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Chapter 1 - Introduction

Chapter 1

Introduction

1.1 Of serendipity and explorative solid-state chemistry

Mass marketing, or shotgun marketing, is a viable strategy in advertisement, in which the product
is broadcasted via mass media to the largest possible audience. The aim is to locate potential buyers
within a large crowd, meaning the larger the audience the more customers will be reached. A similar
approach exists in inorganic chemistry, simply coined explorative chemistry. Chemists and materials
scientists, driven by human desire for exploration and the increasing demand for high-performance
materials, screen vast amount of elemental compositions, and temperature and pressure conditions,
with numerous synthesis procedures to find local minima on the global energy hypersurface, which
contains stable and metastable compounds.""!

The combinatorial possibilities offered by the periodic system of elements, however, are insur-
mountable. Taking into account the 86 elements with sufficient reactivity and isotope stability yields
2% possible element combinations that would require 10-10 experiments to screen at a decent step
width of parameters. ") These decimal potencies are comparable with the number of atoms in the
universe, which would require recycling of matter used in previous experiments. Despite the odds,
explorative chemistry, of course fused with chemical intuition and varying degrees of serendipity,
has been the key to the discovery of remarkable materials, for example the cuprate family of high-T¢
superconductors or perovskite-type solar-cells.” ¥ After identification of a promising material, the re-

lated material family is systematically screened for compounds with similar or better properties. The



1.1 Of serendipity and explorative solid-state chemistry

reason for finding compounds with similar properties within one material family is vividly highlight-
ed by modern data-mining techniques. The review of numerous thermoelectric materials belonging
to several classes of materials revealed that properties and performance tend to cluster within one ma-
terial family.”’ This relation, however, also implies that drastic improvements of performance cannot
be expected within one class of compounds, as for that switching the class is imperative. Hence, with
the increasing demand for high-performance materials, the role of explorative chemistry remains
ever-important.

Despite the sheer endless combinations possible with the 86 stable elements, materials of few con-
stituents are desirable as they serve as model systems of manageable size and oftentimes have a better
performance than multinary compounds. Diamond, for example, is still the hardest known material
with a microhardness of 9000 kg/mm” followed by cubic boron nitride with 4800 kg/mm”."” Hema-
tite Fe,Os, though not having the best of performances, is intensely studied as a model system for
the physics of water splitting.”’ Technologic advances like third generation synchrotrons, powerful
in-house diffractometers, and readily available high-resolution transmission electron microscopes
concomitant with new strategies for material characterization like rotation electron diffraction and
microfocused synchrotron beams form the foundation for an increasing pace of exploration.”
However, as the number of materials with fewer constituent elements is limited, the increasing pace
might lead to a scarcity of such compounds being discovered. Opening new classes of materials post-
pones a shortage of discoveries, an important task for explorative chemists and materials scientists.
New areas on the energy hypersurface can be accessed by materials synthesis at extreme conditions.
This can, for example, mean reacting precursors at prior neglected temperatures and pressures using
for example high-frequency furnaces, hot isostatic presses, ammonothermal environments, or, as was
used in this dissertation, large volume presses. The synthesis strategy is another important aspect in
explorative chemistry as local energy minima of desired phases can be shrouded by thermodynami-
cally stable compounds. To avoid these thermodynamic sinkholes, the invention of a new synthesis
strategy involving reactive precursors is oftentimes the only way to prepare the targeted materials. In
this dissertation, a systematic access to the vast but scarcely explored materials families of rare-earth

and transition metal nitridophosphates is opened by the combination of extreme reaction conditions

achieved with large volume presses and the establishment of a novel synthesis strategy.
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1.2 The nitridophosphate class of compounds

Outlined below are the motivations for nitridophosphate research encompassing structural and com-
positional diversity, relation to similar materials families, and physical properties. Moreover, key as-
pects of the research advancements, implemented synthesis strategies, their advantages and limita-
tions with regard to granting a systematic access, are discussed. Most important, the central problem
of nitridophosphate synthesis, the thermally induced redox activity of nitridophosphates through N,
elimination, is addressed.

Nitridophosphates theoretically constitute a vast family of materials, but despite over 25 years of
research it is still for a large part unexplored. As the element combinations P/N and Si/O are isoelec-
tronic, the structures and properties of nitridophosphates are related to those of (alumo)silicates.
The fundamental building unit in both cases is the tetrahedron, and multiple isotypic or homeo-
typic structures are observed in both materials families, such as paracelsian-type BaAl,Si,O; and
NdLiP,Ng, phenakite-type BeP,N, and Be,SiO,, and divers phosphorus oxide nitride (PON) and silica
(SiO,) polymorphs, e.g. f-cristobalite, a-quartz, moganite, coesite, and the stishovite-related post-
coesite-type.""* ") Hence nitridophosphates feature similar properties as silicates and were discussed
as Li-ion conductors, such as most Li-P-N nitridophosphates, phosphors for solid-state lighting like
Ba,P;N, Br:Eu*", colour pigments like the transition metal nitrido-sodalites, and host compounds for
guest molecules like the nitridic clathrate P,N,(NH),(NH,).?2

Despite their close relation to silicates, nitridophosphates constitute a purely synthetic class of com-
pounds. Hence the structural and compositional diversity of known nitridophosphates does not yet
compare to the vast numbers of known silicates. A colour-coded periodic system of elements (PSE,
Figure 1.1) highlights elements with which ternary nitridophosphates M—P-N have been published
prior to this dissertation. But even this scarcely featured PSE obscures that only for group 1 and 2 a
partly systematic access has been achieved as there are 34 group 1 and 21 group 2 (oxo)nitridophos-
phates crystallizing in 27 and 10 different structure types, the majority share of all known nitrido-
phosphate compounds. Table A.1 contains a list of all published (oxo)nitridophosphates to this date,
a list with less than one hundred entries. Due to the structural kinship to silicates, nitridophosphates

are also expected to readily incorporate transition and rare-earth metals. Rare-earth compounds,
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however, have been completely unknown and only few transition metals have been successfully in-
corporated.

To understand the critique expressed towards the diversity of hitherto prepared nitridophosphates,
the range of compounds that are expected to exist, with all conceivable structures and element com-
binations, has to be evaluated. A systematic access given by one preparation method is hereby coined
as the ability to prepare a large range of structures within one sub-family of nitridophosphates, e.g.
the rare-earth nitridophosphates. In tetrahedra-based structure families, such as silicates and nit-
ridophosphates, the tetrahedra can be either non-condensed or interconnected to form frameworks,
layers, rings or chains, and complex anions.

The type of network obtained can, to some degree, be controlled through the atomic ratio of tetra-
hedra-centres to tetrahedra-corners within the network. For a framework with all-side vertex-shar-
ing tetrahedra this ratio, namely the degree of condensation «, has to be at least 1/2, like in SiO, or
NdLiP,Ng."**) While « is a useful measure for the connectivity of a tetrahedra network, it cannot
strictly predict the network type as exceptions such as Li,,P,N,, exist, which features adamantane-like

cages despite « = 2/5 that usually is found for layered networks."”
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Figure 1.1. Periodic system of elements with elements highlighted that form ternary com-
pounds with P and N. Blue: 29 group 1 and 2 nitridophosphates, orange: 4 transition metal
nitridophosphates, purple, 2 group 14 nitridophosphates. O is highlighted due to the 8 P/O/N
compounds. A complete list of all nitridophosphates is given in Table A.1.
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HC-Framework Framework Rings or Chains

P;N; B-quartz SiO, LiNdP,N, Li;,PsN,

HC-Framework Layers Layers Non-condensed

Ho;[PN,]O

B-HP,N, mcm-Ho,P;N,

Figure 1.2. Selected landmarks in k occurring in nitridophosphates; 6/11 has been omitted
for clarity."**”**>% For oxosilicates, k terminates in SiO,. HC stands for highly-condensed, re-
presenting frameworks with k >1/2, which necessarily feature triply-bridging N atoms.

The range of « is individual for each class of materials. While the low end of x naturally is 1/4, rep-
resenting non-condensed tetrahedra, the high end is determined by electrostatics and terminates in
the « of the binary parent compounds, for silicates and nitridophosphates that being SiO, and P;N;."””!
A higher degree of condensation would either necessitate a change in the oxidation state of e.g. P, or
would result in tetrahedra networks with positive formal charge. Landmarks in x are shown in Fig-
ure 1.2, and, as it reveals, nitridophosphates encompass a greater electrostatic range than silicates.

Nitridophosphates are able to form higher-condensed structures, which in theory give rise to a
greater structural diversity than silicates can offer. These higher-condensed structures with x > 1/2
necessitate the introduction of a new structural motif, the triply-bridging N atom. All vertices of the
tetrahedra are in the regular case doubly bridging for x = 1/2. Increasing the degree of condensation
necessitates that more than two tetrahedra centres share a common vertex, which in nitridophos-

[3]

phates results in N*' atoms (coordination number in superscripted square brackets). Examples for

N atoms within phosphorus nitrides and nitridophosphates are the P;N; polymorphs, the HP,N,



1.2 The nitridophosphate class of compounds

polymorphs, and the M;P,N,, (M = Na, K, Rb, Cs) phases.[zg’3 035001 \IB \vas observed in two arrange-
ments, as the vertex of three vertex-sharing PN, tetrahedra (e.g. f-HP,N;, MP,N,, (M = Na, K, Rb,
Cs)), and as the vertex of two edge-sharing and one vertex-sharing tetrahedra (e.g. a-P;Ns, a-HP,N,,
P,N;0).”>***** ! In high-pressure polymorphs N"* atoms were observed to be one vertex of two edge-
sharing PN trigonal-bipyramids (y-HP,N,) or square pyramids (y-P;Ns) and one tetrahedron.>”!
The readily occurring N atoms concomitant with edge-sharing polyhedra reflect the electrostatic
properties of the less polarized P-N bond in comparison with the more ionic Si-O bond."*” Edge-
sharing tetrahedra have not yet been observed in silicates, only claimed for fibrous SiO, that could

not yet be reproduced, most likely due to electrostatic repulsion of the highly-charged Si*" ions."***
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1.3 Challenges to synthesis

Taking under consideration x and the structural motif of triply-bridging N atoms, the structural di-
versity of nitridophosphates is in theory greater than that of oxosilicates. As nitridophosphates are a
purely synthetic class of compounds, however, all compounds have to be prepared by chemists. The
preparation of the nitridophosphates has been the progress limiting step due to several cumulative
reasons. The central problem is the negative electron affinity of N, which makes nitride ions prone

to oxidation as they are only stabilized by their surrounding coordination environment."”

During
synthesis an oxidation results in the elimination of N, and reduction of P to oxidation state +III or
0. Common precursors like P;Nj are therefore thermally labile. P;N; decomposes at around 850 °C
(P;N5; — 3 “PN” + N,), which is well below the crystallization temperature of most nitridophosphates,
especially the higher-condensed ones with x > 1/2.77**)

To discuss the synthesis methods developed over the years to tackle or to bypass the problem of
N, elimination, a comprehensive list of nitridophosphates is given in Table A1.1. The table includes
the synthesis route, precursors, structural information, and year of publishing of approximately 80
nitridophosphates crystallizing in 64 structure types. Prior to methods incorporating a large volume
press and pressures in the gigapascal (GPa) range, ampoule synthesis gave access to various nitrido-
phosphates, predominantly in the Li-P-N system. Li,PN,, Li,,P;Ny, a-/f-Li,oP,No, Li;sP,N;oX; (X =
Cl, Br), and LiPN,, are examples of solid-solid reactions between P;N; and varying amounts of Li;N,
a method coined the Li;N self-flux method.”*****"! The reactivity of Li;N certainly favours low re-
action temperatures below the decomposition temperature of P;N; and thus enables a rich Li-P-N
chemistry. The need for reactive starting materials was discovered early on and implemented via de-
composition and condensation of molecular precursors in sealed fused-silica ampoules. a-P;Nj, for
example, has been prepared in phase-pure and crystalline form through decomposition of tetraami-
nophosphoric iodide [P(NH,),]I.”” The condensation byproducts are gaseous HI and ammonia,
which raise the pressure in the reaction container, yielding the so-called pressure-ampoule. Further,
NH,I is argued to suppress the formation of 5-P;N; and aided the crystallization of @-P;N5; ammo-
nium halides are thus often added to the starting materials as mineralisers.”"*” The phosphorus im-
ide nitride a-HPN, was prepared through ammonolysis of P;N;inside a pressure ampoule, in which

[53]

ammonia was formed in situ through reaction of a mixture of Mg;N, and NH,CL."" An analogous
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reaction with a Zn;N,/NH,Cl mixture did not yield a-HPN,, but the sodalites Zn, H,[P,,N,,]Cl,
with 0 < x < 3 since ZnCl, is volatile under reaction conditions allowing its incorporation into the
nitridophosphate network.”" Several other metals could also be stabilized in the low-density sodalite
framework, always concomitant with halides or chalcogenides and through reaction of reactive pre-
cursors; the Mg, (,2)-nH,.[P1:N2] Z, with M = Mn, Fe, Co, Ni; Z = CI, Br, I; 0 < x < 4; y < 2 phases were
prepared from a MZ,/NH,Z/(PNZ,); mixture, while the nitridophosphate sulfides M[P,,N,,]S, (M =
Mg, Fe, Co, Cd) could be obtained from ammonolysis of a MS/P,S,, mixture, >+

The highly-condensed a-HP,N; and silicon phosphorus nitride SiPN; were prepared in pressu-
re ampoules by decomposition and condensation of elaborate molecular precursors, (NH,),P(S)
NP(NH,); and SiPN(NH)(NH,),, respectively, which already contained the correct elemental ratio
of the products considering volatile species as well.”**”) More universal molecular precursors proved
to be the phosphoric triamid OP(NH,); and the thiophosphoric triamid SP(NH,),. The low-density
framework structures of zeolites nitridophosphate one (NPO) and nitridophosphate two (NPT) were

(58,591 Moreover, oxonitrido-

accessible upon reaction of these triamids with Li,S and BaS, respectively.
phosphates with densely packed tetrahedra networks like SrP;N;O and BaP,N,,;04Br; have been pre-
pared in this way.”"*” Key to the preparation of nitridophosphates at ambient or medium pressures
(well below 1 GPa) seems to be the use of reactive starting materials, mineralisers like ammonium
halides, and/or high ammonia partial pressures. Oftentimes, however, only low-density frameworks
or low degrees of condensation are accessible, a drawback of gas flow and pressure-ampoule methods.
Ostwald’s step rule might indicate the reason for this shortcoming: during synthesis metastable pha-
ses tend to form first and then rearrange to the thermodynamically stable ones.”" In hydrothermal
synthesis of zeolites, for example, prolonged reaction can cause the formed porous frameworks to col-
lapse to denser structures. Collapsing the nanoporous 3-cages of above mentioned nitrido-sodalites
to denser structures would require higher temperatures, which is prevented by N, elimination under
ambient- to medium-pressure (p < 1 GPa) conditions.®>*

The point of N, elimination is shifted through pressure following Le Chatelier’s principle. Hence,
reactions carried out at higher pressures allow for higher reaction temperatures that in turn allow

the use of starting materials that are less reactive then for example Li;N. Le Chatelier’s principle

was used early on and realized with the ammonothermal synthesis of K;P,N,, and a reproduction
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of a-HPN,.””*) Ammonothermal synthesis, however, is limited in temperature and pressure by the
autoclave material. State of the art materials are nickel-based superalloys Inconel® 718 (max. 600 °C,
0.3 GPa) and Haynes® 282° (max. 800 °C, 0.17 GPa).®! Large volume presses, such as the Voggenreiter
hydraulic 1000 t presses used in this work, proved to be a compelling alternative. With the multianvil
technique reaction pressures of up to 25 GPa and temperatures of up to 1500 °C can be achieved.*”
The augmented window of temperature-stability of nitridophosphates is exemplified by the prepara-
tion of the highly-condensed MP,N, (M = Na, K, Rb, Cs) phases in a belt-apparatus at pressures of 4
GPa and temperatures ranging from 1800 to 2000 °C.*”’

With the multianvil technique as state of the art preparation method, several synthesis strategies
emerged that led to the discovery of most nowadays known nitridophosphates. Molecular precur-
sors were mostly abandoned, in favour of metal nitrides and metal azides, which are reacted with
P,N., PON, and/or HPN,.***** The metal nitrides found only niche applications, mostly when sta-
bility would not allow the use of the azides, which was the case in the preparation of BeP,N, and
Zn,PN,.">*) Starting from sodium, chemistry with the heavier alkali metals necessitated the use of
the azides, since of the nitrides only Na;N and K;N are known but not easily accessible, while Rb;N

(10656690 The reaction of alkali azides and P;N; lead to the preparation

and Cs;N are still unknown.
of MP,N, (M = Na, K, Rb, Cs) and M,P,N,, (M = Rb, Cs)."**" Moreover, ternary group 1 and 2
nitridophosphates with x = 1/2, NaPN,, CaP,N,, SrP,N,, and BaP,N, were prepared with the azide
route,!'>*7667071]

As nitridophosphate networks consisting of PN, (x = 1/2) are isoelectronic to SiO,, they often-
times crystallize in silica- or alumosilicate-analogous structures. LiPN, and NaPN, enter a filled
p-cristobalite-type, while CaP,N, and SrP,N, crystallize in the megakalsilite—type.[49’66‘70’7” BaP,N, has
not been affiliated with any known silicate, however is isotypic to HP-CaB,0,.” Next to the 3d tran-
sition metal nitridophosphate-sodalites, a few transition metal nitridophosphates, namely MnP,N,,
CdP,N,, CuPN,, and Zn,PN,, with dense P/N frameworks have been prepared.m73 7 The compounds
with x = 1/2 also crystallize in the megakalsilite- and filled 3-cristobalite-type, respectively. Zn,PN; is
a double nitride forming the wurtzite-type and was recently discussed as a potential nitride semicon-
(751

ductor made of earth-abundant elements.

Despite the variety of structures discovered with the azide and nitride routes using large volume
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presses, a systematic access to nitridophosphates has not been achieved. Structural diversity in terms
of exhausting the full range of condensation from 1/4 to 3/5 (cf. Figure 1.2) was not yet shown for eit-
her synthesis route. Non-condensed PN, tetrahedra have only been observed in Li,PN,, while PO;N
tetrahedra were realized in M,PO,N (M = Ca, Sr).**”® Layered networks, related to phyllosilicates
with x = 2/5, have not yet been prepared with group 2 metals as most of these nitridophosphates have
a degree of condensation of ¥ = 1/2. Only x = 6/11 and 4/7 has been observed for K, Rb, and Cs nitri-
dophosphates and no lower-condensed structures as present in the Li-P-N system,"”*>*”

The attainable elemental diversity is the second issue of the azide and nitride routes. Rare-earth
nitrides, for example, are stable interstitial metals, while the azides are unknown since they are too

77781 Most transition metal azides are similarly instable and unsuitable for synthesis; Cd(N3),

instable."
has been used for the synthesis of CdP,N, but with a warning label attached.”” The structure chemis-
try of the transition metal nitrides varies within the third period, from ionic compounds till group 3,
to metallic bonding to group 9, and covalent bonding thereafter. The stability of the nitrides decreases
beyond group 5, which manifests in increasing M/N ratios and attainable oxidation states. The high-
est oxidation state was observed in Ta;N; with Ta*".” Mn, Fe, Co, and Ni do not form or only form
metastable 1:1 nitrides, the two existing polymorphs of FeN for example have been prepared by direct
current reactive sputtering and by high-pressure synthesis in a diamond anvil cell.”*" Reasons for
the lack of transition metal nitridophosphates prepared from the nitrides, only CuPN, was prepared
from Cu;N, are speculative.”" Since most of the transition metal nitrides are interstitial metals, oxi-
dation of the metals is mandatory during synthesis. However, oxidation requires a reduction partner.
This narrows the use of, nowadays known, starting materials to HPN, that has successfully been used
in reaction with Mn and Sn metal resulting in MnP,N, and the Sng[P,N,,] sodalite.”*** The challenge
here is for HPN, to oxidize the metal while not oxidizing the nitride ions. The stable oxidation states
Mn*" and Sn** with half-filled d-shell, and filled d-shell/filled s-shell, respectively, might be a reason
for the success with MnP,N, and Sn¢[P,,N,,]. Moreover, 3d transition metals readily form phosphides
through oxidation of nitride ions when in the vicinity of P. These thermodynamic sinkholes have to
be circumvented, necessitating the use of starting materials that are reactive in a narrow window of
temperature and pressure. Favorable are precursors with metals in the correct oxidation states, to

exclude additional redox reactions and to prevent the oxidation of nitride ions.
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1.4 High-pressure metathesis, the remedy?

In the light of above discussion, this dissertation is concerned with the development of a new and
highly adaptable synthesis route, the high-pressure metathesis, which may grant a systematic access
to rare-earth and transition metal nitridophosphates."* The general idea of high-pressure metathesis
is the reaction of metal halides with LiPN, to form the corresponding nitridophosphate and a lithium

halide, as schematically shown in Equation 1.1.
MHal, + x LiPN, — MPN,, + x LiHal Eq. 1.1

To suppress elimination of N,, the metathesis reaction is carried out under pressures of several GPa
(usually around 5-10 GPa) achieved with the multianvil technique. The advantage of metathesis is
the thermodynamic driving force generated by the ion-exchange forming thermodynamically more
stable products, in nitridophosphate synthesis that being the lithium halides. This driving force has
been taken advantage of to target even metastable compounds since lower external temperatures are
required to start the reaction.

Solid-state metathesis reactions form a branch of the prior developed self-propagating high-tempe-
rature (combustion) synthesis route (SHS). The SHS route uses a mixture of reactive precursors in a
fast and exothermic reaction and was initially developed in the 1960s to alleviate the cost and time re-

[83,84

sources of conventional high-temperature synthesis.**** The thermite reactions (e.g. Fe,O; + Al) are

probably the best-known examples for SHS, but also intermetallics, refractory nitrides, borides, and
carbides can be so prepared.” ™' SHS oftentimes produces porous products due to the formation of
volatile species, but for Ti borides and carbides it was shown that densification could be achieved by

[83

reaction at pressures of up to 250 bar.*”’ Solid-state metathesis reactions were developed in the 1990s

by the groups of Kaner, and Parkin targeting metal borides, silicides, pnictides and chalcogenides,

86,87

usually starting from respective metal halides.**” More recently, metathesis has been used for the

preparation of otherwise inaccessible nitridoborates, carbodiimides, tetracyanoborates, tetracyana-

8889 To overcome the drawbacks of solid-state metathesis

midosilicates, and carbon-nitride materials.'
reactions, that are combustible precursors, poor product crystallinity, non-stoichiometric product

formation, and an uncontrollable reaction pathway, the metathesis can also be carried out under

pressures of several GPa, leading to the discovery of new metal nitrides like VN, Fe;N, and Re;N, or

12
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single-crystal growth of important functional nitrides like GaN."*""’ Lei and He thus coined the term
high-pressure solid-state metathesis reaction. Next to the nitridophosphates presented in this work, a
ternary double nitride ZnSnN, has been prepared by high-pressure metathesis reaction.””

Prior to the development of the high-pressure metathesis, most synthesis routes of nitridophos-
phates yielded microcrystalline samples, which necessitate an oftentimes challenging structure deter-
mination from powder diffraction data. This problem has been tackled by adding ammonium hali-
des as mineralisers to the starting materials, a procedure rendered unnecessary by the high-pressure
metathesis route.”"*? As will be shown in this dissertation, the lithium halides formed as byproduct
greatly enhance the formation of single-crystals under high-pressure conditions: single-crystals of
up to 250 pum in size have been observed."*”” As explorative synthesis in uncharted systems usually
leads to multi-component samples, single-crystals can greatly simplify structure determination of the
constituent phases. The structural and compositional information obtained from the crystal structure
can then be used to refine the synthesis strategy to obtain single-phase materials for further characte-
rization of its physical properties. This procedure, sustained by the enhanced crystal growth, has the
prospect of notably enhancing the speed of nitridophosphate research.

