothermal reactions was

improved by choosingsuitablestarting materials and mineralizers.

In the following, the content of the different chapters is summarized in brief providing an overview
of the respective results as well as an indication on their publication in peeviewed scientific

journals.

103



Summary

7.1 Ammonothermal Synthesis and Crystal Structure of the
Ternary Amide Na 2Ba(NH2)4

Published in: F.M. Engelsberger, K Witthaut, W . Schnick, Z. Anorg.Allg. Chem2024,
65Q €202400053

Access via: 10.1002/zaac.202400053

Reprinted at: Chapter2, Supporting Information at Chapter9.2

Ternary amides consisting of an alkali metal and an alkalinearth metal are commonly prepared
using the ammonothermal technique. The new member &Ba(NH,), was synthesized at
ammonothermal conditions (870K, 135 MPa) employing custom-built high-pressure autoclaves.
The structural characterization of thecompound using Xray diffraction showed that itcrystallizes

in space group Pccn (no. 56) with lattice parametersa= 10.6492(2), b= 7.8064(2) and
c= 8.1046(2)A. The structure can be described as a defective variant of the NaCl structure type
showing an ordering in the occupation of the octahedral voids. This is, to the best of our knowledge,
the first time that this structure type is observed in ternary amides. The amide ions in the structure
were detected using Fourietransform infrared (FTIR) spectroscopy. A comparison of the
experimental spectrum to a theoretical spectrum obtained from densiynttional theory (DFT)
calculations together with literature values fathe side phase NaNH allowed to assign the different
vibration modes of NaBa(NH.).. This newest membecomplements the range of reported ternary
alkali metal alkaline earth metal amides with the smallestion radius ratio of ry,e= 0.76. A
structural classification of these ternary amides is performed and thg,: was identified as
structuredirecting value which may as well allow the prediction of structure types for the ternary
amides in the future. The isolation and characterization of such intermediate species formed during
the ammonothermal synthesis is crucldor an improved understanding of dissolution mechanisms
at ammonothermal conditions and may be useful for the synthetic control during the formation of

nitrides.
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