Next to the motivation of overcoming the challenge of difficult synthesis, rare-earth and transition
metal nitridophosphates pose the opportunity to study fundamental structural and physical proper-
ties of completely unknown compounds in an explorative approach as outlined in Section 1.1. The
rare-earth nitridophosphates reported here were the first to be described in literature, the group 4
nitridophosphates are the first transition metal nitridophosphates with tetravalent cations, and the
MPgN,, phases with M = Fe, Co, Ni are the first nitridophosphates with open-shell transition metals
without a half-filled d-shell (MnP,N,).”” Incorporating metals with states of valence unobserved
before into nitridophosphate networks is likely to yield hitherto unprecedented structures within ni-
tridophosphates or tetrahedra-based compounds in general. The correlation of the thermal stability
of the nitridophosphate network and the charge of the ion has only been investigated for mono- and
divalent cations, but with rare-earth and group 4 metals this correlation can be expanded to tri- and
tetravalent cations as well. Open-shell systems give rise to electronic transitions in the visible part
of the spectrum. Properties like the ligand-field strength of nitride ions in nitridophosphates or the

nephelauxetic effect could be determined and possibly even applications as low-band gap material for
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photocatalysis could follow. Magnetic properties like spin-ordering phenomena can now be studied
for the first time on nitridophosphates. Further, ion conductivity and luminescent properties upon
doping with for example Eu®, Ce*, Mn*"*"*, Cu"*, Bi**, or Pb** could be probed in these novel
structures. Especially alluring is the preparation of 3d transition metal nitridophosphates, since those
systems, e.g. Fe-P-N, consist of earth-abundant elements only. Since sustainability is a pressing glo-
bal issue, developing such systems becomes increasingly important. LiFePO,, for example, is already
used as cathode material in commercially available Li-ion conductors, while cobalt phosphates are
currently being investigated for application in photocatalytic water splitting as catalyst for the oxygen
evolution reaction.”**”

The content of this dissertation is presented in logical order with regards to the development of a
systematic access to rare-earth and transition metal nitridophosphates. Chapter 2 deals with the basic
high-pressure metathesis reaction between rare-earth halide and LiPN, leading to NdLiP,N;. General
ideas and future prospects are presented there. Chapters 3 to 6 show the ability of high-pressure meta-
thesis to produce networks of rare-earth nitridophosphates ranging from non-condensed tetrahedra
to highly-condensed frameworks with triply-bridging N atoms and « > 1/2 by addition of further
starting materials like Li;N, P;N;, Li,O, and PON. Chapter 6 deals with the expansion of structural
diversity in nitridophosphates by incorporating oxygen atoms into the network structures. The work
carried out on the compound Ce,Li;P N5 in Chapter 5 surpasses routine structure determination
and is a benchmark for the resolution limit of nowadays possible structure analysis. A very weak and
domain-localized superstructure could only be elucidated by joint venture of synchrotron diffraction
on large single-crystals and scanning transmission electron microscopy.””

Chapter 7 and 8 include the advancement of high-pressure metathesis to the first oxonitridophospha-
tes with tetravalent ions, Zr and Hf, stabilized once in a framework structure and once concomitant with
non-condensed tetrahedra. In Chapter 9 the open-shell transition metal compounds with sum formula
MP¢N,, and M = Fe, Co, Ni are presented. The circumvention of phosphide formation through high-
pressure metathesis, optical properties including the determination of the ligand field strength of nitride

ions in nitridophosphates, and measurement of the magnetic properties are the highlights of this work.
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Rare-Earth-Metal Nitridophosphates Through
High-Pressure Metathesis
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Reprinted (adapted) with permission from Angewandte Chemie. Copyright 2015 John Wiley and
Sons.

Trivalent rare-earth-metal nitridophosphates are a completely uncharted family of
materials and can feature intriguing properties. The first member of this family, LINdP,N,,
was prepared through high-pressure metathesis starting from NdF; and LiPN,. LINdP,N;
was studied as a model system to demonstrate the potential of high-pressure metathesis in
the synthesis of such nitridophosphates.
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Abstract

Table-of-contents graphic.

Developing a synthetic method to target an broad spectrum of unknown phases can lead
to fascinating discoveries. The preparation of the first rare-earth-metal nitridophosphate
LiNdP,N; is reported. High-pressure solid-state metathesis between LiPN, and NdF; was
employed to yield a highly crystalline product. The in situ formed LiF is believed to act
both as the thermodynamic driving force and as a flux to aiding single-crystal formation in
dimensions suitable for crystal structure analysis. Magnetic properties stemming from Nd**
ions were measured by SQUID magnetometry. LiNdP,N; serves as a model system for the
exploration of rare-earth-metal nitridophosphates that may even be expanded to transition
metals. High-pressure metathesis enables the systematic study of these uncharted regions
of nitride-based materials with unprecedented properties.
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2.1 Introduction with Results and Discussion

Nitridophosphates are believed to be one of the largest uncharted compound classes despite their
proven structural versatility, which rivals even that of silicates, and their intriguing properties. Ow-
ing to their framework structure of PN, tetrahedra, nitridophosphates are closely related to silicates
but they offer a broader structural diversity because of the possibility of triply bridging N**! atoms."
To date, nitridophosphates of the first and second main groups have been thoroughly investigated.
However, the number of hitherto discovered compounds (23 ternary ones, 15 structure types) is small
when compared to the vast number of known silicate minerals,””’ but simultaneously highlights the
potential for explorative chemistry. This general approach has been key to the discovery of high-per-
formance materials, as demonstrated by the cuprate family of high T. superconductors or the recent

81 Moreover, data-mining techniques have revealed that mate-

upsurge in perovskite-type solar cells.
rials within the same structural family exhibit similar performances.” Hence the exploration of new
materials families like nitridophosphates with transition or rare earth metals is anticipated to lead to
the discovery of intriguing materials.

Nitridophosphate research has already produced functional materials like the clathrate
P,N,(NH),(NH,), which is an open-framework structure hosting trapped ammonia molecules."”
This clathrate has been discussed as a possible gas-storage material.""’ Furthermore, the zeolitic
Ba,P;N, Br:Eu’" is a promising luminescent material for solid-state lighting that emits natural white
light.!"”

However, the accessibility of nitridophosphates through conventional solid-state synthesis is lim-
ited by the thermal stability of common starting materials like P;Ns, which tend to decompose below
the crystallization temperature of the targeted phases. High-pressure synthesis using the multianvil
technique has promoted the exploration of alkaline earth nitridophosphates like MP,N, (M = Be,
Ca, Sr, Ba) and high-pressure polymorphs of the silica analogous PON."*""”) However, the structural
elucidation can be laborious owing to microcrystalline products that require elaborate powder dif-
fraction and electron microscopy methods for structure determination.”*"

Synthetic success with alkali-metal and alkaline-earth-metal nitridophosphates could not yet be

expanded to trivalent rare earth metals. In order to tackle the aforementioned problems, we tailored a

new synthetic pathway by means of high-pressure metathesis and targeted rare-earth-metal nitrido-
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phosphates as a model system. Owing to their f electrons, such lanthanide materials offer more versa-
tile properties, such as magnetism, than the already known nitridophosphates. We found that solid-
state metathesis (SSM) is crucial for the preparation of rare-earth-metal nitridophosphates since it
is imperative for phase formation and greatly aids crystal growth. SSM is an exchange reaction that
capitalizes on the formation energy of a stable byproduct to generate the driving force for powering
a less favored reaction. For example, rare-earth-metal nitridoborates, carbodiimides, and tetracy-
anoborates, as well as the functional materials GaN and Si;N,, are accessible by SSM,[18-20]

Herein, we report on the preparation of the first nitridophosphate with a trivalent cation, name-
ly LiNdP,Nj, by high-pressure metathesis. Stoichiometric amounts of NdF; and LiPN, were react-
ed at 5 GPa and approximately 1300°C to yield LiNdP,N; and LiF as described by the following

Equation 2.1.
NdF; + 4 LiPN, — LiNdP,N; + 3 LiF Eq.2.1

The reaction conditions were achieved through a 1000 t hydraulic press combined with a modified

1€l A colorless transparent product containing single crystals with

Walker-Type multianvil module.
a diameter of up to 100 um was obtained after dissolving the byproduct LiF in H,O (Figure B.10 in
the Supporting Information). The growth of such large crystals under high pressure can be attributed
to in situ formed LiF, which is molten under these reaction conditions and can act as a flux.”” The
achievable crystal size easily exceeds the efficiency of the extrinsic mineralizer NH,CI, which was
applied in the syntheses of f-HPN,, 3-P,N4(NH), and y—P4N6(NH).[23‘25]

The elemental composition, as determined by energy dispersive X-ray spectroscopy (EDX), is in
good agreement with the theoretical atomic ratio of Nd/P/N=1:4:8. Details of the EDX analysis can
be found in Table B.7 of the Supporting Information.

The crystal structure of LiINdP,N; was solved in the orthorhombic space group Pnma (no. 62) from
single-crystal X-ray diffraction data.” LiNdP,Nj crystallizes in a variant of the pseudo-orthorhom-

).l Additional information

bic structure of the mineral paracelsian (BaAl,Si,Og, space group P2,/a
that rules out a monoclinic crystal system in LiNdP,N; can be found in the Supporting Informa-

tion. In order to quantify the similarity between paracelsian in an orthorhombic crystal system and

LiNdP,Ng, the two structures were compared by using the COMPSTRU tool of the Bilbao Crystallo-
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graphic Server.”® The mean shift of atomic positions is only 0.11 A. The resulting measure of similar-
ity A® of 0.073 emphasizes the close relation between the two structures.

The established structural model was confirmed by Rietveld refinement on X-ray powder diffrac-
tion data (Figure B.2), which also indicates that LiNdP,N; was prepared as a phase-pure compound.
Further high-temperature powder diffraction experiments (Figure B.5) reveal phase stability of at

least 1000 °C in air, thus suggesting that LiNdP,Nj is not a high-pressure phase.

Figure 2.1. Projection of the LiNdP,N; crystal structure along [010]. The unit cell is highlight-
ed by black lines and the atoms are displayed with anisotropic displacement parameters set
at 90 % probability.

The structure of LiNdP,N; consists of a network of all-side vertex-sharing PN, tetrahedra (Fig-
ure 2.1), which is best described as interconnected double crankshaft chains (Figure B.4) running
along [010]. These chains consist of stacked vierer-rings (as defined by Liebau) connected to ad-
jacent layers by two up- and two down-pointing tetrahedra.”’ Li* and Nd** ions occupy the 4- and
8-membered-ring channels running along b (Figure 2.1), with the 8-membered-ring channels cre-
ated by interconnection of the crankshaft chains. The framework topology is the same as in paracel-
sian and is characterized by the point symbol 4°.6".8, as calculated with TOPOS."** Because of the
loop-branched double crankshaft chains, the paracelsian framework can be described by the Liebau
classification LiNd{Ib1°_}[P,N,].”!

The 7-fold coordination sphere of Nd (Figure 2.2) is an augmented triangular prism with Nd-N
distances of between 2.49 and 2.59 A, which is in good agreement with the Nd-N distances in NdN

(d(Nd-N)=2.58 A)."” Li is coordinated in a slightly distorted square pyramid with Li-N distances
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ranging from 1.96 to 2.17 A. This Li coordination polyhedron is unprecedented for nitrogen-contain-
ing framework structures and is only known within the complex structure of Li;Ni,[NH,],,[NH;] 1=l
The FTIR spectrum of LiNdP,N (Figure B.6) reveals characteristic P-N framework vibrations be-

tween 600-1500 cm ™. The absence of N-H valence vibrations indicates that no N-H groups are con-

tained in the sample.
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Figure 2.2. Coordination polyhedra around Nd, Li, P1, and P2. The thermal ellipsoids are set
to 90 % probability.

Owing to the three unpaired electrons of Nd** (electron configuration [Xe]4f’), SQUID magnetom-
etry was employed to examine the magnetic properties of LiNdP,N;. The susceptibility data obtained
at a constant magnetic field of 20 kOe follows the expected trend for paramagnetic substances in
the range of 300 to 1.8 K (Figure 2.3). To calculate the effective magnetic moment y.¢ with the Cu-
rie-Weif3 law, a linear regression was fitted to the inverse molar susceptibility ymq ' in the range of
300 to 50 K. The experimental p. value of 3.815 yj; is in good agreement with the theoretical value
of 3.618 p; calculated from Hund’s laws.* The Curie temperature ® was determined to be -4 K,
which is close to the theoretical value of 0 K. The deviations may stem from additional magnetic
contributions caused by the amorphous phase visible in the powder pattern (Figure B.2). Addition-
ally, no magnetic ordering effects were observed in experiments with lower magnetic field strengths

(Figure B.7). LiNdP,Nj is thus the first confirmed paramagnetic nitridophosphate.
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As mentioned above, we studied LiINdP,N; as a model system to fathom the applicability of high-
pressure metathesis in the development of new material families, in this case the rare-earth-metal
nitridophosphates. We were able to demonstrate that this preparation method is capable of effort-
lessly producing a magnetic nitridophosphate with a trivalent cation. The synthetic complexity was
deliberately kept minimalistic by the use of only two reactants, one of them commercially available,
to emphasize the simplicity of this approach. However, the synthesis route can also be highly adaptive
when the starting materials are carefully chosen. While the use of metal halides seems mandatory,
the alkali-metal-containing compounds can be exchanged. For example, the degree of condensation
of the PN, tetrahedral framework can be tuned by adding Li;N as a reactant, which could result in
compounds with the sum formula LiLn,PN, that contain isolated PN, tetrahedra. Combined with
the ability of high-pressure metathesis to grow single crystals, as demonstrated with LiNdP,Nj, this
flexibility enables rapid screening of a vast composition space. Fast structural elucidation is especially

desired when searching for useful properties like body color, luminescence, or magnetism.
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Figure 2.3. Susceptibility measurement carried out at 20 kOe. The data are displayed as ol
versus T (black circles) and Xmol” versus T (gray circles). A linear regression (black line) was fit
to the X0 ' versus T data with the formula y=0.5494(4) + 2.20(8).

With the focus on exploring materials for general applications, it is advantageous to use compounds
consisting of economical elements, such as transition metals.”” Our high-pressure metathesis route is
currently being expanded to metals such as iron, through which we hope to establish a gateway sys-
tem to transition-metal nitridophosphates. Moreover, the idea of high-pressure metathesis can also

be transferred to the structurally related family of nitridosilicates, since starting materials in the form
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of Li,SiN, are readily available.” Transition-metal nitridosilicates are also a little explored substance

class and may offer similar features to transition-metal nitridophosphates.

CHAPTER 2
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2.2 Conclusion

In conclusion, we prepared the first rare-earth-metal nitridophosphate LiNdP N through high-pres-
sure metathesis. The compound crystallizes in an undistorted orthorhombic variant of the paracel-
sian structure type, which is related to the feldspar type. By conducting a metathesis reaction, we
were able to grow large single crystals at high pressure owing to the in situ formed mineralizer LiE
The growth of crystals suitable for X-ray crystallography greatly accelerates structure analysis. These
results could form the basis for the discovery of a substantial number of interesting rare-earth- and

transition-metal nitridophosphates, thereby stimulating progress in this exciting branch of chemistry.
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NN

Thefirstternaryrare-earth nitridophosphates RE,P;N, (RE=La, Ce, Pr,Nd, Sm, Eu,Ho, Yb) were
prepared by high-pressure solid-state metathesis. The compounds are the first instances of
layered rare-earth nitridophosphates. The structural relation of the melilite-type (RE = Pr,
Nd, Sm, Eu, Ho, Yb) and the BaCu[Si,O,]-type (RE = La, Ce, Pr) RE,P;N, was investigated by
experiment and verified by DFT calculations based on the Pr,P;N, polymorphs.
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High-pressure metathesis was proposed to be a gateway to the elusive class of rare-earth
nitridophosphates. With this method the first ternary compounds of this class with sum
formula RE,P;N, were prepared, a melilite-type with RE = Pr, Nd, Sm, Eu, Ho, Yb (Ho,P;N;:
P42.m,a=7.3589(2), c=4.9986(2) A, Z= 2) and a Ba,Cu[Si,0,] structure type with RE=La, Ce,
Pr (Pr,P;N,: monoclinic, C2/c, a = 7.8006(3), b = 10.2221(3), c = 7.7798(3) A, B = 111.299(1)°,
Z = 4). The phase relation between the two structure types was prior unknown and is here
evidenced by experimental data as well as density functional theory calculations performed
for the Pr,P;N, compounds. Adequate classification of both structures types with regard
to Liebau nomenclature, vertex symbol, and point symbol is made. Additionally, the tiling
patterns of the monolayered structures are deducted. We demonstrate that high-pressure
metathesis offers a systematic access to rare-earth nitridophosphates with an atomic ratio
of P/N between 1/2 and 1/4.
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3.1 Introduction

Nitridophosphates constitute an ample compound class that, however, is little explored. Their struc-
tural multiformity stems from the synergy of P and N; the ability to form networks of corner- and
edge-sharing PN,-tetrahedra and PN;-pyramides' ™ concomitant with higher cross-linking network

78] and creates

structures by triply bridging N**' clearly distinguishes nitridophosphates from silicates
diversity. Numerous first- and second-group element compounds were discovered,’*>'" but simple
transition-metal-containing nitridophosphates, for example, CuPN," or Zn,PN,," are scarcely
known, and rare-earth nitridophosphates were completely unknown. The latter tempt with a combi-
nation of potentially unprecedented structures and open-shell cations, which engender properties like
magnetism, luminescence, and body color. As a remedy for the elusive rare-earth nitridophosphates,
we proposed a high-pressure metathesis route and proved its viability on precedence of LiNdP,N;."”

High-pressure metathesis deliberately accesses rare-earth nitridophosphates by a combination of

beneficial attributes. In the synthesis rare-earth halides, preferably fluorides, are reacted under pres-

sure with LiPN, to yield the desired nitridophosphate and Li halide as byproduct (Equation 3.1).
REF, + 3 LiPN, — REP;N, + 3 LiF Eq. 3.1

The halide formation releases lattice energy that is the thermodynamic driving force for the nitrido-
phosphate synthesis."* Additionally, the halide acts as a flux, oftentimes yielding macroscopic single
crystals of the main phases, facilitating structure determination. Reactions of Equation 3.1, also used
for the preparation of LiNdP,Nj, are restricted to a degree of condensation (the ratio of P and N,
which gives an estimate of the tetrahedra network) equal to 1/2, which usually yields a three-periodic
network. To attain less condensed (e.g., layered, chain, ring, and ortho-type) nitridophosphates with
a molar P/N ratio smaller than 1/2 we propose to add Li;N to the metathesis; Equation 3.2 displays

the reaction for the two here presented monophyllo compounds.
2 REF, + 3 LiPN, + Li;N—> REP;N, + 6 LiF Eq.3.2

Two polymorphs of the layered nitridophosphates RE,P;N, were obtained, a melilite-type with RE
= Pr, Nd, Sm, Eu, Ho, Yb and a Ba,Cu[Si,O,]-type with RE = La, Ce, Pr.>'* Since both structures

constitute a single-layer PN-network their topological symbol, as defined by the Reticular Chemistry
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Structure Resource (RCSR),"” is used to differentiate them. The melilite-type RE,P;N; phases are de-
nominated mcm-RE,P;N,, and the Ba,Cu[Si,0;]-type phases are bex-RE,P;N..""” The deduction of
the topological symbol from the monolayers is later discussed with regard to the underlying tiling
pattern of respective structures.

The tetragonal melilite structure type with sum formula M,A[B,X;] is common for materials classes
forming tetrahedra networks. An abundance of examples are known from silicates (e.g., natural meli-
lite and its end members akermanite Ca,Mg[Si,O;] el and gehlenite Ca,Al[AISiO,] U81)oxonitridosili-
cates (e.g., Sm,Si[Si,05N, ], gallates (e.g., Ca,Ga[GaSiO,] 201y germanates (e.g., Sr,Mg[Ge,0,] 21y,
and vanadates (e.g., Na,Zn[V,0,] 221y, High-pressure investigations of diverse melilite-type compounds

23,24 .
(23241 and a reconstructive

included the incommensurate-to-normal structure transition in akermanite
high-pressure phase of dkermanite and gehlenite,”” also found in Sr,Zn[Ge,0,].” The structure type
of bex-RE,P;N, was established in Ba-containing silicates with sum formula Ba,A[Si,O;] (A = Co,
Cu, Mg, Zn)">" that is an indication for a melilite polymorph. However, an immaculate phase
relationship has not yet been proposed; the inverse relationship™ between pressure and temperature
in Ba,Mg[Si,0;] 281 and the high-pressure behavior of the solid solution Sr, ,Ba,Mg[Si,O,] (0 < x < 2),
in which the Sr compound crystallizes in the melilite-type, was examined to no final conclusion.”"
We argue that the bex-type is the high-pressure polymorph of the mcm-type based on our experi-
mental results and DFT calculations; we evaluate the influence of cation size, pressure, and tempera-
ture on the formation of the RE,P;N; (RE = La, Ce, Pr, Nd, Sm, Eu, Ho, Yb) phases and examine den-
sity and stability development of the phases. Moreover, the crystal structures are subsumed regarding
their topology, vertex configuration, and Liebau classification because of the dearth of such informa-

tion in literature. Additionally, the advantages of using tiling patterns for classification of tetrahedral

networks are discussed.

35

CHAPTER 3




Chapter 3 - RE,P;N,

3.2 Experimental Section

3.2.1 Synthesis of P;N;

The binary nitridophosphate P;Nj;, starting material for LiPN, synthesis, was prepared by reaction
of phosphorus pentasulfide P,S,, (Sigma-Aldrich, 99.99%) with NH; gas (Air Liquide, 5.0) flowing
at a constant rate."” A tube furnace with a quartz tube containing a quartz boat was dried for 4 h at
1000 °C under reduced pressure of 1 x 10~ mbar. To prevent clogging of the tubing due to sublima-
tion of byproducts, the quartz boat can only be loaded, in an Ar counterflow, with a limited amount
of P,S,,. The tubing was saturated with NH; gas before firing the starting material at 850 °C for 4 h.
Temperature ramps for heating and cooling were set to 5 °C/min, and the system was flushed with
Ar after reaching room temperature. The obtained P;N; was washed with water/ethanol/acetone and

characterized by X-ray powder diffraction and Fourier transform infrared (FTIR) spectroscopy.”

3.2.2 Preparation of LiPN,

LiPN, was prepared by a solid-state reaction of P;N; with a 1.2 times excess of Li;N (Rockwood
Lithium, 94%). The starting materials were thoroughly mixed and ground under inert conditions and
then transferred into a Ta-crucible residing in a dried quartz tube with N, atmosphere. The sealed
quartz ampule is fired in a tube furnace at 800 °C for 96 h. Temperature ramps for heating and cool-
ing were set to 5 °C/min. The product was washed with diluted hydrochloric acid, water, and ethanol.

The purity of LiPN, was confirmed by means of X-ray powder diffraction and FTIR spectroscopy.”

3.2.3 Synthesis of mcm-type and bex-type RE,P;N, (RE,,., = Pr, Nd, Sm, Eu, Ho, Yb;
RE, .. =La, Ce, Pr) Phases
Both RE,P;N, phases were prepared by high-pressure metathesis starting from LiPN,, Li;N (Rock-
wood), and the respective rare-earth fluorides REF; (Alfa Aesar, 99.99%). Note that Li;N was added
in a 2 times excess to cope with side reactions of the crucible. High-pressure conditions of 4 to 6 GPa
were achieved with the multianvil technique using a 1000 ton hydraulic press (Voggenreiter, Main-
leus, Germany) and a modified Walker-type module. The starting materials were thoroughly ground
and mixed before being packed in an h-BN crucible (Henze, Kempten, Germany). The crucible was

placed in the pressure medium consisting of a specially prepared Cr,O;-doped (6%) MgO-octahe-
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dron (Ceramic Subtrates & Components, Isle of Wight, U.K) with 18 mm edge length. This work was
performed under inert conditions in an Ar-filled glovebox (Unilab, MBraun, Garching, Germany)
with O, and H,O < 1 ppm concentrations. Eight Co-doped (7%) tungsten carbide cubes (Hawedia,
Marklkofen, Germany) with truncated edges (11 mm) forward the pressure to the eight sides of the
sample octahedron, causing quasi-hydrostatic pressure conditions. Additional information regarding
this high-pressure setup may be found in literature.”*” The reaction conditions for each rare-earth
element can be found in the synthesis part of the Discussion Section along with respective body

colors of the products (Table 3.1). Some products were washed with water to reduce the LiF content.

Table 3.1. List of Reaction Conditions for Each Prepared Phase and Body Color of the Samples.

compound pressure, GPa temperature, °C dwell, min heat, min  cool, min color
bex-RE,P;N,

La,P;N, 5 900 300 120 120 colorless
Ce,P;N, 5 1150 20 20 20 burgundy
Pr,PsN, 5 1250 300 120 120 pale green
mcm-RE,P;N,

Pr,PsN, 4 1000 360 120 60 pale green
Nd,P;N, 5 1200 60 120 80 colorless
Sm,P;N, 5 1200 60 120 80 pale yellow
Eu,P;N, 5 1200 60 120 80 colorless
Ho,P:N, 5 1200 60 120 80 pale yellow
Yb,P;N, 5 1250 300 60 180 colorless

3.2.4 Spectroscopic Analysis

Morphologies and elemental compositions of prepared compounds were determined by scanning
electron microscopy (SEM) coupled with energy-dispersive X-ray (EDX) spectroscopy. A JEOL JSM
6500F microscope equipped with a field emission electron source and Oxford Instruments 7418 Si/Li
EDX detector was used for these characterizations. Owing to their insulating properties the samples
were sputtered with carbon to reduce electric charging with an electron beam evaporator (BAL-TEC
MED 020, Bal Tex AG). FTIR spectra were recorded in the range of 400-4000 cm™" using a PerkinEl-

mer Spectrum BX II spectrometer with ATR geometry.

37

CHAPTER 3




Chapter 3 - RE,P;N,

3.2.5 Single-Crystal X-ray Diffraction

X-ray diffraction on single crystals were performed either with a D8 Quest diffractometer (Bruker,
Billerica MA, USA) or an IPDS1 (Stoe & Cie, Darmstadt, Germany) using Mo Ka radiation. The
unit cells were determined and integrated with APEX2 and X-Area, for D8 Quest and IPDS data, re-
spectively. The space group was determined with XPREP;"* structure solution using direct methods
was executed with SHELXS-97 and structure refinement with SHELXL-97.%**” Structure solution
resulted in identification of heavy atom sites as well as P-sites. Missing N-sites were identified from
difference Fourier maps and subsequently refined. Absorption correction was performed with the
MulScanAbs function of PLATON." All atom sites were refined anisotropically. Crystal structures

were visualized using VESTA.™

3.2.6 Powder X-ray Diffraction
X-ray powder diffraction for bulk analysis, structure refinement, and structure confirmation was per-
formed on a Stadi P diffractometer (Stoe, Darmstadt, Germany) in parafocusing Debye-Scherrer
geometry. The instrument was equipped with a MYTHEN 1K silicon strip detector (Dectris, Baden,
Switzerland; angular range A26 = 12.5°) and a Ge(111) monochromator selecting Mo Ka, radia-
tion. Homogenous powder samples were loaded to 0.3 mm diameter glass capillaries with 0.01 mm
wall thickness (Hilgenberg GmbH, Malsfield, Germany). Rietveld refinement was performed using
the TOPAS-Academic V4.1 software.*” The peak shape function was modeled using a fundamental
parameters approach including direct convolution of source emission profiles, axial instrument con-
tributions, crystallite size, and microstrain effects. Possible preferred orientation of crystallites within
the capillary was treated using the spherical harmonics model of fourth order. The background was
handled using a shifted Chebychev function. Capillary absorption correction was performed taking
the calculated absorption coefficient and capillary diameter into account. Crystal structures were
visualized using VESTA."*

High-temperature powder diftfraction was performed on a Stoe Stadi P diffractometer equipped
with a graphite furnace and an image plate position sensitive detector. The Mo radiation was mono-
chromatized with a Ge(111) single crystal (Mo Ka,, A = 70.930 pm). The samples were heated to a

maximum of 1000 °C in steps of 25 °C. Data were collected at constant temperature.
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3.2.7 Computational Details
The total energies and atomic structures of both Pr,P;N, polymorphs were calculated using density
functional theory (DFT) in the generalized gradient approximation (GGA) of Perdew, Burke, and

4] that is implemented in the

Ernzerhof***"' together with the projector-augmented-wave method'
Vienna ab initio simulation package.**” GGA potentials were chosen since they are usually supe-
rior in reproducing transition pressures of solid-state materials.”"*” Initial ionic relaxation of the
bex-polymorph was performed by relaxing all internal coordinates with a constant cell volume, and
relaxation of the mcm-polymorph was performed by additionally relaxing all cell parameters, while
using a plane-wave cutoff of 535 eV. The Brillouin zone was sampled on a dense y-centered k-mesh
(bex-Pr,PsN;: 8 x 6 x 8, mcm-Pr,P;N;: 7 x 7 x 10) produced from the method of Monkhorst and
Pack" to ensure sufficient precision. The energy convergence criterium was set to 1 x 10 eV per

unit cell to ensure accurate electronic convergence, while the residual atomic forces were converged

below values of 2 x 107 eV/A.
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3.3 Results and Discussion

3.3.1 Synthesis and Characterization of mcm-RE,P;N, and bex-RE,P;N,
The general reaction scheme for the preparation of mcm- and bex-RE,P;N, (RE = La, Ce, Pr, Nd, Sm,
Eu, Ho, Yb) phases is displayed in Equation 3.2. The reaction conditions achieving the largest phase

fraction of respective RE,P;N,; compound are listed in Table 3.1.

100 um

Figure 3.1. SEM micrographs. (a) An mcm-Ho,P;N, crystal. (b) A bex-Pr,P;N; crystal.

mcm-Ho,P;N; was prepared as a single phase according to X-ray powder diftraction (Figure C.10);
the other samples contained byproducts. mcm-Eu,P;N; is accompanied by EuF,, which can be exp-
lained by the reductive reaction environment created by nitrides under high pressure. The Sm and
Nd mcm-samples are accompanied by an oxonitridophosphate that accretes in mass fraction with
increasing rare-earth ion size, which may be an indication for diminishing phase stability (see Sup-
porting Information Figures C.8 and C.9). The destabilization culminates in Pr,P;N,, that at 4 GPa
and 1000 °C crystallizes in the mcm-modification and at 5 GPa and 1250 °C in the bex-modification.
Lowering the temperature to 900 °C and increasing the pressure to 5.5 GPa yielded a heterogeneous
mixture of mcm- and bex-RE,P;N, (Figure C.14). The phase formation is therefore dependent on
temperature. Pr is the only lanthanide for which we prepared both polymorphs. Ce and Pr bex phases
are formed concomitant with little of a colorless (oxo)phosphate, mcm-Yb,P;N; with a small YbPO,
byproduct. The burgundy colored bex-Ce,P;N; could be manually separated from the side phase to
obtain a phase-pure sample for powder diffraction measurements. The oxygen impurities may be
explained by a partially hydrolyzed boron nitride crucible (forming boric acid) and the oxophilia of
the rare-earth metal.

Prolonged dwelling and cooling times (300 and 120 min) promote the growth of larger single crys-

tals, which was necessary for Ho,P;N; owing to the observed reluctant crystallization of the heavy-
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rare-earth phases. Twenty micrometer Ho,P;N; crystals could be grown in this way (Figure 3.1a). The
light-rare-earth compounds showed better crystallization; 200 um bex-Pr,P;N; single crystals were
obtained after a 300 min dwell (Figure 3.1b), and bex-Ce,P;N; achieved similar sizes after 20 min of
dwell.

Elemental distribution obtained from EDX measurements on crystals of mcm-Ho,P;N, and bex-
Pr,P;N; (Figure 3.1) confirmed the theoretical atomic ratio Pr/P/N of 2:3:7 (Table C.16 and C.38 of
the Supporting Information). Infrared spectroscopy performed on samples of mcm-Ho,P;N, and bex-

Pr,P;N; ruled out the presence of any O-H or N-H groups (Figures C.4 and C.11).

Table 3.2. Crystallographic Information for Single-Crystal X-ray Diffraction of mcm-Ho,PsN,.

Formula Ho,P;N,

Crystal system tetragonal

Space group P221m (No. 113)

Cell parameters, A a=7.3589(2)
c=4.9986(2)

Cell volume, A’ 270.691(18)

Formula units per unit cell Z 2

Formula mass, g-mol™ 520.84

Calculated density, g-cm™ 6.390

Absorption coefficient y/mm™’ 29.825

diffractometer Bruker D8 Quest

Radiation Mo Ka (A=71.073 pm)

Temperature, K 293(2)

F(000) 456

6 range, deg 3916 <0<37.675

Total no. of reflections 6905

Independent reflections 791

Refined parameters 35

Goodness-of-fit 1.121

Rin Ro

R, (all data), R, [F? > 20(F)]
WR, (all data), wR, [F* > 26(F?)]
DPumas DOwins €A

0.0402, 0.0250
0.0232,0.0190
0.0321,0.0313
1.037,-0.624

3.3.2 Crystal Structure Determination of mcm- and bex-RE,P;N,.
The structural model for mcm-RE,P;N; was established by single-crystal X-ray diffraction of Ho,P;N.
As mentioned, Ho,P;N; crystallizes in the tetragonal melilite structure type with lattice constants of

a = 7.3589(2) and ¢ = 4.9986(2) A.*" The space group P42,m was unequivocally determined from

a1
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systematically absent reflections, and the structure was solved using direct methods, which yielded
the positions of Ho and P, while N atom sites were obtained from difference Fourier maps. All atoms
were refined with anisotropic displacement parameters. The crystallographic data can be found in
Table 3.2, atomic positions, isotropic displacement parameters, anisotropic displacement parameters,
and geometric values in Tables C.33-C.36. The isotypic structure models of mcm-RE,P;N; with RE =
Pr, Nd, Sm, Eu, and Yb were refined from powder diffraction data by the Rietveld method based on

the Ho,P;N, model.

Table 3.3. Crystallographic Information for Single-Crystal X-ray Diffraction of bex-Pr,P;N;.

Formula Pr,P;N,
Crystal system monoclinic
Space group C2/c (no. 15)
Cell parameters / A, ° a=7.8006(3)
b=10.2221(3)
c=7.7798(3)
B=111.299(1)
Cell volume / A? 577.98(4)
Formula units per unit cell Z 4
Formula mass, g-mol™ 472.80
Calculated density, g-cm™ 5.433
Absorption coefficient u/ mm™ 17.417
Diffractometer Bruker D8 Quest

Radiation

Temperature, K

Mo-Ka (A =71.073 pm)
293(2)

F(000) 848

Brange/° 3.440 < 6 <40.247
Total no. of reflections 10211
Independent reflections 1823

Refined parameters 57
Goodness-of-fit 1.251

Rines Ro 0.0300, 0.0188

R, (all data), R, [F* > 20(F?)]
WR, (all data), wR, [F* > 206(F%)]
Apmaxr Apmin / e.A%

0.0177,0.0164
0.0402, 0.0398
2.129,-1.641

An unknown side phase in the mcm-Pr,P;N; sample prohibited the refinement of fractional coordi-
nates, but the cell dimensions were reliably obtained. Details of the Rietveld refinement data as well as
lists of bond angles and bond lengths are provided in the Supporting Information.

The crystal structures of bex-Pr,P;N; and bex-Ce,P;N; were solved ab initio from single-crystal X-

ray diffraction; the La-compound’s structure model was refined by Rietveld refinement (see Support-

42



3.3 Results and Discussion

ing Information for further details). The following structure description is based on the bex-Pr,P;N,
model, which crystallizes in the Ba,Cu[Si,0;] structure type[ls] with a monoclinic unit cell of a =
7.8006(3), b = 10.2221(3), ¢ = 7.7798(3) A, and B=111.299(1)°.

Space group C2/c was assigned to the structure considering systematically absence of reflections.
Structure solution with direct methods yielded the position of Pr as well as P; N-sites were identi-
fied from difference Fourier maps, and anisotropic displacement parameters could be refined for
all atomic positions. The crystallographic data, atomic positions, isotropic displacement parameters,
anisotropic displacement parameters, and bond lengths/angles of bex-Pr,P;N; are listed in Tables 3.3

and Tables C.11-C.14, respectively.

3.3.3 Structure Description of mecm-RE,P;N, (RE = Pr, Nd, Sm, Eu, Ho, Yb)

Following silicate nomenclature mcm-RE,P;N; and bex-RE,P;N; are best categorized as monophyllo-
nitridophosphates and of such are the first instances within the nitridophosphate materials class.
The melilite group of naturally occurring silicates is distinctly assorted to the sorosilicates, since the
Q* tetrahedron is centered by nonsilicon cations, for example, Fe or Mg, leaving isolated [$1,0,]*
units.”” Thus, the naturally occurring minerals akermanite and gehlenite are not considered as phyl-
lo contrary to precedents like Sm,Si;O;N,, in which condensed [Si;O;N,]* layers are observed."
mcm-Ho,P;N; crystallizes in the melilite structure type with a tetragonal unit cell that includes single
[P;N,]° monolayers and four Ho atoms between the layers (Figure 3.2).

The non-centrosymmetric space group P42,m (No. 113) is in accordance with the AA stacking ar-
rangement of the monolayers, in which the tetrahedra vertices point in the same direction preempt-
ing a mirror plane. The Ho atoms arrange with pseudo-inversion symmetry due to a z close to 0.5. The
suggested supergroup P4/mbm (No. 127) is, however, impossible for the entire structure owing to the
missing mirror plane between the AA monolayer stacks. The monolayers comprise condensed five-
membered rings (fiinfer-rings after Liebau)™' with vertex-sharing Q’- and Q*-type PN,-tetrahedra
in a molar ratio of 2:1. Hence the two-periodic layer can be described by the vertex symbol (5%),(5%)
or point symbol (5°),(5*.8%), the latter being determined by TOPOS.™ The coexistence of Q’- and

Q'-type bridging tetrahedra within a plane layer results in the degree of condensation x = P/N = 3:7.

43

CHAPTER 3




Chapter 3 - RE,P;N,

An unbranched fundamental dreier chain running along [100] subsumes the single-layer tetrahedra

[55]

network as {uB, 1°.}[P;N;] according to Liebau.

Figure 3.2. (left) Four unit cells of mcm-Ho,P;N; in projection along the c-axis. (right) Pro-
jection along the b-axis, parallel to the tetrahedral monolayers. All anisotropic displacement
ellipsoids are displayed with 95% probability.

N2 2.340(5)
N4 2.374(5) N1
N1 2.729(5)
2.729(5)
N1
2.412(5) N1
N224685) NI 2.412(5)
2.412(5)
N2 1.571(6) N1 1.651(5) N1 1.651(5)

N1 1.684(5)

N1 1.651(5)

N1 1.651(5)

Figure 3.3. N-coordination polyhedra in mcm-Ho,P;N, around Ho1 (top), P1 (bottom left),
and P2 (bottom right) with respective bond lengths.

Eight N atoms coordinate Hol in form of a quadratic antiprism, analogous to other melilite-type
compounds (Figure 3.3). The Ho-N distances within this semiregular polyhedron range from 2.34

to 2.73 A and are similar to those found in the oxonitridosilicate Ho¢Si,,N,,0 (d(Ho-N) = 2.36-2.53
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A)."” Owing to terminal and single-bridging N atoms, two sets of P-N distances are observed (Fig-
ure 3.3). The P1-N2" bond (superscripted numbers in square brackets following element symbols
give coordination numbers) is with d(P1-N2") = 1.57 A expectedly shorter than the P-N™ bonds
with bridging N atoms (d(P-N") = 1.64-1.68 A)."™ These values are in good agreement with those
reported in comparable structures."**** The angles of Q*-tetrahedra, centered by P2, vary from 109.1
to 110.2°, which is exceptionally close to the regular value 109.5°. The P1-tetrahedra, exhibiting the
one terminal N'"-atom, is distorted with N-P1-N angles ranging from 100.1 to 117.7° and a bond

angle variance”™ of 79.25%.

3.3.4 Structure Description of bex-Pr,P;N,

As mentioned above, the bex-RE,P;N; phase is classified as a monophyllo nitridophosphate and crys-
tallizes in the Ba,Cu[Si,0O,] structure type.[15 I Tts unit cell contains two identical monolayers of vertex-
sharing PN,-tetrahedra, which are shifted one-half of a c-translation against each other according to

the c-glide-plane of space group C2/c (Figure 3.4).

Figure 3.4. (left) Four unit cells of bex-Pr,P;N; in projection along the b-axis. (right) Projec-
tion along the c-axis, parallel to the monolayers. All anisotropic displacement ellipsoids are
displayed with 95% probability.

The Pr-atoms are residing between the layers, more precisely, between rings created by the PN,-
tetrahedra connection pattern. The vertex-sharing PN,-tetrahedra within a monolayer form an alter-
nating pattern of contiguous four- and six-membered rings (vierer- and sechser-rings after Liebau*”)
with vertex symbol (4.6.4.6)(4.6%),.

The Liebau nomenclature for this two-dimensional net is {uB, 1..°}[P;N;] due to a repetition unit

consisting of an unbranched dreier-chain running along [100].°* The Pr,P;N, structure comprises
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two different P-sites that are part of Q- and Q*-bridging tetrahedra in the ratio 2:1. Reminiscent of
the melilite structure type, this causes a degree of condensation of P/N = 3:7, which is rather unusual;
in silicates, monolayered nets usually exhibit a molar ratio 2:5. The resulting topology, with com-
prehensible point symbol (4.6%),(4°.6>.8°) (calculated with TOPOS)," is, to the authors knowledge,
unprecedented for tetrahedral phyllo-networks; the Ba,A[Si,0,] (A = Co, Cu, Mg, Zn)" 7 com-
pounds are classified as sorosilicates, since a non-Si atom occupies the Q*-tetrahedron. However, the
point symbol of the phyllo-net is established in the structural chemistry of metal-organic frameworks
(MOFs) under topological type 3,4L13, which is not unexpected, since MOFs usually constitute of

atavistic nets. ¢!

N2
2.647(1)

2.566(1)

N4
2.620(1)

N3
2.726(1) N1 N2
2.650(1) 2.750(1)

N2 N2
1.644(1) 1.644(1)

1.660(1)

Figure 3.5. N-coordination polyhedra in bex-Pr,P;N, around Pr1 (top), P1 (bottom left), and
P2 (bottom right) with respective bond lengths.

The bond geometry is similar to the mcm-case (Figure 3.5), with little skewed N-P-N bond angles
in the P1 Q*-tetrahedra (between 106.0 and 114.7°) and distorted P2 Q’-tetrahedra with angles rang-
ing from 101.1 to 117.8°. The P2-N4"" bond length (1.57 A) is shorter than the P2-N™ distances

(1.64-1.68 A) causing this distortion yielding a bond angle variance™ of 60.1°.
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The Pr-atom is coordinated by eight N atoms forming an irregular PrN;-polyhedron. The Pr-N
distances range from 2.43 to 2.75 A, which is in good agreement with the sum of the ionic radii*®”’ and
values found in nitridosilicate PrSi;N; (2.41-2.82 A).1**!

Driven by means to simplify and aid understanding chemists consider the topology of crystal struc-
tures. Traditionally, net-topologies derived from graph theory are used,***’ but with advances in

[66,67]

tiling theory™"" the description of network structures as tessellations proves to be an advantageous

alternative.”””’ For this purpose, two- and three-periodic chemical structures can be abstracted to

mathematical tiling patterns,****"

which are gap-free tessellations of the Euclidian plane or the Eu-
clidian space by convex polygons or polyhedra (the tiles). Figure 3.6 displays the breaking down of
the complex tetrahedral network of both RE,P;N; polymorphs into their respective tiling pattern with
maximal symmetry embedding, which are listed under symbol mcm and bex of the RCSR database.”
The tiling symbols were determined with TOPOS."

This additional structure description is complementary in its function as a visualized archetype

7' which consolidate structural

to the inherently cryptic classifications of vertex and point symbols,
information in a string of numbers. The reduction of two- or even three-periodic nets into their
highly symmetric tiling pattern offers an intuitive understanding of intricate structures.” Concomi-
tant with conversion to a tiling pattern is, to a certain degree, the effacement of chemical information,
which allows comparing structures of different materials families. For instance, a bex tiling pattern
is found in K,M00,As,0,, which exhibits Q*-type MoOg octahedra instead of Q*-type tetrahedra.”"!
Moreover, divergences from the maximum-symmetry embedding of the tiling pattern reveal distor-
tions; for example, plane group of the bex-tiling pattern is p2mm, but bex-RE,P;N, monolayers have
p2 symmetry (Figure 3.6, bottom). Abstract classification symbols lack such symmetry information.

The incorporation of all-side vertex-sharing Q’-tetrahedra in a two-periodic net has interesting
structural implications revealed by tiling theory. The method for enumerating the tile-k-transitive til-

%I and the solutions for up to three

ing patterns of the Euclidian plane has been published by Huson,
symmetry-inequivalent tiles are contained in the program 2Dtiler.”” This list contains the topology
of all two-periodic structures with up to three symmetry-inequivalent tiles. Relevant for two-periodic

phyllosilicates, with a degree of condensation of 2:5, are the tessellations constructed solely from

three-coordinated vertices (Q’-tetrahedra). The numbers of tessellations with three-coordinated ver-
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tices can be extracted and yield a total of three uninodal, 17 binodal, and 103 trinodal tiling patterns
(uninodal denoting tilings with one symmetry inequivalent vertex, binodal with two, etc).””” The
inclusion of four-coordinated vertices, as found in both of the here discussed RE,P;N; polymorphs,
in this enumeration multiplies the theoretical number of tiling patterns to a total of seven uninodal,
129 binodal, and 1585 trinodal nets.®®”? Thus, a successful incorporation of Q*-tetrahedra in a two-
periodic structure theoretically proliferates the structural possibilities, of course bearing in mind that

not all tiling patterns are realizable due to the limitations of bond lengths and angles.”’

Monolayer of mcm-RE PN, Topological net representation Tiling Pattern mcm

Plane group: p4gm Point Symbol: {5%},{5*.8% Plane group: p4gm

Monolayer of bex-RE,P.N, Topological net representation Tiling Pattern bex

Plane group: p2 Point Symbol: {4.67},{4°.6°.8%} Plane group: p2mm

Figure 3.6. Deduction of the mcm (top) and bex (bottom) tiling pattern from monolayers
of the respective RE,P;N; structures. The structures’ topologies (P network) are drawn in the
middle, the tiles already colored as they appear in the tiling pattern on the right.

3.3.5 Structural Evolution of mcm- and bex-RE,P;N, Phases

Figure 3.7 shows the lattice parameters and unit cell volume of mcm-RE,P;N; (RE = Pr, Nd, Sm, Eu,
Ho, Yb) obtained from Rietveld refinement. All parameters linearly decline in the row from Pr to Yb.
The abidance of Vegard’s law'”” is expected owing to the lanthanide contraction, which delineates

. . . .. . . 74 .. .
atomic and ionic radii decrease with atomic number.” Reminiscent of the high-pressure compress-
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ibility of Sr, ,Ba,Mg[Si,O,], the unit cell parameter’s alteration is anisotropic.”" The lateral strain
(parameter a) parallel to the monolayers is smaller than the vertical strain perpendicular to the layers,
the contraction amounts to —0.0148 A/atom in lateral and —0.0223 A/atom in vertical direction, in-
dicating an anisotropic compressibility. The resulting average volume drop of the unit cells is —2.3384
A’/atom. This anisotropic strain is explained by the layered structure of mcm-RE,P;N,; the exchange
of cations can be compared to an intercalation process, in which the intercalated component widens

the layer spacing but barely effects the lateral spread.””
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Figure 3.7. Lattice parameters q, ¢, and V obtained from Rietveld refinement (see Support-
ing Information) of respective mem-RE,PsN, compounds. A linear regression (red line) is fit to
the data.

The density’s increase with atomic number is depicted in Figure 3.8 for both mcm- and bex-type
RE,P;N,. Comparison of the mcm- and bex-Pr,P;N, polymorphs reveals that bex, which was pre-
pared at higher pressures, is the denser structure. The difference is but marginal, in compliance with
the structural changes; the monolayers reconstructively rearrange, splitting five-membered rings into
four- and six-membered rings, and the cation coordination alters from the 4 + 4 of a quadratic anti-
prism to a 5 + 3 of an irregular polyhedron (Figures 3.3 and 3.5). Embedding of the cations between
the four- and six-membered rings of the monolayers leads to a smaller layer-spacing and a denser
structure. Energetically, both structures are expected to be close; the mentioned Ba,Cu[Si,O;] can be

prepared in both polymorphs at ambient pressure.”>”
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Figure 3.8. Density of both polymorphs as determined by Rietveld refinement.

3.3.6 Density Functional Theory Calculations
To corroborate the observed high-pressure phase transition from mcm- to bex-Pr,P;N, we performed
additional ab initio DFT calculations.

To study the structural behavior at elevated pressures, the total energies of the relaxed structures
were recalculated, approximating the compression and expansion of volume in a range from 96% to
103%, which simulates synthesis pressures up to 7 GPa. The calculations were performed at constant

volume.

Table 3.4. Results’ of the Murnaghan Equation of State Fit for Relaxed mcm- and bex-Pr,P;N,.

model bex-Pr,P;N, mcm-Pr,P;N,
energy E,/ eV -96.12 -96.14
volume V, / A® 148.16 149.03

bulk modulus B, / GPa 156.5 173.7

B' 3.8 4.0

(a) Obtained by the GGA

The energy-volume (E-V) curves for both polymorphs (Figure 3.9) indicate that at lower pressures
mcm-Pr,P;N; is slightly energetically favored compared to bex-Pr,P;N; (0.01 eV/formula unit (1.14
kJ/mol)). At higher pressures (lower volumes) the E-V curves intersect, indicating a possible phase
transition. The bulk modulus B, as depicted in Table 3.4 for both polymorphs is obtained by fitting the

total energies of the resulting E-V curves with the Murnaghan equation of state.””
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Following previous works, the entropy part of AG is usually neglected for solid-state transitions,

enabling accurate estimations of AH from H = E + pV, by only regarding the energy, volume, and

pressure of the system.”"
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Figure 3.9. Energy-volume diagram for the bex- and mcm-Pr,P;N,. Results were obtained
with the GGA. Each point represents one structural optimization at constant volume. Energy
and volume are given per formula unit (f.u.) of ProP;N,.

The prevailing pressure is obtained from the E-V diagram in terms of a simple numerical differen-
tiation: p = —dE/0V. The enthalpy difference of both polymorphs AH is subsequently plotted in Figure
3.10, normalized to AH of mcm-Pr,P;N,. Neglecting the influence of temperature, the pressure at
which bex-Pr,P;N; becomes the energetically favored polymorph is ~1.8 GPa, corroborating that bex-
Pr,P;N; is the high-pressure polymorph in accordance with above-discussed experimental results.

The bex-RE,P;N; phase is the second high-pressure modification of the melilite structure type. The
first is a polymorph of dkermanite and gehlenite composed of four-, five-, and six-membered rings
in molar ratio of 1:1:1.”” Structurally, it is related to the melilite-type by splitting half of the five-
membered rings into four- and six-membered rings. This polymorph might be a frozen transition
state between a reconstructive phase transition from the mcm to the bex modification, since in the

bex-modification all five-membered rings are split into four- and six-membered ones.
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Figure 3.10. Enthalpy—pressure diagram obtained by fitting the Murnaghan equation of
state from the Energy-Volume diagram for the mcm and bex modifications. The enthalpy dif-
ference of bex-Pr,P;N, relative to mcm-Pr,P;N; is given per formula unit of Pr,P;N;.

3.3.7 High-Temperature Powder Diffraction

To study the phase stability of the bex- and mcm-polymorphs high-temperature powder diffraction
was performed. At 850 °C bex-Pr,P;N; decomposes (Figure C.13), and mcm-Ho,P;N, decomposes at
750 °C (Figure C.5) forming unidentified products. The experiment on bex-Pr,P;N; was conducted
under Ar atmosphere to detect a possible phase transition to the mcm form. The stability of both
compounds is significantly lower than for NdLiP,N;, which is stable to at least 1000 °C in air."” This
is expected, since NdLiP,Ny is composed of a three-periodic tetrahedra network, while the two poly-

morphs at hand are only two-periodic.
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3.4 Conclusion

Two polymorphs of RE,P;N; (RE = La, Ce, Pr, Nd, Sm, Eu, Ho, Yb) were prepared by solid-state
high-pressure metathesis. We showed that the BaCu[Si,O,]-type bex-Pr,P;N, is a reconstructive high-
pressure polymorph of the tetragonal mcm-Pr,P;N,. This phase relation was deduced from the experi-
mental data as well as stability DFT calculations. We subsumed both polymorphs with regard of their
Liebau classification, vertex and point symbol, and tiling pattern. The tiling pattern is an intuitive
way for the classification of intricate structures, since it provides a concrete picture of the underlying
structure. Especially for three-periodic structures with extensive point symbols, a tiling pattern could
be a promising alternative to easily grasp the underlying net.

Moreover, with successful preparation of two nitridophosphates with a low degree of condensation,
the here proposed expanded high-pressure metathesis route opens the pathway to a host of new struc-
tures. The generalized Equation 3.3 suggests that, by adding Li;N, degrees of condensation ranging
from 1/4 to 1/2 are attainable, and novel chain, ring, and ortho nitridophosphates are to be expected

from this approach.

X REF; + y LiPN, + z Li;N = RE,P )N, .. + 3x LiF Eq. 3.3
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Antiperovskite Nitridophosphate Oxide
Hos[PN,]O by High-Pressure Metathesis
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Ho;[PN,]O, a rare-earth nitridophosphate oxide with isolated PN, tetrahedra, is prepared
by high-pressure metathesis. Ho;[PN,]JO adopts an antiperovskite structure with PN,
tetrahedra in the cuboctahedral voids. This synthesis is a stepping stone for the high-
pressure metathesis of nitridophosphates as it shows its capability to produce low-
condensed nitridophosphates.
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Rare-earth nitridophosphates are a recently discovered class of materials, which are
accessible by high-pressure metathesis. Antiperovskite-type Ho;[PN,]JO was synthesized
from HoF;, LiPN,, Li;N, and Li,O at 5 GPa and ca. 1025 °C by this method and the multianvil
technique. Ho;[PN,]O contains rarely observed isolated PN, tetrahedra and can be derived
by the hierarchical substitution of the ABX; perovskite, in which Ho occupies the X positions,
O occupies the B position, and the PN, tetrahedra occupy the A position. The structure was
refined on the basis of powder diffraction data [/4/mcm, a=6.36112(3), c=10.5571(1)A, Z=
4,R,,=0.04, Rg,,3=0.01 , X’ =2.275] starting from the structural model of isotypic Gd;[SiN;O]
0. To characterize Ho;[PN,]O, elemental analyses were performed through energy-
dispersive X-ray spectroscopy (EDX) and inductively coupled plasma optical emission
spectroscopy (ICP-OES). Ho;[PN,]O is paramagnetic down to low temperatures with p.; =
10.43(1) pz and a Curie temperature (©) of 0.11(4) K. It shows the optical characteristics
of Ho®' ions and vibrations corresponding to isolated PN, tetrahedra. On the basis of DFT
calculations [generalized gradient approximation (GGA)], Ho;[PN,]O has an indirect band
gap of 1.87 eV. We demonstrate the versatility of high-pressure metathesis by attaining the
low end of the P/N atomic ratio k = 1/4. This confirms the previous assumption that rare-
earth nitridophosphates with k = 1/2 to 1/4 are feasible by this method.
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4.1 Introduction

The recently opened family of rare-earth (RE) nitridophosphates offers an abundance of structural
possibilities owing to the close relation of nitridophosphates and silicates.

For the preparation of rare-earth nitridophosphates, the adaptable high-pressure metathesis rou-
te has been demonstrated for NdLiP,Ny and two RE,P;N, polymorphs“‘z] Adaptability refers to the
feasible systematic variation of the P/N atomic ratio x, which grants control over the degree of con-
densation of the PN network. This is achieved by reacting the readily available precursors LiPN,, Li;N,
and rare-earth fluorides in the desired stoichiometry under high-pressure conditions of several GPa

(Equation 4.1):”
X REF; + y LiPN, + z Li;N — RE,P)N, .. + 3x LiF Eq. 4.1

Here, x = '/, + z to retain a ternary compound. The P/N atomic ratio « influences the attained type
of PN network but does not strictly determine it; three-periodic frameworks can possess x = 1/2, and
layered, chain, ring, and noncondensed ortho structures have values of 2/5, 1/3, 1/3, and 1/4, respec-
tively. However, exceptions to this are common, for example, in layered CaH,P¢N,, with P/N equal to
1/2.7

Regarding the hitherto known rare-earth nitridophosphates, NdLiP,Ng, with x = 1/2, is a three-
periodic network of all-side vertex-sharing PN, tetrahedra, whereas the RE,P;N; polymorphs are
two-periodic layered compounds."”’ Generally, nitridophosphates at the low end with P/N = 1/4 are
scarcely known; Li,PN, is the only exclusively nitridic example followed by the oxonitridophosphate
M,PO;N (M = Ca, Sr)."*”

In this contribution, we report on the nitridophosphate oxide Ho;[PN,]O, which exhibits isolated
PN, tetrahedra. Ho;[PN,]O crystallizes in a tetragonally distorted antiperovskite structure with PN,
tetrahedra at the A position, O at the B position, and Ho at the X positions of the normal ABX;

perovskite structure. For the preparation of Ho;[PN,]O, Equation 4.1 was modified to Equation 4.2:
3 HoF; + LiPN, + 2 Li;N + Li,0 — Ho,[PN,]O+ 9 LiF Eq. 4.2

The incorporation of oxygen in the structure seems to be a necessity, as no oxygen-free structure with

isolated PN, tetrahedra, for example, a hypothetical Ho,(PN,),, could be obtained by high-pressure
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metathesis with the exclusion of oxygen-containing precursors and the temperature and pressure
ranges applied here. This might be due to the structural problem of arranging large and highly char-
ged ions, in this case Ho™" and PN,” ions, in three-dimensional space without electrostatic repulsion.
We argue that the oxygen atoms, which reside in the centers of the Ho, octahedra, buffer the positive
charge of the Ho ions.

An abundance of oxides with general formula M;[TO,]X are known, and their structures span all
crystal systems and large composition spaces.'*” The diverse M;[TO,]X structures have been described
on the basis of the stacking arrangement of closely packed M;[TO,] layers, in which the orientation of
the tetrahedra and the occupation of the X site direct the stacking order.”” The tetragonal structure
type with space group I4/mcm of Ho;[PN,]JO has been realized in several tetrahedra-based mate-
rial classes, for example, sulfates (K5[SO,]F)," selenates (K;[SeO,]F),” aluminates (Sr;[AlO,]F),"”
silicates (Ba,[Si0,]0),”"" and oxonitridosilicates (Gd,[SiN;0]0)."? All M,[TO,]X structures feature
XM octahedra; Gd;[SiN;0]O is electrostatically closest to the present Ho;[PN,]O, and both contain
[OLng]'"** complex ions."?

In this contribution, the crystal structure and physical properties of Ho;[PN,]O are character-
ized and corroborated by powder diffraction, energy-dispersive X-ray spectroscopy (EDX), Fourier
transform infrared (FTIR) spectroscopy, Raman spectroscopy, UV/Vis spectroscopy, magnetometry,
chemical analysis through inductively coupled plasma optical emission spectroscopy (ICP-OES), and
DFT calculations. The O/N assignment was based on electrostatic MAPLE (Madelung part of the lat-

tice energy) calculations.
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4.2 Results and Discussion

4.2.1 Preparation and Chemical Analysis

Ho;[PN,]O was prepared by following Equation 4.2 at 5 GPa and ca. 1025 °C through the multianvil
technique. An air- and water-stable, pale yellow microcrystalline product was obtained and washed
with water to reduce the content of the LiF side-product. The morphology and elemental composition
were examined through electron microscopy and associated EDX. The elemental analysis for Ho/P/
O/N by EDX (see the Supporting Information, Table D.1) deviated from the theoretical composition,
but a correct Ho/P atomic ratio of 3:1 was observed. Powder diffraction revealed an amorphous side
phase, but the SEM micrographs (Figure 4.1) show a homogeneous sample, which indicates that the
amorphous parts and the crystalline phase coalesce. Therefore, EDX detects a superposition of both
phases, and this explains the divergence. To analyze the chemical composition further, ICP-OES was

performed to determine the Ho, P, and Li content of the sample (Table D.1).

Figure 4.1. SEM micrographs of a representative Ho;[PN,]O sample.

The Ho and P concentrations match the expected Ho/P atomic ratio of 3:1, and the amount of
Ho;[PN,]O in the sample was determined to be 60 wt.-% from the Ho content. Li is present either as
a constituent of the amorphous phase or as part of formed LiF; however, powder diffraction methods
could not resolve LiF because the sample was washed with water as mentioned above. Therefore, the

amorphous phase accounts for 40 wt.-% of the sample.

4.2.2 Structure Determination
The crystal structure of Ho;[PN,]O was determined solely by powder diffraction methods owing to
the microcrystalline nature of the sample."* The powder diffraction pattern (Figure 4.2) was indexed

with the SVG algorithm™ included in the TOPAS-Academic V4.1 program,"” which yielded a te-
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tragonal body-centered unit cell with dimensions a = 6.36112(3) and ¢ = 10.5571(1) A. A query in the
International Crystal Structure Database (ICSD)"*"") matched the unit-cell parameters with those of
Gd[SiN;0]0."” Based on this structural model, a Rietveld refinement"*'” was performed (TOPAS-
Academic V4.1)™ with Gd replaced with Ho, Si replaced with P, and mixed N/O replaced with N.
To acquire the maximum information from a powder pattern collected with a laboratory X-ray dif-
fractometer, the diffraction pattern was recorded with Mo-K,, radiation in the range 260 = 2-76° (Q =
10.95 A™") and a sufficient collection time to ensure satisfactory counting statistics in the high-angle
regime [R.,,(50-76°) = 0.023]. The absorption was treated with a cylindrical absorption correction,
and the peak profiles were modeled with the fundamental parameters approach, which is a direct con-
volution of source emission profiles, axial instrument contributions, crystallite size, and microstrain
effects. The background was handled with a shifted Chebyshev function with 18 polynomials. It was
possible to refine all five Wyckoft positions with anisotropic displacement parameters, which revealed

a disorder of the O1 position, as was also observed for Gd[SiN;0]0."”

o)
o
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Intensity / counts/10 3

Q=2mn/d/ A"

Figure 4.2. Result of the Rietveld Refinement of a Ho;[PN,]O sample plotted in Q-space
versus absolute intensity. Data points are displayed as black circles, the calculated pat-
tern from the fitted model is shown as a red line, and the difference plot I,,—I,. is the
blue line below the pattern. The theoretical Bragg positions are displayed as vertical lines

above the pattern.
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Table 4.1. Crystallographic data for the refinement of Ho;[PN,]O.

Formula Ho;[PN,]O

Formula weight / g'mol™ 597.80

Crystal system, space group tetragonal, /4/mcm (no. 140)

Lattice parameters / A a=6.36112(3)
¢c=10.5571(1)

Cell volume / A’ 427.181(5)

Formula units per cell Z 4

X-ray density / g-cm™ 9.2949(1)

Absorption coefficient/ mm™ 55.266

Radiation Mo-Kj,; (A =70.9300 pm)

Monochromator Ge(111)

Diffractometer Stoe Stadi P

Detector MYTHEN 1K

F(000) 1008

20range/° 2-76

Temperature /K 297(2)

Data points 4958

Number of observed reflections 346

Number of parameters 50

Constraints 0

Program used TOPAS-Academic V4.1

Structure refinement Rietveld method

Profile function fundamental parameters model

Background function shifted Chebyshev with 18 polynomials

Rup 0.039

Rexs 0.017

R, 0.026

Reragg 0.010

X 2275

The result of the Rietveld refinement is displayed in Figure 4.2, the crystallographic data are summa-
rized in Table 4.1, the atomic positions are listed in Table 4.2, and lists of bond lengths and angles as
well as anisotropic displacement parameters are contained in Tables D.2-D.4. Owing to their similar
atomic form factors, the positions of the O and N atoms cannot be determined reliably from X-ray
diffractometry. The assignment of the O position is based on calculations of the Coulomb part of the
lattice energy with the Madelung part of the lattice energy (MAPLE) concept and Shannon ionic ra-
dii.””* The MAPLE values were calculated for each ion type and for the complete structure. The sum
formula Ho,;[PN,]O was tripled and formally decomposed to Ho,P;N,, Ho,O;, and five HoN formula

units.?***!
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Table 4.2. Atomic positions and isotropic displacement parameters of Ho;[PN,]O.

Atom Wyckoff position Site symmetry X y z U /A? Occupancy
Ho1 4a 422 0 0 1/4  0.0118(3) 1
Ho2 8h m.2m 0.1756(1) 0.6756(1) 0 0.0087(2) 1
P1 4b 42m 0 172 1/4  0.0069(7) 1
o1 4c 4/m 0 0 0 0.031(4) 1
N1 16/ .m 0.6401(6) 0.1401(6) 0.1503(4) 0.0077(13) 1

The deviation of the total lattice energies (Table D.5) of Ho,;[PN,]O and its decomposition constitu-
ents is 0.17 %, which is an excellent electrostatic consistency. The partial MAPLE values found for the
N1 (5256 kJ/mol) and O1 (1971 kJ/mol) positions are consistent with reference values and indicate a

[26,27

correct O/N assignment (Table D.5).”**” The validity of this approach has been shown for nitridosili-

cates with the aid of neutron diffraction.?****!

4.2.3 Structure Description

As mentioned above, Ho;[PN,]O crystallizes in the tetragonal body-centered antiperovskite struc-
ture type with space group I4/mcm, in analogy with Gd[SiN;0]O."” The structure is displayed in
Figure 4.3 in the antiperovskite depiction with corner-sharing OHo, octahedra. The PN, tetrahedra
reside on the A site of a regular ABX; perovskite, forming concomitant with the Ho atoms (X site)
a face-centered-cubic packing, whereas the O atoms occupy 1/4 of the octahedral voids (B sites).
The corner-sharing OHog octahedra are skewed by 16.57(4)° around the ¢ axis with respect to the
unit-cell alignment and by 56.85(7)° with respect to one another. The distortion might be due to the
mismatched sizes of the ions on the basis of the Goldschmidt tolerance factor. This assumption seems
reasonable considering that the mentioned isostructural K;[SO,]F undergoes a displacive phase tran-
sition to a cubic polymorph at elevated temperatures. Moreover, the electrostatic repulsion of P**
ions and the surrounding twelve Ho’* ions might be the cause for the displacive twisting distortion
of the octahedra, which otherwise could enter a cubic arrangement. Additionally, the orientation of
the tetrahedra was mentioned as a cause of distortion in M,[TO,]X materials.®” Symmetry reduction
from the archetypical perovskite in space group Pm3m (no. 221) to space group I4/mcm of Ho;[PN,]
O has been stated before and involves a k2 transition to Fm3c (no. 226) with a subsequent #3 transi-

tion to I4/mcm."
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Figure 4.3. (a) Side view on the unit cell of Hos[PN,]O and (b) projection along c. The Ho
atoms are displayed in blue, P atoms are gray, and N atoms are green. The oxygen atoms are at
the centers of the red-faced octahedra, and the PN, tetrahedra are displayed with translucent
gray faces. The displacement ellipsoids of all atoms are set to a probability of 95 %.

The OHo, octahedra, displayed in Figure 4.4a, are elongated along the c axis with Ho-O distances of
d(Ho2-01) = 2.347(1) A in the equatorial direction and d(Ho1-O1) = 2.639(1) A in axial direction.
Typical Ho-O distances, such as those in cubic Ho,O;, are slightly shorter at 2.227 A.*" The elonga-
tion may stem from electrostatic repulsion between the highly charged Ho’* ions. As a consequence,
the central O atom is liberated to thermal motion parallel to c. Strongly anisotropic O displacement
has also been observed in the OGd, octahedra of Gd[SiN;0]O, for which the room-temperature
single-crystal data indicated dynamic disorder, and a crystallographic splitting was resolved at 123
K."? Such splitting of the O position from room- and low-temperature (123 K) powder diffraction
data was not possible (see Thermal Properties section). Moreover, DFT calculations with symmetry
restrictions omitted and starting from the refined model did not converge in a distorted structure but
retained the original one.

As mentioned above, only one other instance of isolated PN, tetrahedra, namely Li,PN,, is known.™
The high negative formal charge of the PN, unit permits the implementation of trivalent cations in
the M;[TX,]Y family, whereas the electrostatic limit in oxides, for example, Ba;[SiO,]O, is divalent
cations.”" The P1-N1 bond lengths in the PN, tetrahedron (Figure 4.4b) of 1.642(4) A is compa-
rable to the values found in other rare-earth nitridophosphates, for example, LiNdP,N; [d(P-N) =
1.61-1.65 A] and Ho,P;N, [d(P-N) = 1.57-1.68 A], and slightly shorter than that in Li,PN, [d(P-N)

=1.69-1.73 A]."** The PN, tetrahedron resides in a cuboctahedron of Ho atoms, which is distorted
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by the skewing of the octahedra. This is expressed in the Ho-P distances, which range from 3.076(1)

t0 3.935(1) A.

(a) Hol-ax (b)

2.639(1) A

N1
1.642(4) A

Ho2-eq
2.347(1) A

(d)
N1
2.295(5) A
01
2.347(1) A

N1
2.569(5) A

Figure 4.4. Coordination polyhedra of (a) O1, (b) P1, (c) Ho1, and (d) Ho2. Ho atoms are dis-
played in blue, P atoms are gray, O atoms are red, and N atoms are green. All of the atoms are
displayed with their respective anisotropic displacement parameters with 95 % probability.
01 is coordinated octahedrally by Ho, and P1 is coordinated tetrahedrally by N. Ho1 is sur-
rounded by a gyroelongated square bipyramid of N and O atoms, whereas Ho2 is coordinated
in a biaugmented trigonal prism.

Hol and Ho2 are coordinated in a HoN;O, gyroelongated square bipyramid and a HoN,O, bi-
augmented trigonal prism (Figure 4.4c-d), which correspond to the Johnson solids J;; and J, re-
spectively.”” The gyroelongated square bipyramid can be derived from the gyroelongation of an
octahedron or by capping a square antiprism. It belongs to the subgroup of deltahedra, which are
polyhedra constructed solely from equilateral triangles. The vertex symbol™" of J, is (3*),(3%)s with
two kinds of vertices; the N atoms occupy the eight (3°) (square antiprism) vertices, the O atoms oc-
cupy both (3*) vertices (the augmentations), and J, has a total of two times eight triangular faces. The
holoedry of a gyroelongated square bipyramid with regular polygons as faces is D,; in Schonflies no-

tation; however, this is noncrystallographic because of an eightfold rotoreflection parallel to c. In the
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HoN;O, deltahedra, the symmetry is reduced as all of the triangles are distorted and not equilateral
and, thus, preempt the rotoreflection and dihedral reflection planes. The resulting point group is D,
or 422 in Hermann-Mauguin notation.

A biaugmented trigonal antiprism comprises one square face and ten triangular faces arranged
in vertex symbol (3°),(3%),(3’.4),, in which O atoms occupy both (3") vertices (the augmentations).
Jso has crystallographic point group C,, (mm?2), which is also true for the HoN,O, polyhedra and is
reflected in the m.2m site symmetry of Ho2. However, the HoN¢O, polyhedra have irregular (non-
equilateral) faces, indicative of a symmetry-abiding distortion.

The Ho-O/N bond lengths differ significantly for the Hol and Ho2 coordination spheres, which
can be explained by the coordination numbers [CNs; CN(Hol) = 10 and CN(Ho2) = 8]. As Hol is
coordinated by ten anions, the Hol-O/N distances [d(Ho1-O/N) = 2.639-2.673 A] are larger than
those in the Ho2 coordination polyhedra with CN = 8 [d(Ho2-O/N) = 2.259-2.569 A]. The mean
bond lengths for the Ho2 biaugmented trigonal prism [dy(Ho2-O/N) = 2.445 A] are in the range of
values found in the square-antiprismatic HoN; polyhedra of Ho,P;N, [d(Ho-N) = 2.340-2.729 A,

dy(Ho-N) = 2.492 A].”

4.2.4 Optical Properties

UV/Vis Spectroscopy

The optical absorption of Ho’* ions in an inorganic matrix or in solution is well known, and the
emerging absorption bands have been assigned to the corresponding electronic transitions.”” As
the 4f states of rare-earth ions are scarcely influenced by the surrounding ligand field, the absorp-
tion bands shift negligibly from the energies of a free ion.">” Therefore, the observed electronic
transitions in Figure 4.5 can be assigned to the literature-known Russel-Saunders terms. The ground
state of the Ho™" ion with electron configuration [Xe]4f'’, which is retained for all transitions, is I
in accordance with Hund’s rules. The strong transition visible at A = 650 nm arises from the *I;>°F;
excitation, whereas that at A ~ 540 nm corresponds to a superposition of *I;>°S, and *I;>°F,."**" The
latter transitions are responsible for the alexandrite effect observed in Ho-containing materials.”* The
LaPO,:Tb*",Ce™ phosphor in fluorescent lamps has a narrow emission band in the green part of the

visible spectrum at A = 540 nm, at which Ho’* ions absorb strongly.”” Thus, Ho’*-containing com-
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pounds appear pink under fluorescent lamps and pale yellow under black-body radiation. The third
strong absorption band at A = 453 nm is due to the *I;>°Gg and possibly the *I;>°F, excitations, which
have similar energies and are not resolved. The weaker transitions are assigned in Figure 4.5. The
reflectance spectrum is a superposition of the f-electron excitations of Ho’* ions and valence band to

conduction band transitions, as evidenced by the increasing absorption at A ~ 400 nm.
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Figure 4.5. UV/Vis spectrum of Ho;[PN,]O recorded from A = 240 to 800 nm in reflection
geometry.
Infrared and Raman Spectroscopy
Vibrational spectroscopy studies of orthophosphates in solid matrices and in aqueous solution have
been reported previously, and the spectra should be similar to those of orthonitridophosphates, as
all of the possible vibrational modes of the tetrahedron are retained after the O/N substitution.”**”
Jastrzebski et al. pointed out that isolated PO,’ ions with T; symmetry have four types of vibrations,
namely, symmetric (A,) and asymmetric [F,?] stretching of the P-O bonds and scissor (E) and bend-
ing deformation [F,"] of O-P-O fragments, all of which are Raman-active and two are IR-active [F,"
and F,”]."”! The same vibrations should be visible for isolated PN, tetrahedra. The Raman and IR

spectra of Ho;[PN,]O (displayed in juxtaposition in Figure 4.6) were recorded in the ranges v = 3500
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to 50 and 4000-600 cm™, respectively. In the IR spectrum, the asymmetric stretching vibration is lo-
cated at ¥ = 925 cm™'. Similarly to crystalline K;PO, hydrate, the magnification reveals that this vibra-
tion is split into two bands at ¥ = 906 and 930 cm™".""” This is a result of the crystal field, which distorts
the PN, tetrahedra and reduces the symmetry from tetrahedral point group T, to D,,. The asymmetric
vibration is excited at a lower energy than that observed for crystalline K;PO, hydrate (v = 1006 and
1037 cm™').”” The band position is influenced by the crystal field but also by the bond strength. A
P-N bond in a nitridophosphate is expected to be weaker than a P-O bond in a phosphate, as P-N
bonds are usually longer [e.g., LINdP,N; d(P-N) = 1.61-1.65 A, Al(PO,) d(P-0) = 1.51-1.52 A]."*"
The two strong Raman bands at ¥ = 943 and 883 cm™' can be assigned to the asymmetric and sym-
metric P-N bond stretching vibrations, respectively. The two other Raman-active modes cannot be

discerned from the spectra because of contributions of the amorphous side phase.
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Figure 4.6. IR (top) and Raman (bottom) spectra of Ho;[PN,]O recorded in the ranges v = 600
to 4000 and 50 to 3500 cm™'. The magpnified region of the IR spectrum from v = 820 to 1025
cm™ displays the asymmetric stretching vibration of the PN, tetrahedron.

Similarly, the second visible band in the IR spectrum at v = 1375 cm' cannot be attributed to PN,

tetrahedral vibrations and, thus, stems either from lattice vibrations or the amorphous side phase. The
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absence of vibration modes in the ¥ = 3000 to 4000 cm™' range in the IR and Raman spectra indicates

that no H is present in the sample.

4.2.5 Thermal Properties

High-Temperature Stability

The thermal stability of Ho;[PN,]JO was examined by high-temperature X-ray powder diffraction
(HTXRD). The data were obtained at temperature increments of 20 K, and a full powder pattern was
recorded at each temperature up to 1000 °C (Figure D.1). At 800 °C, the degradation of Ho;[PN,]O
begins, as indicated by diminishing reflection intensities, and the reflections of an unidentified pro-
duct emerge; however, these reflections are not retained upon cooling to room temperature and could
not be attributed to a cubic Ho;[PN,]O phase. The stability of Ho;[PN,]O is remarkable compared
with that of the other orthonitridophosphate, Li;,PN,, which decomposes in air or above 650 °C under

inert conditions.™

Low-Temperature Behavior

An X-ray powder diffraction pattern was collected at 123 K to investigate the highly anisotropic O
displacement ellipsoid (Figure D.1 and Table D.5). However, no anisotropic splitting of the O position
could be detected in the difference Fourier map. This is either due to the absence of such splitting at
123 K or the insufficient resolution of the collected powder pattern (collected in the same 20 range as
that for the room-temperature diffractogram). Detailed investigations of such splitting would require
single-crystal data. The unit-cell parameters decreased slightly by 0.2 % in the a direction and 0.05 %
in the c direction, as expected from normal thermal expansion behavior.

The respective thermal expansion coefficients are , = 1.097 x 10° K™ and . = 0.285x 10" K ".

4.2.6 Magnetic Properties

The magnetic properties of Hos[PN,]O stem from the open-shell configuration of the Ho™ ion with
four unpaired electrons. The electronic ground state “I; is in accordance with Hund’s rules, and the
resulting theoretical effective magnetic moment, incorporating spin-orbit coupling, of the Ho’* ions

is peg = 10.61 pp. The magnetic susceptibility of the sample was measured between 3.3 and 300 K at a
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constant field of 2 T (Figure 4.7), and the results reveal paramagnetic behavior down to low tempera-

tures.
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Figure 4.7. Magnetic susceptibility of Ho;[PN,]O recorded from 3.3 to 300 K at a field of 2 T.
The black line represents the data displayed as xmo versus T, and the blue line represents o '
versus T. A Curie-Weiss fit (red line) was performed for the x...' versus T data.

The inverse molar susceptibility y.. = was used to perform a Curie-Weiss fit of the data in the
region from 50 to 300 K. As the sample contained an amorphous side phase, the Ho content was
determined by ICP-OES (Table D.1). The p.q value of 10.43(1) y; obtained from the fit coincides well
with the theoretical value. The Curie temperature ® of 0.11(4) K is close to the expected value of 0 for
a paramagnetic substance. The data diverge from the fit at low temperatures, which can be explained

by weak antiferromagnetic coupling.

4.2.7 DFT Calculations

The electronic structure of Ho;[PN,]O was determined through DFT calculations with the GGA-PBE
functional. The bond lengths of the structural model obtained after the initial ionic relaxation differ
from those of the X-ray diffraction model by a maximum of 0.01 A. This indicates a successful re-

laxation and correct O/N assignment. The band structure and density of states (DOS) of the valence

72



4.2 Results and Discussion

and conduction bands near the Fermi energy E; is displayed in Figure 4.8. E; was set to zero to match
the highest energy of the valence-band states. The conduction-band minimum and valence-band
maximum are located at the I' point and within the X-N path of the first Brillouin zone to form an
indirect band gap with E,,, = 1.87 eV. This value is expected to be smaller than the actual band gap

of the material, as E,,, is usually underestimated by DFT calculations within the generalized gradi-

&ap

ent approximation (GGA)."”

Moreover, the material is optically transparent, which is indicative of
a larger band gap. However, the pathways of the band do not change, and the band structure yields
information about the orbital contributions of the individual atom types to the electronic structure.
As is evident from the partial DOS, the N 2p orbitals contribute substantially to the valence band. The
configuration of the Ho™ ion predicts empty 5d, 6s, and 6p shells, which are populated to some extent
here and add to the valance band through overlap with the O and N 2p orbitals. The conduction band

is dominated by empty bands arising from the Ho 5d orbitals, as expected as the structure consists

mostly of Ho* ions.

5 20

10 1
DOS / states/eV

Figure 4.8. DFT calculations on Ho;[PN,]O. Displayed is the band structure (left) of Hos[PN,]
Oin the energy region from -2 to 5.5 eV around E; along a Brillouin zone path of high-symme-
try points. The indirect band gap of 1.87 eV is indicated by an arrow. The DOS and partial DOS
(right) are displayed as solid and dashed lines, respectively, and the area under the partial
DOS is filled in. E; is indicated by a gray dashed line.
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4.3 Conclusions

The orthonitridophosphate oxide Ho,;[PN,]O has been prepared by solid-state high-pressure me-
tathesis with the multianvil technique. Ho;[PN,]O adds to the existing family of M;[TX,] O structures
and exhibits the rarely observed isolated PN, tetrahedron. Thus, the adaptability of the P/N atomic
ratio by high-pressure metathesis has been expanded to the low end of P/N = 1/4, and this opens the
pathway to a large spectrum of new rare-earth nitridophosphates.

The antiperovskite structure of Hos[PN,]O has been refined on the basis of powder diffraction data.
Ho;[PN,]O exhibits paramagnetic behavior down to low temperatures, absorbs visible light in the
fashion of free Ho** ions, and has vibrations corresponding to distorted PN, tetrahedra. The O/N as-

signment was based on MAPLE calculations, which were corroborated by DFT calculations.
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4.4 Experimental Section

4.4.1 Synthesis of P;N;

P;N; was prepared through the reaction of P,S,, (Sigma-Aldrich 99.99 %) with a constant flow of am-
monia gas (Air Liquide 5.0) in a tube furnace lined with a fused silica tube.*” The fused silica tube,
containing a fused silica boat, was dried at 1000 °C for 4 h under reduced pressure (<10~ mbar). To
prevent clogging of the tubing by volatile sublimated byproducts, a limited amount of P;N; was load-
ed into the fused silica boat under an Ar counterflow. The tubing was saturated with ammonia gas for
4 h, after which the starting material was fired at 850 °C for 4 h. The temperature ramp for heating and
cooling was 5 °C/min. After the system reached room temperature again, the residual ammonia was
flushed with Ar. The obtained orange P;N; was washed with water/ethanol/acetone and characterized

[41]

by X-ray powder diftraction and FTIR spectroscopy.

4.4.2 Synthesis of LiPN,

LiPN, was prepared through the reaction of P;N; and a 1.2 times excess of Li;N (Rockwood Lithi-
um, 94 %) in a Ta crucible. The starting materials were mixed thoroughly and ground under inert
conditions in an Ar-filled glovebox (Unilab, MBraun, Germany). The Ta crucible was placed in a
fused silica ampoule and dried before the reaction mixture was conveyed into the crucible under Ar
counterflow. The ampoule was sealed and fired in a tube furnace at 800 °C for 96 h with a temperature
ramp of 5 °C/min. The obtained brownish powder was washed with dilute hydrochloric acid/water/

[42]

ethanol and characterized by X-ray powder diffraction and FTIR spectroscopy.

4.4.3 Synthesis of Li,O

Li,O was prepared by the thermal decarboxylation of Li,CO,."* Li,CO, (Sigma-Aldrich 99.99 %)
was ground and filled in a Ag boat, which was placed in a quartz tube. The quartz tube, residing in a
tube furnace, was connected to a Schlenk line with Ar and vacuum valves. The decarboxylation was
performed under reduced pressure (<10~> mbar) and at 725 °C for 100 h or until the reaction finished.
The colorless reaction product was stored under inert conditions in a glovebox and characterized by

powder diffraction.*”
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4.4.4 Synthesis of Ho;[PN,]O

Ho;[PN,]O was prepared by high-pressure metathesis from stoichiometric amounts of HoF; (chem-
PUR 99.9 %), Li;N (Rockwood Lithium, 94 %), LiPN,, and Li,O at ca. 1025 °C and 5 GPa. The starting
materials were mixed and ground under inert conditions with H,O and O, concentrations below 1
ppm. The temperature was attained over 120 min, maintained for 60 min, and decreased to room
temperature over 80 min.

The reaction pressure was achieved with a hydraulic 1000 t press (Voggenreither, Mainleus, Ger-
many) by the multianvil technique with a modified Walker-type module. A specially prepared
Cr,0;-doped (6 %) MgO octahedron (Ceramic Substrates & Components, Isle of Wight, UK) with
18 mm edge length served as the pressure medium. The h-BN crucible (Henze, Kempten, Germany)
was placed inside the octahedron under inert conditions. Two cylindrical graphite sleeves (Schunk
Kohlenstofftechnik GmbH, Gief3en, Germany) were used for resistance heating. The uniaxial pres-
sure of the hydraulic press was redirected onto the four axes of the Mg octahedron by eight Co-doped
(7 %) tungsten carbide cubes (Hawedia, Marklkofen, Germany) with truncated edges (11 mm). Fur-

ther information regarding synthetic multianvil methods can be found in refs."****

4.4.5 Spectroscopic Analysis

The SEM and EDX measurements were performed with a JEOL JSM 6500F microscope equipped
with a field-emission electron source and an Oxford Instruments 7418 Si/Li EDX detector. The sam-
ples were carbon-sputtered with an electron-beam evaporator (BAL-TEC MED 020, Bal Tex AG) to
avoid electrostatic charging.

The ICP-OES was performed with a Varian Vista RL instrument for the elements Ho, P, and Li.

The FTIR spectra were recorded in the wavenumber range 600-4000 cm™' with a Perkin-Elmer
Spectrum BX II spectrometer with an attenuated total reflectance (ATR) attachment.

The Raman spectra were recorded with a confocal Raman microscope (LabRAM HG UV/Vis,
Horiba Jobin Yvon GmbH, combined with a Olympus BX 41 microscope) equipped with a He-Ne
laser with a 1 mm focus and a CCD detector. The sample was contained in a glass capillary.

The UV/Vis spectra were recorded with an Edinburgh Photonics FLS920-s spectrometer equipped

with a Xe900 450 W arc lamp, a single-photon photomultiplier detector, and a Czerny-Turner mono-
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chromator with triple-grating turret. The spectra covered the wavelength range from 240 to 800 nm

with a 5 nm step size.

4.4.6 Magnetometry
The magnetic susceptibility measurements were performed with a Cryogenic VSM 5T miniCFM ma-
gnetometer at a constant field of 2 T in the temperature range from 3.3 to 300 K. The sample was

placed in a gelatine capsule with known diamagnetic properties.

4.4.7 Powder X-ray Diffraction
The powder X-ray diffraction pattern of a homogeneous sample with small crystallite sizes was re-
corded with a Stadi P diffractometer (Stoe, Darmstadt, Germany) in parafocusing Debye-Scherrer
geometry equipped with a MYTHEN 1K silicon strip detector (Dectris, Baden, Switzerland; angular
range A260 = 12.5°). The Mo X-ray radiation was monochromated to Mo-K,, radiation by a Ge(111)
single crystal. The samples were loaded in a glass capillary with 0.3 mm diameter and a wall thick-
ness of 0.01 mm (Hilgenberg GmbH, Malsfeld, Germany). Indexing with the SVD-algorithm"* and
Rietveld refinement" of the diffractograms was performed with the TOPAS-Academic V4.1 soft-
ware."” The fundamental parameters approach (direct convolution of source emission profiles, axial
instrument contributions, crystallite size, and microstrain effects) was used to model the peak shape
function. The absorption was treated with a cylindrical correction to take into account the calculated
absorption coefficient and the capillary diameter. Potential preferred orientation was handled with
a fourth-order spherical harmonics model. The background was handled with a shifted Chebyshev
function. The crystal structures were visualized with VESTA.™’

High-temperature powder diffraction was performed with a Stoe Stadi P diffractometer equipped
with a graphite furnace and an image-plate position-sensitive detector. The employed Mo-K,, radia-
tion was selected by a Ge(111) monochromator. The diffractograms were recorded at constant tem-

perature in the range 25 to 1000 °C in steps of 20 K.
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4.4.8 Computational Details

The electronic structure of Ho;[PN,]O was calculated by first-principles density functional theory
(DFT)"™ as implemented in the Vienna Ab Initio Simulation Package (VASP)®"** within the general-
ized gradient approximation as parameterized by Perdew, Burke, and Ernzerhof (GGA-PBE).”*** The
projector augmented wave (PAW) method was used to model the electron—ion interactions.”*" A
kinetic energy cutoft of 535 eV was used for the expansion of the electronic wave functions in a plane-
wave basis set. Initial ionic relaxation was performed by relaxing all internal coordinates and cell
parameters. The first Brillouin zone was sampled on a dense y-centered 8 x 8 x 5 k-mesh obtained by
the Monkhorst-Pack method." The energy convergence criterion of the electronic relaxation was set
to 10 eV per unit cell, and the residual atomic forces were converged below 10 eV/A. The DOS was
obtained by integration over the first Brillouin zone, and the bands along the path -M-X-N-I'-P

were calculated with 25 k-point spacing.
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Puzzling Intergrowth in Cerium
Nitridophosphate Unraveled by Joint Venture
of Aberration-Corrected Scanning Transmission
Electron Microscopy and Synchrotron
Diffraction
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2017 American Chemical Society.

N
N
N
N

The compound Ce,_ 5, LisP15N;5_15015, (X = 0.72) is the first higher-condensed rare-earth
nitridophosphate and incorporated triply briding N atoms. High-pressure metathesis can
thus be used for the preparation of nitridophosphates over a large range of degrees of
condensation. The structural elucidation of Ce, os,Li;P1sN35_150:5 (X = 0.72) required a
joint venture of synchrotron diffraction and aberration-corrected scanning transmission
electron microscopy due to the occurrence of two slightly different domains, one of which
featuring a modulated superstructure.
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Thorough investigation of nitridophosphates has rapidly accelerated through development
of new synthesis strategies. Here we used the recently developed high-pressure metathesis
to prepare the first rare-earth metal nitridophosphate, Ce,Li;P,;N;;, with a high degree of
condensation >1/2. Ce,Li;P,sN;; consists of an unprecedented hexagonal framework of
PN, tetrahedra and exhibits blue luminescence peaking at 455 nm. Transmission electron
microscopy (TEM) revealed twointergrown domains withslight structuraland compositional
variations. One domain type shows extremely weak superstructure phenomena revealed
by atomic-resolution scanning TEM (STEM) and single-crystal diffraction using synchrotron
radiation. The corresponding superstructure involves a modulated displacement of Ce
atoms in channels of six-membered tetrahedra rings. The displacement model was refined
in a supercell as well as in an equivalent commensurate (3 + 2)-dimensional description in
superspace group P6;(a, 8, 0)0(—a - B, a, 0)0. In the second domain type, STEM revealed
disordered vacancies of the same Ce atoms that were modulated in the first domain type,
leading to sum formula Ce, (s,Li;P1gN35.150:5 (X = 0.72) of the average structure. The
examination of these structural intricacies may indicate the detection limit of synchrotron
diffraction and TEM. We discuss the occurrence of either Ce displacements or Ce vacancies
that induce the incorporation of O as necessary stabilization of the crystal structure.
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5.1 Introduction

The yet little explored nitridophosphates, however, which are derived from silicates by isoelectronic
substitution of Si-O by P-N bonds, have shown promising developments. Thorough investigation of
first and second main group element nitridophosphates revealed several dozens of structures, some as
straightforward as the single-chain comprising Ca,PN;, and some complex as zeolitic Ba;P;N,,Br:Eu**
and nitride imide clathrate P,N,(NH),(NH,)."* The last two were discussed for their potential appli-
cation as a warm-white emitting phosphor for solid-state lighting and as a gas storage material, respec-
tively.””) Moreover, distinct structural building blocks such as triply bridging N atoms, edge-sharing
tetrahedra, and pentacoordinated P prove that structural diversity is, in theory, no impediment in
rivaling silicates.*"” Still, a sincere competition for diversity necessitates a comparable number of
structure types and size of composition space.

Recently, the latter was extended by accessing rare-earth nitridophosphates through an adaptive
high-pressure metathesis route.""’ In high-pressure metathesis rare-earth halides are reacted with
alkali-metal-containing nitridophosphates such as LiPN, to yield the desired rare-earth nitridophos-
phate and an alkali metal halide under pressures of several gigapascal (GPa)."" It effectively circum-
vents the use of thermodynamically stable and unreactive starting materials like rare-earth nitrides
and prevents the formation of phosphides, which can result from the reductive environment cre-
ated by nitride ions. LINdP,Ng, two Ln,P;N; polymorphs, and the nitridophosphate oxide Ho;[PN,]O
were already identified, all crystallizing in silicate-analogous structures."" "’

Formal oxidation states limit the attainable degree of condensation, « (ratio of tetrahedra centers
to tetrahedra corners per sum formula), of a material family; while the minimum « in all tetrahedra-
based structures is 1/4, oxosilicates have a maximum « of 1/2 (SiO,) and nitridophosphates one of
3/5 (P;N;)." High-pressure metathesis reliably produced rare-earth metal nitridophosphates with
k = 1/4-1/2, while higher condensed structures have remained unobserved.">"* The latter also have
never been realized in oxosilicates because they would lead to cationic SiO, frameworks. In nitri-
dophosphates higher condensed frameworks intrigue with structural motifs like triply bridging N
and edge-sharing tetrahedra. Currently, the alkali metal nitridophosphates MP,N, and M;P,N,, (M
= Na-Cs) are the only reported cases of such frameworks comprising metal ions."*"*) Hence, closing

the gap between x = 1/2 and 3/5 in rare-earth nitridophosphates is likely to uncover unprecedented
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tetrahedra networks. Such compounds feature rigid frameworks of all-side vertex-sharing tetrahedra,
making them, for example, promising candidates as host lattices for inorganic solid-state lighting."”

The diversity of three-dimensional frameworks is, in theory, infinite,”” and a general task of mod-
ern synthetic chemistry is to combine new structural motifs and complex elemental compositions in
order to realize increasingly sophisticated materials. But as the materials become more numerous,
structure elucidation frequently encounters various challenges including microcrystalline heteroge-

223 Through technological advances,

neous samples, pseudosymmetry, and weak superstructures.
methods for solving these latter problems like aberration-corrected transmission electron micros-
copy (TEM), application of third generation synchrotrons, and refractive X-ray lenses producing mi-
crofocused beams for X-ray diffraction became available.”**”" Atomic resolution Z-contrast scanning
TEM (STEM) now enables the direct observation of vacancies or superstructures to derive atom
positions and first structure models.”*>"

Pushing TEM and synchrotron diffraction to their detection limits became necessary in the struc-
ture determination of here presented Ce,Li;P}3sNs5, which is the first higher condensed (k = 0.514)
rare-earth metal nitridophosphate. Ce,Li;P sN;;5, which consists of a framework of all-side vertex-
sharing PN, tetrahedra, was prepared following the high-pressure metathesis route. The microstruc-
ture of Ce,Li;P,4N;s consists of two slightly different types of domains, one with randomly distributed
Ce vacancies and one in which the Ce atoms enter a long-range ordered superstructure correlated
to decreased O content. The elucidation of this superstructure was achieved by combined efforts of
atomic-resolution STEM and synchrotron diffraction with a PILATUS pixel detector.”*** Owing to
the Ce vacancies, the average structure has the sum formula Ce, 5,Li;P1sN35 50,5, (x = 0.72). Curi-

3 . . . .
ously, the compound encompasses blue Ce’" luminescence and paramagnetism as determined with

superconducting quantum interference device (SQUID) magnetometry.
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5.2 Experimental Details

5.2.1 Preparation of P;N;

The binary starting material P;N; was prepared by an adapted synthesis route according to
Griineberg.[3 51 Phosphorus pentasulfide, P,S,, (Sigma-Aldrich, 99.99%), was reacted with constantly
flowing NH; gas (Air Liquide, 5.0). A tube furnace equipped with a fused silica tube was dried to-
gether with a fused silica boat at 1000 °C for 4 h under reduced pressure of 10~ mbar to exclude
moisture and O,. The fused silica boat was loaded in an Ar counterflow with a limited amount of P,S;,
to prevent clogging of the tube by subliming byproducts. The tubing and the P,S,, were saturated by
a constant flow of ammonia over the course of 4 h after which the material was fired at 850 °C for ad-
ditional 4 h. Temperature ramps for heat-up and cool-down were set to 5 °C/min. P;N; was obtained
as an orange-brown powder, which was successively washed with water/ethanol/acetone and charac-

terized with powder X-ray diffraction (PXRD) and Fourier transform infrared spectroscopy (FTIR).

5.2.2 Preparation of LiPN,

Lithium nitridophosphate, LiPN,, was prepared by solid state reaction of P;N;s with a 1.2-fold excess
of Li;N (Rockwood Lithium, 94%).”” Starting materials were mixed and thoroughly ground under
the inert conditions of an Ar-filled glovebox (Unilab, MBraun, Garching, Germany) with partial pres-
sures of O,/H,0O < 1 ppm and then placed in a Ta crucible. The crucible was transferred to a dried
fused silica tube under N, atmosphere, and the ampule was sealed and fired at 800 °C with 96 h dwell
and 5 °C/min ramp times. The obtained light-brown powder was successively washed with diluted

hydrochloric acid/water/ethanol and characterized by means of PXRD and FTIR spectroscopy.

5.2.3 Preparation of Ce,_5,Li;P1sNs5 1505, (x=0.72)

Cey 5:L13P1sN35.1 5,015, (x = 0.72) was prepared by high-pressure metathesis, following Equation 5.1
(see below). CeF; (Alfa Aesar, 99.99%) and 4 equiv of LiPN, were reacted for 5 h at 1300 °C under a
pressure of 5 GPa achieved with a 1000 ton hydraulic press (Voggenreiter, Mainleus, Germany) us-
ing a Walker-type module and the multianvil technique. A cylindrical and thick-walled hexagonal
boron nitride (h-BN) crucible (Henze, Kempten, Germany) with outer diameter dg,. = 3.67 mm,

inner diameter dg,,.. = 2.00 mm, outer length [, = 6 mm, inner length /.. = 5, total volume V; =
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63 mm’, and sample volume Vample = 15 mm’ was used and closed with a 1.5 mm thick h-BN lid. The
temperature ramps were set to 120 min heat-up and cool-down. Starting materials were mixed and
thoroughly ground in the Ar-filled glovebox. The sample-filled crucible was placed inside a Cr,0;-
doped (6%) MgO octahedron with 18 mm edge-length (Ceramic Substrates & Components, Isle of
Wight, UK.). Co-doped (7%) tungsten carbide cubes (Hawedia, Marklkofen, Germany) with trun-
cated edges (11 mm) were used as anvils to ensure quasi-hydrostatic pressure conditions. Additional
information about the high-pressure multianvil technique can be found in literature.””*" The product
was obtained in the form of small colorless and transparent crystals. The sample was washed with

H,O to remove byproduct LiE

5.2.4 Spectroscopic Analysis

Morphology and elemental composition were examined with a JEOL JSM 6500F scanning electron
microscope (SEM) equipped with a field-emission electron source and an Oxford Instruments 7418
Si/Li energy dispersive X-ray (EDX) detector. The sample was coated (BAL-TEC MED 020, BalTec
AG) with carbon to reduce electrical charging of the insulating material. Details of the results of the
analysis can be found in the article and the Supporting Information.

FTIR spectra were recorded on a Spectrum BX II spectrometer (PerkinElmer, Waltham MA, USA)
with ATR setup in the range of 600-4000 cm . Details of the results of the analysis can be found in
the article.

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was carried out with a Varian

Vista RL instrument for Ce, P, and Li. Details of the results of the analysis can be found in the article.

5.2.5 Magnetometry

Magnetic measurements were performed with a MPM-XL SQUID magnetometer (Quantum Design,
San Diego, USA). Magnetic susceptibility was measured at a constant magnetic field of M = 20 kOe,
in the range of 1.8 to 300 K. The sample was placed inside gelatin capsules of known diamagnetic

properties.
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5.2.6 Powder X-ray Diffraction
PXRD was recorded on powdered Ce,_o5,Li;P1sNs5 15,05, (x = 0.72) samples using a Stadi P diffrac-
tometer (Stoe & Cie GmbH, Darmstadt, Germany) in modified Debye-Scherrer geometry equipped
with a MYTHEN 1K silicon strip detector (Dectris, Baden, Switzerland; angular range A260 = 12.5°)
and Mo Kal radiation (A = 0.7093 A, Ge(111) monochromator). The samples were filled into glass
capillaries with 0.5 mm diameter and ~0.01 mm wall thickness. Data were collected in the range of
2° <20 < 76° and the average structural model of Ce, 5,Li;P1sN3s5., 50,5, (x = 0.72) obtained from
single-crystal diffraction was used to fit the data with the Rietveld method."” The peak shape was
modeled using the fundamental parameters approach, which is a convolution of source emission
profiles, axial instrument contributions, crystallite size, and microstrain effects. The background was
modeled with a shifted Chebychev function and preferred orientation was treated with spherical har-
monics of fourth order. Cylindrical absorption correction was performed taking into account capil-
lary diameter and linear absorption coefficients of all phases present in the sample.

A Stoe Stadi P diffractometer (Stoe & Cie GmbH, Darmstadt, Germany) equipped with a graph-
ite furnace and image plate position sensitive detector was used for temperature dependent PXRD.
Samples were filled into fused silica capillaries with 0.5 mm diameter. Data were collected at constant

temperature with 20 °C/step intervals up to 1000 °C and a 20 min collection time per step.

5.2.7 Single-Crystal X-ray Diffraction
High-intensity X-ray diffraction data of a Ce, ¢5,Li;P1sNss.150,5, (x = 0.72) single crystal were ob-
tained at the Swiss-Norwegian Beamline (SNBL), ESRF, Grenoble, on the multipurpose PILATUS@
SNBL diffractometer (A = 0.68010 A) with a Dectris Pilatus 2M detector.”” Data of multiple runs
were summed up and binned with the SNBL toolbox. Integration was done with CrysAlis Pro*” and
semiempirical absorption correction with SADABS."**

Solution and refinement of the average structure was done with SHELX-97."**) Further details on
the crystal structure analysis can be obtained from the Fachinformationszentrum Karlsruhe, 76344
Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de) on

quoting the depository number CSD-433141.

88



5.2 Experimental Details

Refinements of the superstructure and the commensurately modulated model in (3 + 2)D superspace

was carried out with JANA2006."*” Crystal structures were visualized with VESTA and Diamond."***”

5.2.8 Transmission Electron Microscopy

For sample preparation, crystals of Ce, o5,Li;P1sNs5 15,0, 5, (x = 0.72) were ground in absolute ethanol
and drop-cast on copper grids covered with holey carbon film (S166-2, Plano GmbH, Germany).
For STEM and electron energy loss spectroscopy (EELS), the samples were plasma cleaned for 20 s.
The grids were mounted on a double-tilt holder and transferred into a Cs DCOR probe corrected
Titan Themis 300 (FEI, USA) TEM equipped with a X-FEG, a postcolumn filter (Enfinium ER-799),
a US1000XP/FT camera system (Gatan, Germany) and a windowless, 4-quadrant Super-X energy
dispersive X-ray (EDX) detector. TEM images were recorded using a 4k x 4k FEI Ceta CMOS cam-
era. The microscope was operated at 300 kV accelerating voltage for selected area electron diffraction
(SAED), STEM-HAADF (convergence angle of 16.6 mrad, 50 um aperture, detector inner half angle
63 mrad for 100 mm and 105 mrad for 60 mm camera length) and EELS. For drift corrected EDX
mapping with atomic resolution, the microscope was operated at 120 kV accelerating voltage. For the
evaluation of the TEM data, the following software was used: Digital Micrograph (Fourier filtering of
STEM images, EELS spectra), ProcessDiffraction7 (geometric calculations for SAED), JEMS (SAED

simulations), and ES Vision (EDX spectra).””>*

5.2.9 Optical Properties

Images of luminescent single-crystals mounted in glass capillaries were obtained on a Horiba Fluor-
imax4 spectrofluorimeter system attached to an Olympus BX51 microscope via fiber optics. Photo-
luminescence was determined on powdered samples with an in-house-built system based on a 5.3 in.
integrating sphere and a spectrofluorimeter equipped with a 150 W Xe lamp, two 500 mm Czerny-
Turner monochromators, 1800 1/mm lattices and 250/500 nm lamps, with a spectral range from 230

to 820 nm.
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5.3 Results and Discussion

5.3.1 Preparation and Chemical Analysis
The reaction of a molar ratio 1:4.5 of CeF; and LiPN, aimed to synthesize Ce,Li;PsN;; (see Experi-
mental Details section) as the ratio P/N in LiPN, is close to the required atomic ratio of 18:35; follow-

ing Equation 5.1, Li;N could be eliminated for a stoichiometric reaction.
4 CeF, + 18 LiPN, — Ce,Li,P,;Ny; + 12 LiF + "Li;,N" Eq. 5.1

As will be shown later, the actual sum formula is Ce,_o5,Li;P1sNss_; 5,015, (x = 0.72) due to Ce vacan-
cies. The presence of O probably stems from the crucible material since h-BN slowly decomposes in
air to boric acid and B,0.”*” The crucible used in the experiment had a small sample to h-BN volume
ratio (see Experimental Details section), allowing the diffusion of sufficient amounts of O into the
sample.

Cey 5:L13P1sN35.1 5,015, (x = 0.72) crystallizes in block-like colorless and transparent crystals up
to ~100 um in size. The latter emit blue light upon excitation with UV or near-UV radiation (Figure
5.1a, see Optical Properties). Morphology and elemental composition were determined by means
of SEM (Figure 5.1b) and EDX. The EDX values are in accordance with the theoretical sum formula
(Ces7)P17.401N343014901.36)/Ce364P 18N 330,01 05, measured (12 points)/calculated without taking Li into

account).

Figure 5.1. (a) Single-crystal of Ce,_¢5,LisP1gN3s_1 5015, under excitation with 390 nm UV light,
emitting blue light. (b) SEM micrograph of a Ce,_gs,LisP1gN35_1 5,01 5, Single-crystal

IR spectroscopy indicated the absence of N-H or O-H bonds; only the typical fingerprint region
of nitridophosphates was observed (Figure E.1). Temperature dependent powder diffraction showed

that the phase is stable in air up to at least 1000 °C (Figure E.2).
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5.3 Results and Discussion

Rietveld refinement (Figure 5.2, Table E.1) carried out on powder X-ray diffraction data confirms
the average-structure model. Residual LiPN, is expected since the ratio 1:4 of the starting materials

is nonstoichiometric with respect to sum formula Ce,Li;P,sNss; h-BN stems from the crucible."**
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Figure 5.2. Rietveld refinement for a sample with Ce,_ys,LisP15Nss5_15.01 5 @s the main compo-

[36,56]

nent and LiPN, and h-BN as side phases; observed pattern displayed with black circles,

calculated pattern as a red line, difference plot as a gray line, positions of Bragg reflections
above.

In thin-walled crucibles, Ce, 5,Li;P1sN35.15.0, 5, could be prepared as the major constituent of the
sample after introducing an O source in the form of amorphous PON."” Oxygen, therefore, seems
either to facilitate the formation of the compound or to stabilize it as it induces Ce vacancies. Such
vacancy-stabilization is reminiscent of yttria-stabilized zirconia, in which the larger Y’* cations stabi-

[58]

lize the CaF,-type high-temperature phase.

5.3.2 Determination of the Average Structure
Cey 5L13P1sN35 15,0, 5, crystallizes in a hexagonal lattice with parameters a = 13.9318(1) and ¢ =
8.1355(1) A. The unit cell metrics and the average structure model were confirmed by TEM as dis-

cussed in the corresponding section. Space group P6,/m (no. 176) was assigned by analysis of system-
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atically absent reflections in XPREP" and with superiority over P6; (no. 173), as refinement revealed.

The structure was solved by direct methods,

[46]

yielding the positions of all heavy atoms. The positions

of the light atoms Li and N were determined from difference Fourier maps.

Table 5.1. Crystallographic Data for the Average Structure of Ce,_gs5,LizP15N35_1.501 55

Crystal Data

Formula

Formula mass / g-mol™
Crystal system

Space group
Cell parameters / A

Cell volume / A?

Formula units per unit cell, Z
F(000)

Calcd density, p / g-cm™

Abs. coefficient, u / mm™

Data Collection
Radiation
Temperature /K
Orange/°

Total no. of reflns
Independent reflns
Absorption correction
Rints Rsigma

Refinement

Extinction coefficient
Refined parameters

GOF

R, (all data), R, [F* > 20(F")]
WR, (all data), wR, [F* > 20(F?)]
APrmaxs DPmine €A

Cey5xLisP1gN3s_1 5015 (X = 0.72)
1580.11
hexagonal
P65/m (no. 176)
a=13.9318(1)
¢=8.1355(1)
1367.51(3)

2

1472

3.837

6.235

synchrotron, A = 0.68010 A
293(2)
1.615<6<31.971
11325
1795
. o la4]
semiempirical
0.019, 0.007

0.0053(5)

101

1.233
0.019,0.019
0.047,0.047
1.008, —2.025

All atoms were refined anisotropically, taking into account dispersion correction terms for X-rays

with X = 0.6801 A. Table 5.1 contains the crystallographic data and Table 5.2 the atom parameters.

Anisotropic displacement parameters as well as bond lengths and angles can be found in Tables E.2-

E.4. The site occupancy of position Ce2 is 0.635(2), and the atom has a prolate displacement ellipsoid

elongated along [001]. At full occupation, the sum formula Ce,Li;P;sN;; would be charge-balanced,
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but a Ce deficit necessitates O for N substitution, as inferred from EDX (see above), in order to main-
tain charge neutrality.

Since X-rays cannot differentiate between N and O, the distribution of O atoms was derived from
electrostatic calculations employing the Madelung part of lattice energy (MAPLE). Accordingly, the
N4 position has the smallest partial MAPLE value, and bond valence sum (BVS) calculations also
indicate an O share on the N4 position (Tables E.5-7).” As MAPLE and BVS depend strongly on
the atomic positions and considering that N4 belongs to the first coordination sphere of Ce2 with its
prolate displacement ellipsoid, this is only conjecture. O atoms in close proximity to Ce2, however, are
reasonable as they are required for charge compensation. The N4 position was therefore mixed with a

fixed amount of 0.360, yielding the sum formula Ce, (5,Li;P1sN35_; 5,0, 5, with x = 0.72.

Table 5.2. Atom sites of Ce, os,LisP1gN351501 5,

Atom  Wyckoff pos. Site sym. X y z U, (A% Occ.
Cel 6h m.. 0.44029(2) 0.04225(2) 1/4 0.00866(6) 1
Ce2 2a 6.. 0 0 1/4  0.02020(17) 0.635(2)
P1 12i 1 0.02032(4) 0.20721(4) 0.06775(6) 0.00775(9) 1
P2 12i 1 0.33965(4) 0.54801(4) 0.07504(6) 0.00607(9) 1
P3 12i 1 0.43947(4) 0.30795(4) 0.06620(6) 0.00643(9) 1
N1 4f 3. 1/3 2/3 0.0750(4) 0.0066(4) 1
N2 6h m.. 0.2995(2)  0.48706(19) 1/4 0.0080(4) 1
N3 12i 1 0.46921(14)  0.20913(13) 0.0692(2) 0.0095(3) 1
N4 6h m.. 0.2080(2)  0.03965(19) 1/4 0.0113(4) 0.64
04 6h m.. 0.2080(2)  0.03965(19) 1/4 0.0113(4) 0.36
N5 12i 1 0.11661(13)  0.53492(13) 0.0319(2) 0.0096(3) 1
N6 6h m.. 0.4296(2) 0.3469(2) 1/4 0.0140(5) 1
N7 12i 1 0.04775(19)  0.33260(16) 0.0406(3) 0.0185(4) 1
N8 12i 1 0.1293(2) 0.1946(3) 0.0725(3) 0.0377(8) 1
Li1 6h m.. 0.2540(5) 0.3193(5) 1/4 0.0208(12) 1

The atom sites N6, N7, and N8 (Figures 5.3 and 5.4) exhibit prolate displacement ellipsoids, which
are likely a consequence of the Ce2 displacement discussed later in the section “Superstructure De-
termined from Synchrotron Data” A possible lower symmetry, in which the afflicted N atoms are
not mapped onto themselves by the horizontal mirror plane of space group P6,/m, was ruled out by
refinement in P6, (Figures E.3 and E.4 for more information), which did not yield any improvement.
Other models of twinning and associated symmetry reduction were ruled out by a refinement in P1

including all appropriate twin laws that would lead to Laue symmetry 6/m.
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5.3.3 Description of the Average Structure

The structure of Ce,_o5,LisP1sNss 15,05, consists of a framework built up from all-side vertex-sharing
PN, tetrahedra (Figure 5.3). Their interconnection pattern is a combination of stacks of six-membered
rings and triangular columns running along [001] (Figures 5.3 and 5.4). This formal decomposition
emerges from comparison with the oxonitridophosphates BasP,,N;;04Br; and SrP;N;O; both com-
prise similar triangular columns.*? While the columns in BayP,,N,,O,Br; are not interconnected
and therefore only periodic in one direction, they are interconnected via 2/3 of the triangles’ vertices

in SrP;N;0, forming layered anions with periodicity in two directions.®”

Figure 5.3. Crystal structure of Ce,_os5,LisP1gN35.15:015 in projection along [001]. The stacks

of 6-membered rings and triangular columns are highlighted by red and blue tetrahedra,
respectively. Atoms are displayed as their displacement ellipsoid at 90% probability level, Ce
in blue, Li in gray, P in black, and N in green.

In Ce, 5, LisP1sNs515.0, 5, the triangular columns are interconnected via stacks of six-membered
rings and vice versa. Hence, an extended three-dimensional anionic framework with a molar ra-

tio 1:2 of stacks of six-membered rings and triangular columns is formed. The triangular columns
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2PLMNLPING P, displayed in Figure 5.4a, comprise triply bridging N atoms, which are the
reason for x = 0.514. The 6-rings form stacks by sharing tetrahedra vertices, which alternately point

up and down (Figure 5.4b).

Figure 5.4. (a) Side-view of the triangular columns running perpendicular to [001], tetrahe-
dra bridged by N*! highlighted in royal blue. (b) One repetition unit of the stacks of six-mem-
bered rings. Ellipsoids are displayed at 90% probability level.

The P-P connection pattern represents the framework of the structure (Figure 5.5, top left) and
is referred to as the net topology. The P-P net is subsumed by point symbol[“] (3.6°)(3°.4*.5°)(6°),
which enumerates the shortest cycles originating from P-vertex angles (calculated by TOPOS'*"). The
analysis of point and vertex symbols (for the latter see Supporting Information) revealed that this net
topology has been neither experimentally realized nor theoretically predicted.

For an intuitive understanding of Ce, 5,Li;P1sN3s5_1 5,0, 5.5 topology, the three-dimensional natural
tiling in its maximum symmetry embedding was derived from the P-P connection pattern (Figure
5.5, top right and bottom)."***”) The 3D tiles’ faces consist of locally strong rings (built up from P-P ad-
jacencies) so that the natural tiling retains the full symmetry of the net it carries and the tiles represent
chemically meaningful cavities in the structure.”’ The natural tiling consists of six tiles subsumed
with signature 3[6°]+[3%.4°]+3[3%.4.6°]+[6°]+3[6°.10°]+[3%.6”] (face symbols) and transitivity symbol
3796 (number of symmetry inequivalent vertices, edges, faces, and tiles, in that order). The cations
Cel and Lil reside in the large [6°.10°] cage (V = 148 A’ volume in crystal structure), and Ce2 resides
in the [6°] cage (V = 62 A’, volume in crystal structure). A detailed description and view of the tiles

can be found in the Supporting Information.
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Figure 5.5. (top, left) P-P connection pattern; (top, right) natural tiling in projection along

[001], consisting of six individual tiles. (bottom) Cross section through one unit cell of the
tiling. Tiles are light blue [6°], dark blue [6°], yellow [3°.67], pink [3°.4.6°], green [3°.4’], and red
[65.1 02]'[66]

The maximum symmetry embedding of the tiling is in P6,;/mmc (no. 194), which is also the maxi-
mum symmetry of a theoretical archetype (Figure 5.5). In Cey (5,Li;P1sN35.,5,0; 5, the mirror plane
perpendicular to (100) is absent due to a rotational twist of the six-membered ring with respect to the
triangular columns causing the interconnecting P-N-P angles to be 139.4° instead of 180°. Hence, the
structure has symmetry P6,/m, which is a subgroup of P6,/mmc by t2 transition.

The coordination polyhedra surrounding the metal ions are displayed in Figure 5.6. Lil is coordi-
nated by six N atoms forming a distorted pentagonal pyramid (Johnson solid J,), Cel by nine N atoms
in an irregular polyhedron, and Ce2 by nine N atoms arranged in a distorted triaugmented triangular
prism (Johnson solid J5;).* To approximate the magnitude of distortion, the polyhedra were com-
pared to their holohedral counterparts as described in the Supporting Information (section Coordi-

nation Polyhedra). The bond lengths in these polyhedra (Figure 5.6) are typical for N coordination.
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They are comparable to those found in NdLiP,N; [d(Li-N) = 1.96 to 2.17 A], LiCa,[BN,]; [d(Li-N) =

2.22 A)], and Ba,Cu[Si,0,]-type Ce,P;N, [d(Ce-N) = 2.44-2.75 A].""">%

N3

NS
2.747(4) A 2.607(2) A 2’_359(2);\ 27273) A

2.261(5) A

(@]

N4
2.656(1) A

N8
2.792(4) A

Figure 5.6. Coordination polyhedra around the sites of Li (a), Ce1 (b), and Ce2 (c); two coor-
dination polyhedra are shown for Ce2, as they appear in stacks along [001] in the structure.
Ce-N and Li-N distances are given for all independent N positions; the ellipsoids are dis-
played with 90% probability.

In the average structure model discussed above, vacancies are present on the Ce2 site, and as can be
seen from Figure 5.6, Ce2 and certain N displacement ellipsoids are elongated. A similar case was re-
ported for Ba, g;Ca, 5Ins0,, (P6;/m, no. 176), in which Ba atoms residing in analogous six-membered-
ring channels entered a long-range periodic order resulting in a (3 + 1)D incommensurate modula-
tion.”” In the following sections, the causes and effects of the Ce2 vacancies and displacements are

analyzed.

5.3.4 Transmission Electron Microscopy

Cey o5L13P1sN35.1 5,0, 5, was investigated by TEM to gain information about the Ce2 position. SAED
patterns along zone axes [100] and [001] exhibit symmetry 2mm and 6, respectively, and correspond
to reciprocal lattice sections reconstructed from single-crystal X-ray data, confirming hexagonal sym-
metry (Figures E.6 and E.7). Z-Contrast HAADF-STEM images and drift-corrected EDX mappings

differentiate between Ce and P atoms; maxima coincide with the heavy-atom positions of the average
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structure model (Figure 5.7, enlarged in Figure E.8). In the Fourier filtered micrographs, the intensi-
ties of the different Ce atom columns match the theoretical atom ratios along the different projections

in consideration of the average structure model and the under-occupancy of Ce2.

(a) (b) (c) (d) HAADF Ce(L)

5\?e)§lay Rl
Figure 5.7. (a-c) Aberration-corrected STEM-HAADF Fourier filtered images along zone axes
[100], [001], and [120]. Brighter contrast corresponds to Cel (green) and Ce2 (light green)
atom columns, darker contrast to P columns (orange). The unit cells of the average structure
in corresponding projections were overlaid in red. (d) Drift corrected EDX mappings along
[120] in juxtaposition to a HAADF image of the same section. An enlarged version of this
figure is Figure E.8.
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Figure 5.8. (a) Dark-field STEM micrograph of a representative crystallite of ground powder
of Ceys5,LisP1sNs5_150;1 5 The area in which the superstructure was observed is highlighted in
green, the area without superstructure highlighted in red. (b, c) SAED along the along [120]
zone axis and EDX for the highlighted regions in panel a. EDX element ratios shown here were
obtained from highlighted regions. The dark area is a hole in the crystal.

Further EDX and SAED combined with high resolution STEM-HAADF suggested two different
types of domains in Ce,_o5,Li;P1sNss 15,05, The first revealed a lower O content, relative to the sec-
ond, and additionally showed diffraction spots suggesting a superstructure (Figure 5.8). Since the
quantification of little amounts of O by TEM EDX is difficult, several different crystallites were ana-

lyzed corroborating the suggested trend (Table E.9). Within the standard deviation, the measured
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amounts of Ce fit the average structure model. In the unfiltered STEM images of the second domain
type with increased O content, the contrast of the Ce2 atom columns viewed along [001] varies signif-
icantly. In a wedge-shaped edge of a crystal some Ce2 atom columns are missing completely (Figure
5.9, larger and thinner region represented in Figure E.9). This direct observation of the Ce atom col-
umns confirms a random distribution of Ce2 vacancies as suggested by the average structure model.

In the superstructure domains, the additional reflections hinted at hexagonal metrics with a = 24.08,
¢ = 8.1 A aslater determined by synchrotron diffraction on single crystals (see below). Superstructure
reflections are most pronounced in SAED patterns along zone axes [120] of the average structure
(Figures 5.10a and E.10). Z-Contrast STEM images along this direction revealed a displacement of
Ce2 atoms in [001] direction. Three different locked-in positions (nondynamic displacement) of the
Ce2 atoms are directly discernible; one atom resides below (A), one atom above (C), and one atom
(B) roughly at the Ce2 position of the average structure model. The distance between atoms at height
A and C was measured to be roughly 0.3(1) A based on 10 measurement points (details in Supporting
Information).

The Fourier transform of the STEM image (Figure E.10) shows small additional peaks indicating
a periodicity of the Ce2 displacement within the boundaries of the obtained image. As the displace-
ment is repetitive, they are likely the cause for the superstructure reflections observed in the SAEDs.
Since EDX and SAED showed that the superstructure domains with very low O content are only a
fraction of the crystal volume (Figure 5.8), the superstructure reflections of macroscopic single crys-
tals are expected to have extremely weak intensity. A model of the superstructure will therefore be
derived in the next section from synchrotron diffraction data.

The Ce2 positions appear less bright than other Cel positions, which might indicate the presence
of vacancies in the superstructure domains. Though such vacancies cannot be ruled out based on O
contents due to the lacking accuracy of TEM EDX (Table E.9), they appear to be less frequent than
in domains without superstructure. The [120] zone-axis images of domains without superstructure
even indicate completely missing Ce2 atom columns (Figure E.10). The Fourier transform of those
images do not suggest the presence of a further periodic ordering of Ce2 in accordance with the

above-mentioned SAEDs.
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Figure 5.9. (a) Experimental STEM-HAADF image along [001] of a domain with increased
O content showing Ce atom columns. Region of intensity line scan (b) highlighted in red in
panels a and c. (c) Intensity map of panel a enhanced by interpolation of brightness over 4
pixels followed by augmenting the bright areas for 9 pixels. The intensity contrast represents
the number of Ce atoms in the columns, highlighting a random distribution of Ce2 vacancies
in accordance with the average structure.
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CHAPTER 5

Figure 5.10. (a) SAED pattern of a superstructure domain along the [120] zone axis of the
average structure (red indices and cell outlines); this corresponds to the [110] zone axis of the
supercell (green, note the 30° rotation). (b) STEM-HAADF image along this direction showing
a displacement of certain Ce2 atoms. Three different locked-in positions of Ce2 atoms along
[001] are highlighted with arrows: A (displaced downward), B (roughly in the middle), C (dis-
placed upward); maximum distance between A and C = 0.3(1) A.

In order to balance the charge difference caused by the Ce2 vacancies, the presence of Ce** is con-

ceivable. Therefore, EELS was performed to gain information about the formal oxidation states of the
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Ce atoms. EELS quantification of domains with a lower O content determined an atomic ratio Ce/P/N
of 1:3.2:8.8 close to the ratio of 1:4.5:8.8 based on the sum formula of the average structure. In the
examined domains, no Li and O could be quantified with EELS. Off-axis EELS spectra do not indicate
the presence of Ce*" (Figure E.11). They show the Ce-M; and Ce-M, edges at 882.0 and 899.5 eV en-
ergy loss, respectively, very close to typical values for Ce’* (M; at 882.0 eV, M, at 899.7 eV) in Ce,Zr,O
or CeO, doped with lanthanides.”"”” A M; to M, ratio near to one and more asymmetrically shaped

M, edge compared to the M; edge are characteristic for Ce*."”

5.3.5 Superstructure Determined from Synchrotron Data

Synchrotron diffraction data were collected in sufficient quality for analysis of the superstructure
suggested by SAED (for a detailed description of X-ray data analysis, the reader is referred to the
Supporting Information). From the reciprocal lattice section hk0O shown schematically in Figure 5.11
(experimental patterns are shown in Figure E.12), it is apparent that the superstructure is commen-
surate. The reciprocal lattice of the supercell as defined by vectors a™ = 2/3 a* - 1/3b*,b* = 1/3 a* +
1/3 b* and ¢™* = ¢* allows indexing of the whole diffraction pattern. These vectors span a hexagonal
(V3 x V3)R30° supercell (a' = 24.1306(1), ¢' = 8.1335(1) A) with three times the volume of the basic

cell.

©)
hki-10

Oh-1k-1110)
hk-1/01
h-1kl-1-1

O
hki=1-1

h-1k-1100 hk-1100

Figure 5.11. General reciprocal hkn (n = 2, 4, etc.) lattice plane, in which the basic cell (red),
supercell (green), and modulation vectors q, and q, (blue) are marked (q, and b'* are equal
and thus highlighted by a dashed blue green vector). Several reflections (dark gray and light
gray) carry indices for orientation, for one satellite; its three superspace indices are given.
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An initial supercell model for tentative structure refinement was obtained by i3 subgroup transfor-

mation of the basic structure model according to

a ay /1 -1 0
(#)-()( 2 o)
c c/\0 0 1

Due to pronounced parameter correlation, a conventional refinement of the superstructure in space
groups P6,/m and its subgroup P6; failed, no significant deviation from the average model could be
obtained. This failure is due to the extreme difference in intensity and counting statistics between
basic and superstructure reflection (intensity to sigma ratio of the basic structure reflections and
the ratio of the superstructure reflections: I,/o = 23.7 to I,/o = 1.8, Figure E.12). Moreover, the space
group of the superstructure could not be determined unequivocally from the diftraction pattern since
the satellite reflections are only observed in hkl planes with [ = 2n and n # 0 (Figure E.13).

Note that SAED patterns (Figure 5.10a) show superstructure reflections in all planes, most likely
due to multiple diffraction. Assuming that mainly Ce2 atoms contribute to the superstructure, the
reflections in the hkl with | = odd planes are expected to be weak or absent since the Ce2 atoms in the
average structure can be described by a smaller unit cell with 1/2¢ translation. The unobserved reflec-
tions in the hk0 plane indicate that the Ce2 atoms are displaced solely along [001], which is reasonable
considering their coordination in a triaugmented triangular prism (Figure 5.6c¢).

To resolve these issues, only the z coordinates of the Ce2 atoms in the supercell were refined*” in P1
using the superstructure reflections, while all other atom parameters, which were already well-estab-
lished by the average structure, remained fixed. Ce2 displaced from its average position (Figure E.14)
and hence corroborated the STEM findings. However, the z coordinates and thus the amplitude of the
displacement cannot be determined since they are strongly correlated with the scale factor of the su-
perstructure reflections, whose true value is unknown since the superstructure exists only in domains
that correspond to an unknown fraction of the crystal. Setting the superstructure scale factor equal
to that of the average structure (corresponding to a superstructure encompassing the whole crystal)
yielded the minimal displacement of the Ce2 atoms of 0.1 A, whereas STEM suggested approximately
0.3(1) A. From the refined Ce2 atom positions and their correlation matrix, space group symmetry

P6; was determined for the superstructure; the mirror symmetry is broken by displacement from the
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special position on the horizontal mirror plane, and the inversion symmetry is broken by unidirec-
tional displacement of the Ce2 atoms on unit cell edges (Figure E.14). A subsequent refinement, with
symmetry restrictions and additional translational symmetry applied, included the other atoms as

well, yielding the same Ce2 displacement.

5.3.6 (3 +2)D Superspace Description

A (3 + 2)D superspace model may be a more elegant description of the superstructure and can better
illustrate the long-range order of the Ce2 displacements. Moreover, it can corroborate the supercell
refinement. As (3 + d) superspace groups are supergroups of the 3D space groups, the corresponding
structure models often require fewer parameters, which is especially favorable when refining a weak
superstructure. Since the modulation is refined in the basic cell, no artificial centering has to be in-
troduced by manual parameter constraints as was done in the supercell refinement. A more detailed
derivation of the superspace description can be found in the Supporting Information.

Since the displaced, that is, modulated Ce2 atoms have P6, symmetry, the superspace group
P6;(a, B, 0)0(—a — B, a, 0)0 was chosen for the (3 + 2)D modulation description. The diffraction
pattern was indexed based on the basic cell with two modulation vectors q, = (1/3, 1/3, 0) and q, =
(=2/3, 1/3, 0) (Figure 5.11) resulting in diffraction vectors h = ha* + kb*+ Ic*+ mq, + nq,. Since the
superstructure is commensurate, the indexing is ambiguous as one satellite is shared by three basic
structure reflections. This might be regarded as merohedry in 5D but does not impede structure re-
finement as the reflections were treated as overlapped.”* We are aware that an equivalent description
in (3 + 1)D superspace could be possible due to the commensurate modulation vectors, which allow
a description in the higher symmetric commensurate Bravais class P6/mmm(1/3, 1/3, 0).”” Because
this is more difficult to implement in the refinement and because a commensurate description would
not be applicable to possible related structures with incommensurate modulations, we favor the (3 +
2)D description. The (3 + 1)D case, however, is discussed in the Supporting Information and a com-
mensurate (3 + 1)D superspace group is deduced there.

A displacive modulation in superspace is an arbitrarily shaped wave running parallel to the higher
dimensional basis vectors, which projected onto physical space are the modulation vectors. Trans-

ferred to the superstructure domains of Ce,Li;P,sNs;, the modulation vectors q;, q, and their linear
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combination q,+q, give direction and wavelength of the modulation waves (Figure 5.11). Since Ce2
was shown to displace along [001], the modulated description necessitates a set of three purely z-
polarized plane waves. Those modulation waves are expanded in sine and cosine functions, whose
amplitudes are determined in the refinement. Since the waves are related by symmetry and the satel-
lite order is one, only two amplitudes of one wave had to be determined. The refinement (Supporting
Information for details) yielded the qualitative displacements of Ce2 atoms, corroborating the super-
cell description. The superstructure can be conceived as the superposition of three z-polarized plane
waves with directions qu4, Q24> and q,q+qa4, wavelength A, = 3a and mutual origin (Figure 5.12a). Ce2
atoms occur in three unique positions, one below, one above, and one approximately at the average
z-coordinate (Figure 5.12b). Since the q-vectors are commensurate, the supercell contains all struc-
tural variations but the long-range order of a domain can intuitively be grasped with the modulation-

description.

bl%qw'l—qzd ° (a)

Figure 5.12. (a) Projection of the (3 + 2)D superstructure model onto 3D space along [001]
direction in a section corresponding to a 3 x 3 x 1 multiple (black) of the basic cell (red). The
(/3 x \/3)R30° supercell is given in green, and the modulation waves are indicated by dashed
blue vectors. Atoms of equivalent displacement are marked with color (red, green, blue). (b)
Ce2 displacement along [001] and along the additional direction of (3 + 2)D superspace x4,
atoms related by symmetry are marked with color.
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5.3.7 Superstructure Discussion

Presumably, the Ce2 displacement causes the elongated N6, N7, and N8 ellipsoids observed in the
basic structure (Figures 5.3, 5.4, and 5.6). The N8 atoms evade the nearing Ce2 atoms by rotating
further from the center of the six-membered ring; a displacement that in turn induced a twisting of
N6 and N7, which are in close proximity to the six-membered rings (Figure 5.4a,b). However, the P
atoms are unaffected by the Ce2 disposition, as indicated by regular displacement ellipsoids and can
be interpreted as centers of rotation for the N atoms. Since the P atoms are indifferent to the con-
formation of the six-membered rings and no intratetrahedra N-P-N angles distort, this N-induced
distortion seems to have a low energetic barrier. A displacive modulation of the N atoms, however,
cannot be refined from the synchrotron data because the reflections in the 4k0 plane that would carry
such information are not observed even with the combination of PILATUS detector and third genera-
tion synchrotron.

Displacement of heavy atoms in channel-like coordination environments has been reported before;
a stabilization of Ba through modulation was suggested as the driving force in Bays:Ca, 15In0,,.""
Similarly, the Ce2 displacement might be driven by electrostatics. By moving up and down the chan-
nels, Ce2 leaves the Ce2N, coordination sphere and enters a distorted octahedral coordination (Fig-
ure 5.6¢), also evading the trigonal planar surrounding of N4 atoms. The octahedral coordination
mimics the bonding situation in CeN and thus might be the driving force for the displacement.”

A long-range modulation can arise since the framework is condensed with all-side vertex-sharing
tetrahedra, conducting the displacement information from one six-membered-ring channel to the
other via the bridging triangular columns. The strength of this long-range ordering, however, is small
as can be inferred from the small displacement ellipsoids of all atoms except N6, N7, N8, and Ce?2.
Thus, an accumulation of Ce2 vacancies might interrupt the transfer of information on the modula-

tion and create the nonmodulated domains.

5.3.8 Optical Properties
The emission spectrum of Ce, 5,Li;P1sNs5 15,0, 5, (Figure 5.13) reveals optical emission in the range
of 410 nm (detector start) to 526 nm with a maximum at 455 nm corresponding to a full width at

half-maximum of 71 nm (3520 cm™"). The peak shape is anisotropic and cannot be modeled by one
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34>

Gaussian function. Owing to Ce’"’s electron configuration of [Xe]4f', the electronic ground state is
split in two states of similar energy, °F’s;, and °F°;,, which usually results in a broadening of the Ce**
emission. Moreover, in the near-UV region, re-excitation might occur due to the small Stokes shift,

explaining the anisotropy. As the Ce2 atom position is modulated, so is the coordination environment

around the corresponding atom. This could also take effect on peak broadening.

I I I I I
C ! | | | ]
— Emission @ 390 nm
B — Excitation 7]
— Reflectance
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Figure 5.13. Ce,_o5,LisP15N35150,5, emission spectrum (blue) in the range 410-700 nm,
excitation spectrum (red) in the range 240-400 nm, and reflectance (black) in the range of
240-700 nm.

Usually, luminescence is observed from Ce**-doped inorganic host frameworks since pure Ce-con-
taining compounds tend to exhibit concentration quenching (although exceptions like the UV or blue
luminescence of several Ce salts are known).”” The suggested mechanism for concentration quench-
ing involves a transfer of excitation energy between active ions in close spatial proximity, which in-
creases the chance of a nonradiative decay of the excited state.”*””! The Ce-Ce distances might be too
large for concentration quenching (d(Cel-Cel) = 4.760, d(Ce2-Ce2) = 4.068, d(Cel-Ce2) = 5.862 A)
as the Ce atoms are separated by a rigid tetrahedra framework. Moreover, the Ce2 vacancies increase

the interatomic distance between adjacent Ce2 atoms, which might facilitate luminescence.
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The UV-vis reflectance spectrum (Figure 5.13, black line) follows the inverse trend of the excitation

spectrum, low reflectivity at high excitation and vice versa.

5.3.9 Magnetic Properties

The predicted effective magnetic moment, g of Ce’ in electronic ground state *F’s, is pog = 2.54
tp according to Hund’s laws and Russel-Saunders’ spin—orbit-coupling approximation. The effective
magnetic moment of Ce, 5, Li;P1sN35.15,0, 5, was determined with SQUID magnetometry by measur-
ing the temperature dependent susceptibility at a constant magnetic field of 20 kOe (1 kOe = 7.96 x
10* A-m™). Because of the nonstoichiometric reaction of Ce, (5,LisPsN3s 15,0, 5, the total Ce content
of the sample (0.5495 mmol/g) was determined with ICP-OES. A linear regression fit to the ,, ' data
in the range of 50 to 200 K (Figure 5.14) yielded a pgey, = 2.71(1) pg, which is slightly larger than
the theoretical value, and a Curie temperature of 8 = —2.9(2) K. The 7% deviation in theoretical and
experimental y.q might be due to a slight under-determination of the sample’s Ce content, which was

solved with aqua regia at 200 °C. The electronic state of Ce, (5,Li;P1sN35.,5,0; 5, is paramagnetic.
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Figure 5.14. Molar magnetic susceptibility of Ce, g5.LisP1gN35_150:5, determined at 20 kOe
in the range of 1.85-300 K. Green circles x;, vs T, blue circles x,,"' vs T, and a Curie-Weiss fit
displayed as a red line.
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5.4 Conclusion

Nitridophosphates with a degree of condensation larger than 1/2 are scarcely known.
Cey o5L13P1sN35.1 5,01 5, (x = 0.72) is the first non-alkaline earth nitridophosphate comprising a frame-
work with x > 1/2; an example showing that high-pressure metathesis gives access to a large unex-
plored structure space. In retrospect to the here observed blue light emission, these expectedly rigid
structures could lead to a new class of host frameworks for inorganic solid state lighting.

The joint venture of aberration-corrected STEM and synchrotron diffraction showed that
Cey 5L13P1sN35 15,015, (x = 0.72) contains two different domains, one with a higher and one with a
lower O content, which we correlated to the amount of Ce2 vacancies. In the domains of low O con-
tent, the Ce2 atoms enter a long-range periodic order. Due to this Ce2 deficiency, the average struc-
ture has the sum formula Ce,_y5,Li;PsN35_; 5,0, 5, (x = 0.72). In the superstructure domains TEM EDX
revealed only negligible amounts of O, which could also stem from surface hydrolysis. Therefore, Ce2
vacancies cannot be ruled out but to our conjecture some domains exhibit full Ce2 occupation and
sum formula Ce,Li;P3N;;. Seemingly, the structure is stabilized either by forming a superstructure or
by introducing vacancies on the Ce2 position.

Both supercell and superspace refinements yielded the same, due to the domains qualitative, super-
structure model. With STEM, we directly observed the Ce2 displacement and measured a distance of
ca. 0.3(1) A between lowest and highest atom. The small variation between the two domains neces-
sitated an investigation at the detection limit of state of the art analysis methods that may indicate the

frontier of structure analysis.
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OO0

The oxonitridophosphate LiPr,P,N,;O; was prepared by high-pressure metathesis.
LiPr,P,N,O; exemplifies the enhancement of structural diversity that can be accomplished
by deliberately incorporating N and O anions into a tetrahedra framework. The crystal
structure of LiPr,P,N,O; consists of single-layered P(N/O), tetrahedra nets with a degree of
condensation of 2/5, which has not yet been observed for rare-earth nitridophosphates.
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Abstract

Table-of-contents graphic.

The structural diversty of tetrahedra networks of phosphates can greatly be enhanced
by introduction of mixed N/O anion positions. LiPr,P,N;O; exemplifies the benefits of N/O
mixed anion positions asitis thefirstrare-earth (oxo)nitridophosphate with asingle-layered
structure and a degree of condensation (atomic ratio of tetrahedra centers (P) to tetrahedra
corners (N/O atoms)) of 2/5.The compound was prepared through high-pressure metathesis
starting from PrF;, LiPN,, Li,O, and PON using a hydraulic 1000t press and the multianvil
technique. LiPr,P,N,O; crystallizes as pale-green single-crystals, from which its structure
was determined (space group P2,/c (no. 14), a = 4.927(1), b = 7.848(2), c = 10.122(2) A, B =
91.55(3)°, Z = 2, R, = 0.020, wR, = 0.045). The structure consists of single-layers of vertex-
sharing Q*-type P(N/O), tetrahedra forming four- and eight-membered rings arranged in
the fashion of the Archimedean fes net. UV-vis spectroscopy revealed the typical Pr’* f—f
transitions, leading to a pale-green color of the crystals. Moreover, the optical band gap
was determined to 4.1(1) eV, assuming a direct transition. High-temperature powder X-ray
diffraction showed the beginning of a gradual decomposition starting at ca. 500 °C.
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6.1 Introduction

The continued interest of chemists, mineralogists, and materials scientists in compound classes with
tetrahedra-based network structures such as silicates or phosphates arises, next to applications, from
their immense structural versatility.") Some variables to navigate the large explorative fields encom-
pass the type of cation compensating the network’s negative charge, the tetrahedra constituents, e.g.
(ALSi,P)/(N,0), and the degree of condensation k, which is the ratio between the sum of tetrahedra
centers to the sum of tetrahedra corners. The best example for the vastness such a materials family can
take on is the numerous natural and synthetic (alumo)silicates known, incorporating almost all met-
als and encompassing innumerable structure types.""” The potential size of such a materials family
might be estimated by taking into account the attainable x together with the number of incorporable
metal ions. While the low end of « is 1/4, representing noncondensed tetrahedra, its high end is de-
termined by electrostatics and terminates in the binary parent compound. For example, the combina-
tion P/O has the maximum « of 2/5, that being the binary P,0s.”’ Due to N’s higher formal charge,
substituting O with N leads to an increased span of x and access to higher condensed networks, which
becomes apparent when comparing, e.g., the molecular adamantane-type P,O,, with the highly con-
densed framework of P,N,."*”

This increased span of « from 1/4 to 3/5 and, stemming from this, additional building units such
as edge-sharing tetrahedra or triply bridging N* allow nitridophosphates to theoretically rival even
the diversity of silicates.”” Nitridophosphates are, however, a young class of materials, their research
inhibited by experimental obstacles like the necessity of high-pressure techniques, the lack of vi-
able synthesis routes, or microcrystalline samples. The latter two issues have been tackled in recent
years through development of the azide and ammonium chloride routes for alkaline earth nitrido-
phosphates and the high-pressure metathesis route for rare-earth and transition-metal nitridophos-

Kk [6,10-12

phates, which was used in this wor 'In high-pressure metathesis, rare-earth halides are reacted

with LiPN;, at pressures of several GPa achieved with a hydraulic press and the multianvil technique

(Equation 6.1)."

NdF; + 4 LiPN, — LiNdP,N; + 3 LiF Eq. 6.1
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The resulting type of tetrahedra network can be directed by adding Li;N to lower or by adding P;N;
to increase the degree of condensation, giving access to a broad range of «, as exemplified by the se-
ries Ho;[PN,]O with « = 1/4, RE,P;N, with k = 3/7, NdLiP,N; with x = 1/2, and Ce,Li;P;;N;; with &
=18/35."

Hence, the substitution of O with N in phosphates enlarges the structural possibilities, and one
might even be inclined to subsume oxophosphates and nitridophosphates to two distinct classes of
materials. Such distinction, however, would be ill-suited for explorative chemistry as it deprives the
possibility of multinary compounds with mixed N/O anion positions. In our opinion, pure oxophos-
phates and pure nitridophosphates should be seen as the endmembers of a multidimensional phase
system. A few of these oxonitridophosphates like Sr;P,O¢N; and SrP;N;O have already been realized
with alkaline earth metals.">"*) One issue is that the limitation to either N or O as the sole anion
might impede the exploration of new structure types and tetrahedra connection patterns. For ex-
ample, two polymorphs of single-layered RE,P;N, compounds with « = 3/7 are known.” However, no
rare-earth nitridophosphate with x = 2/5, the ratio single-layered structures are usually observed for,
has been discovered yet. This is surprising because the number of tessellations of the Euclidean plane
with three-connected vertices, which effectively describe all possible arrangements of Q’ tetrahedra
based monolayers with x = 2/5, sums up to 3 uninodal, 17 binodal, and 103 trinodal patterns.”’ls’m]
Not including the patterns with more nodes (symmetry inequivalent vertices), there are 123 possible
tetrahedra arrangements, but none could have been realized with exclusively PN, tetrahedra and rare-
earth ions.

The reasons for this shortcoming can be manifold. Naturally, not all of the patterns described by
tiling theory are feasible under the restraints of proper bond lengths and angles or they have not
been discovered because of unsuitable synthesis methods and reaction conditions. But single-layers
composed of PN, tetrahedra with x = 2/5 might also not be stable with rare-earth ions due to elec-
trostatic or geometric reasons. In this contribution, we show with the preparation of the oxonit-
ridophosphate LiPr,P,N,O; (x = 2/5) how the inclusion of O into the PN, tetrahedra network can
enhance the structural versatility of nitridophosphates in general. LiPr,P,N,O; was prepared with
high-pressure metathesis and the multianvil technique starting from PrF;, LiPN,, PON, and Li,O fol-

lowing Equation 6.2.
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2 PrF; + 3 LiPN, + PON + 2 Li,O — LiPr,P,N,O; + 6 LiF Eq. 6.2

Similar to Li;N and P;Nj; in pure nitridophosphates, Li,O and PON are used as starting materials to
set k to 2/5. The compound crystallizes in large single-crystals, from which the structure was deter-
mined by X-ray diffraction. The phase composition of the powder sample and the physical properties
of LiPr,P,N,O; were analyzed by powder X-ray diffraction (PXRD), UV-vis, and infrared (IR) spec-
troscopy. The elemental composition was determined with scanning electron microscopy (SEM) and
energy dispersive X-ray (EDX) spectroscopy. The temperature stability was investigated with high-

temperature powder X-ray diffraction (HTPXRD).
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6.2 Experimental Section

6.2.1 LiPN,

LiPN, was prepared through solid-solid reaction of P;N; and a 1.2 times excess Li;N (94%, Rock-
wood Lithium, Langelsheim, Germany) under Ar atmosphere. P;Ns was synthesized by reaction of
P,S,, (Sigma-Aldrich, 99.99%) with ammonia gas (Air Liquide 5.0) at 850 °C."*"”' P,N; and Li,N were
thoroughly mixed and ground under inert conditions in an Ar filled glovebox with concentrations
of O, and H,O < 1 ppm. The ground mixture was conveyed into a Ta crucible residing in fused silica
ampule, which was dried in vacuum beforehand. The sealed ampule was fired in a tube furnace at 800
°C with 5 °C/min temperature ramps and a 90 h dwell. After stepwise washing with water/ethanol, the

product was obtained as a brownish powder, which was characterized by PXRD and IR.

6.2.2 Li,0
Li,O was obtained from thermal decarboxylation of Li,CO; (Sigma-Aldrich, 99.99%)."® The Li,CO,
was loaded on an Ag boat and heated to 700 °C for 72 h under dynamic vacuum conditions (<0.1 Pa)

within a fused silica tube. The product was characterized by PXRD and stored in the glovebox.

6.2.3 a-PON

OP(NH,);, which was prepared from reaction of POCl; with liquid ammonia (Air Liquide 5.0), was
fired in a constant flow of ammonia (Air Liquide 5.0) to yield amorphous PON (a-PON).!"* For
this purpose, a fused silica tube was dried in vacuum (<0.1 Pa) at 1000 °C and then loaded with the
OP(NH,); + 3NH,CI mixture, which is the direct reaction product of the POCl; ammonolysis. The
NH,Cl was sublimated at 300 °C in a constant flow of ammonia over the course of 5 h, after which the
temperature was raised to 620 °C and maintained for 12 h. The obtained a-PON was characterized by

IR and PXRD (to exclude residual NH,Cl).

6.2.4 LiPr,P,N,0;
LiPr,P,N,O; was prepared by high-pressure metathesis starting from stoichiometric amounts of PrF;

(Alfa Aesar, 99.99%), LiPN,, PON, and Li,O at 8 GPa and ca. 1200 °C. Compression time was 208
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min, followed by the temperature program at constant pressure with a 30 min heating/cooling ramps
and 120 min dwell. Decompression was conducted over a period of 624 min. The reaction conditions
were achieved with a 1000t hydraulic press (Voggenreiter, Mainleus, Germany) and the multianvil
setup using a modified Walker-type module (Voggenreiter). The multianvil setup consisted of an
18/11 octahedra-within-cubes load, which was driven by steel wedges. A Cr,0;-doped MgO octa-
hedron was used as pressure medium with pyrophillite as gasket material (Ceramic Substrates &
Components, Isle of Wight, U.K.) and tungsten carbide cubes (11 mm truncation of edges, Hawedia,
Marklkofen, Germany). The starting materials were thoroughly ground in a glovebox then loaded
into an h-BN crucible (Henze, Kempten, Germany). Heating was done by graphite sleeves. (Schunk
Kohlenstofftechnik GmbH, Zolling, Germany). Additional information regarding the employed

high-pressure technique can be found in literature.”' >

6.2.5 Single-Crystal Diffraction
X-ray diffraction data of single-crystals (SCXRD) were collected on a D8 Quest diffractometer (Bruk-
er, Billerica, MA, United States) equipped with a microfocus Mo Ka X-ray source. Data were reduced,
and semiempirical absorption correction was applied with the program APEX2.”* The space group
was determined with XPREP based on systematically absent reflections.”” Structure solution and
refinement was carried out with SHELX-97.%** Crystal structures were visualized with VESTA."”
CCDC 1824687 contains the supplementary crystallographic data for this paper. The data can be
obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
structures.
Further details on the crystal structure analysis can be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: + 49-7247-808-666; e-mail: crysdata@

fiz-karlsruhe.de) on quoting the depository number CSD 434268.

6.2.6 Powder X-Ray Diffraction
PXRD data were obtained with a Stadi P diffractometer (STOE & Cie GmbH, Darmstadt, Germany)
in parafocusing Debye-Scherrer Geometry. Mo Kal radiation was used, singled out with a Ge(111)

monochromator. Diffractograms were recorded with a Mythen 1K Si-strip detector (Dectris, Baden,
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Switzerland). Rietveld refinement was performed with TOPAS-Academic V4.1.%" The background
was handled with a shifted Chebychev function, and the peak shape was modeled with the funda-
mental parameters approach, convoluting source emission profile, crystallite size, microstrain, and
peak asymmetry from axial instrument contributions. Data were corrected with a capillary absorp-
tion correction.”” Samples were loaded to glass capillaries 0.3 mm in diameter (Hilgenberg GmbH,
Malsfeld, Germany).

High-temperature PXRD data were collected with the same radiation source as the PXRD dataon a
Stadi P diffractometer mounted with a graphite furnace and an image-plate position-sensitive detec-

tor. The diffractograms were recorded in the range of 25-1000 °C in steps of 20 °C.

6.2.7 Spectroscopy

Fourier transform IR spectra were recorded on a Spectrum BX II spectrometer (PerkinElmer,
Waltham, MA, United States) with an attenuated total reflectance (ATR) unit in the range of 600-
4500 cm™,

UV-vis spectra were obtained with a FLS920-s spectrometer (Edinburgh Instruments, Livingston,
Scotland) featuring a Xe900 450 W arc lamp, a single-photon photomultiplier detector, and a Czerny-
Turner monochromator with triple-grating turret. Spectra were recorded in the range of 240-800 nm
with a 1 nm step width and in the range of 410-630 nm with a step width of 0.025 nm.

SEM and EDX spectroscopy were carried out on a Helios Nanolab G3 Dualbeam UC (FEI, Hills-
boro, OR, United States) equipped with an X-Max 80 SDD detector (Oxford Instruments, Abingdon,
United Kingdom). Samples were placed on adhesive conducting carbon foil affixed to a metal carrier

and coated with a thin layer of carbon.
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6.3 Results and Discussion

6.3.1 Synthesis

LiPr,P,N;O; crystallizes, after synthesis outlined in the Experimental Section, in pale-green single-
crystals up to 200 pum in size (Figure 6.1), which are stable against air and water. PXRD could not
detect any other phases than LiPr,P,N,O; (Figure E1) after the reaction product had been washed
with water to remove residual LiF formed in the metathesis reaction. The elemental composition, de-
termined with EDX on smooth surfaces of the single crystals, fits to the theoretical values within the
standard deviations: experiment/theory Pr, P59 Ng.o5/O3.14/Pr,PsN;0s, 10 points of measurement.

No indication for N-H or O-H bonds was found by IR spectroscopy (Figure E.2).

Figure 6.1. (a) Digital micrograph of a single-crystal used for the SCXRD affixed to a glass
rod. (b) SEM micrograph of another crystal, revealing smooth crystal surfaces

6.3.2 Structure Determination

The structure was solved from single-crystal data in space group P2,/c (no. 14) using direct methods
yielding the positions of Pr and P. Atom sites of N/O and Li were identified from difference Fourier
maps. All atoms could be refined anisotropically. Crystallographic data are summarized in Table 6.1,
atom positions are given in Table 6.2, anisotropic displacement parameters and tables of interatomic
distances and angles in Tables F.2 to F.4. As O and N cannot be distinguished with X-ray diftraction
due to the similar atomic form factors, the assignment of the N/O mixed positions was based on bond
valence sum (BVS) and charge distribution (with VESTA) calculations, which indicated a shared po-
sition on site N1/01 and N5/05 (Tables E5 and E6).""* As a restrained refinement (with the SUMP
instruction) of the N/O occupancy did not converge, they were set to N/O 0.25/0.75 to account for

the charge balancing.
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Table 6.1. Crystallographic Data for the Refinement of LiPr,P,N,0.

Crystal data

Formula LiPr,P,N,O,
Formula mass / g-mol™ 558.71
Crystal system monoclinic
Space group P2,/c (no. 14)
Cell parameters / A,° a=4.927(1)
b=7.848(2)
c=10.122(2)
B=91.55(3)
Cell volume / A’ 391.3(2)
Formula units per unit cell Z 2
F(000) 508
Calculated density p / g-cm™ 4.74
Abs. coefficient u / mm™ 13.1

Data collection

Radiation Mo-Ka

Temperature /K 293(2)

Orange/° 3.285<6<45.263

Total no. of reflections 30850

Independent reflections 3279

Absorption correction semiempiricaI[Z(’]

Rints Reigma 0.044,0.020 ()
[+
L
=

Refinement 2

Refined parameters 80 5

Goodness of fit 1.150

R, (all data), R, [F> > 20(F?)] 0.024, 0.020

WR, (all data), wR, [F* > 26(F%)] 0.046, 0.045

DO DOmin/ @A 1.60, - 1.59

6.3.3 Structure Description

Following silicate nomenclature, LiPr,P,N,;O; can be classified as a monophyllo-oxonitridophospha-
te, of which only the two bex- and mcm-RE,P;N; modifications and LisP,N; have been known.”?**
The structure consists of vertex-sharing Q’-type P(ON), tetrahedra, condensed to four- and eight-
membered rings to form one planar single-layer per unit cell (Figure 6.2a). The Pr atoms reside bet-

ween the single layers on a general Wyckoft position, and as can be seen from projection along the

a direction (Figure 6.2b), are located in between the voids created by the eight-membered rings, as
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would be expected. Li, residing on a special Wyckoff position on the unit cell edges, are similarly lo-

cated in between two four-membered rings.

Table 6.2. Positions, Equivalent Displacement Parameters, and Occupancy of the Atoms in
LiPr,P,N,O5".

Atom Wyckoff position x y z Ue.,/lo\2 Occupancy
Pr1 4e 0.00067(2) 0.60908(2) 0.67233(2) 0.00774(2) 1
P1 4e 0.47490(8) 0.23585(5) 0.08271(3) 0.00559(5) 1
P2 4e 0.53807(8) 0.09178(5) 0.33902(4) 0.00623(6) 1
01 4e 0.2469(3) 0.10736(15) 0.04150(12) 0.00891(17) 0.75
N1 4e 0.2469(3) 0.10736(15) 0.04150(12) 0.00891(17) 0.25
N2 4e 0.3207(3) 0.40369(16) 0.13935(13) 0.00843(18) 1
N3 4e 0.3399(3) 0.71949(17) 0.04389(13) 0.00894(18) 1
N4 4e 0.6773(3) 0.15801(17) 0.19969(12) 0.00794(17) 1
05 4e 0.2212(3) 0.09014(15) 0.33258(12) 0.00953(17) 0.75
N5 4e 0.2212(3) 0.09014(15) 0.33258(12) 0.00953(17) 0.25
Li1 2c 0 0 1/2 0.0209(11) 1

°Sites N1/01 and N5/05 are shared positions.

The connection pattern of the contiguous four- and eight-membered rings can be subsumed by
point symbol 4.8° and vertex symbol 4.8.8."" To further classify the topology of the P(N/O), net, it
can be related to a mathematical tessellation of the Euclidean plane. The tiling pattern with maxi-
mum symmetry embedding of the 4.8.8-net is the Archimedean fes, in nomenclature of the Reticu-
lar Chemistry Structure Resource (RCSR) database (Figure 6.2¢)."" " The mathematical fes tiling in
holohedral symmetry has plane group p4mm (no. 11), while the symmetry of LiPr,P,N,O; along the
special [100] projection is the lower symmetric p2¢gg (no. 8) group. The distortions, visible in the elon-
gated and stretched four- and eight-membered rings of tetrahedra, are probably necessitated through
the incorporation of one- and trivalent metal ions, Li and Pr, into the structure.

A comparison of LiPr,P,N,O; with the apophyllite group of silicates, which also feature the fes-re-
lated tetrahedra net, may emphasize the flexibility of tetrahedra anion networks with regard to spatial
arrangement and symmetry. The apophyllites, e.g. fluorapophyllite Ca,K(SisO,,)F(H,0)s, crystallize
in space group P4/mnc (no. 128).5"

Their fes-related tetrahedra net, though having a higher symmetry group p4gm (no. 12) along the
special [001] projection, enters a corrugated boat-like conformation by alternating the direction in

which the terminal O atoms of the four-membered rings point. Curiously, the special projection of
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the apophyllite net has a higher symmetry group than the mathematical fes tiling. This is because the
four- and eight-membered rings of the silicate are not regular. Regular polygons, from which the fes
tiling is composed, are transitive on their vertices and edges, which means they only have one vertex

and edge that are equivalent through the automorphism group of the polygon.”**!

(@ . p

M
L/o

Figure 6.2. (a) Unit cell of LiPr,P,N,O;, Li displayed as gray, Pr as green, P as black, N as oran-
ge, N/O as red displacement ellipsoids at 95% probability level. (b) Projection of a supercell
along [100], revealing the tetrahedra connection pattern. (c) Archimedean fes tiling consis-
tent of regular squares and octagons with vertex symbol 4.8.8.

Because the apophyllites and LiPr,P,N,O; have different Si-Si and P-P interatomic distances (d(P-

P) = 2.837(1) to 2.905(1) A) the polygons spanned by their connection net are not regular and thus
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may be arranged with higher symmetry. The fes-related net conformations observed in apophyllites,
and LiPr,P,N,O; might be influenced by the incorporated metal ions and the different type of bonds
between Si-O and P-N. P-N bonds are more covalent, Si-O bonds more ionic, according to the
electronegativity differences.” The P-N (d(P-N) = 1.631(1)-1.668(1) A) and P-(N/O) bond lengths
(d(P-(N/O)) = 1.558(1)-1.561(1) A) in LiPr,P,N,O; are in the range of typically observed values of,

for example, layered oxonitridophosphate Sr;PsO4Ng: d(P-O) = 1.528(7), d(P-N) = 1.637(7) A

N5/05
2.482(1) A

N5/05 - N2 2.652(2) A
2.601(1) A 2.513(2) A

Figure 6.3. (a) Coordination polyhedron around Pr. (b) Coordination polyhedron around Li.

Prin green, Liin gray, N in orange, N/O in red. Ellipsoids displayed at 95% probability level.

BVS calculations indicated that the O occupies the terminal position of the tetrahedra net, as
expected from comparison with Sr;P;O¢N;."** Pr is thus coordinated by N/O in a distorted qua-
dratic antiprism (Figure 6.3a). This coordination of rare-earth ions has been reported for the meli-
lite-type RE,P;N, polymorph,m and the here observed Pr—(N/O) distances, d(Pr-(N/O)) = 2.456(2)-
2.725(2) A, are in good agreement with the values of RE,P;N; (RE = Pr, Nd, Sm, Eu, Ho, Yb), d(RE-N)

=2.32-2.84 A.”' Li is surrounded by a distorted octahedron of N/O (Figure 6.2b) with atomic dis-
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tances (d(Li-(N/O)) = 2.159(2)-2.435(2) A) in the typically observed range for 6-fold coordination

(e.g., Ce,LisP Ny, d(Li-(N) = 2.093(7)-2.747(4) A).”

6.3.4 Optical properties

Figure 6.4 shows the UV-vis spectrum of LiPr,P,N,O;. Typical absorption features are visible, which
can be attributed to the f-f transitions in Pr’* ions. This absorption is accountable for the pale-green
color of the crystals (Figure 6.1a). The assignment of the individual electronic transitions is based on
the reference given in the NIST Atomic Spectra Database, which is feasible because the energy levels
of the f electrons are only slightly influenced by the crystal field."*' ™"
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Figure 6.4. (a) UV-vis spectrum of LiPr,P,N,O; obtained with a step width of 1 nm/step. (b)
Region around the absorptions stemming from f-f transitions were measured with a step
width of 0.025 nm/step. The transitions are marked with the corresponding energy terms.
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The transitions, always from ground state *H,, are observed at 585 and 598 nm ('D,), 488 nm (*P,),
474 nm (°P, and 'I;), and 448 nm (°P,). The *P, and 'I; transitions could not unambiguously be re-
solved in the spectrum (Figure 6.4b); only a small shoulder is visible in the transition. The 'D, transi-
tion is most likely split in two by the crystal field, as has been reported in literature.***”

The optical band gap can be estimated from the valence to conduction band transition visible in
the UV-region of the spectrum (below 300 nm) by converting the reflectance data into the Kubelka-
Munk function and plotting it in a Tauc-plot (Figure 6.5)."***"

For the calculations a direct band gap was assumed ([hv-F(R.)]?, with h as Planck’s constant, v as
frequency, and F(R..) as the Kubelka—Munk function) and a linear regression fit to the region of steep-
est slope. The band gap value can be read off the x-axis intersection with E, = 4.1(1) eV. This estimate

of the band gap indicates that LiPr,P,N,O; is an electronically insulating material, which is in accor-

dance with the optical transparency of the single-crystals (Figure 6.1a).
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Figure 6.5. Tauc-plot calculated from the UV-vis spectrum. The Kubelka—Munk function is
displayed as black line, the linear regression (blue) fit to the data points highlighted in red.
Absorption onset is read off of the x-axis intersection (ca. 4.1(1) eV).
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6.3.5 High-Temperature Powder X-Ray Diffraction

The temperature-dependent powder diffraction pattern (Figure E.3) indicates a slow and gradual de-
composition of LiPr,P,N,O; starting at ca. 500 °C. As a decomposition product only Pr,O; could be
identified next to unknown phases.[46] The reaction progress, however, can be well monitored by the
increase in intensity of the main Pr,O; reflection at ca. 20 = 14°, as highlighted in Figure E.3. As the
data were collected over the course of 12 h, the decomposition starting at 500 °C is relatively slow and
completed at ca. 850 °C. The thermal decomposition temperature is in the range of the expected value,

as the RE,P;N, compounds decompose between 750 and 850 °C."”’
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6.4 Conclusion

LiPr,P,N;O; is an oxonitridophosphate consistent of single-layers, in which the tetrahedra are ar-
ranged in a net related by distortion to the fes tiling. UV-vis revealed that the pale-green color of the
single-crystals stem from Pr’* ion f-f transitions. The optical band gap of ca. 4.1(1) eV indicates an
electronic insulating material. HTPXRD showed a gradual decomposition starting at ca. 500 °C. The
preparation of LiPr,P,N,O; highlights the additional structural diversity accessible with mixed N/O
anion positions in phosphates. The number of yet undiscovered rare-earth nitridophosphates spiral-
ing from the adapted high-pressure metathesis route can only be estimated. By carefully adjusting
variables like N/O ratio, degree of condensation, and incorporated metal ion, a wide range of materi-
als is to be expected. The mixing of N and O further allows a better adjustability of the compounds’
compositions and hence is favorable for a closer-gridded search for desirable properties such as ion

conductivity or luminescence.
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Accessing Tetravalent Transition-Metal
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The oxonitridophosphate Hf,_,P,,N:, ;0. (X = 1.84) is the first one to incorporate a
tetravalent metal into its P/N framework. The high-pressure metathesis route is thus being
expanded to transition metals, emphazising the great flexibility the route has to offer.
The complex structure of Hf,_,P,;Ns, 4,04, (X = 1.84) consists of two interpenetrating P/N
frameworks, each adopting a highly decorated diamond-like net.
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Advancing the attainable composition space of a compound class can lead to fascinating
materials. The first tetravalent metal nitridophosphate, namely Hf, ,P,,N;, ,,0,, (x = 1.84),
was prepared by high-pressure metathesis. The Group 4 nitridophosphates are now an
accessible class of compounds. The high-pressure metathesis reaction using a multianvil
setup yielded single crystals that were suitable for structure analysis. Magnetic properties
of the compound indicate Hf in oxidation state +IV. Optical measurements show a band gap
in the UV region. The presented route unlocks the new class of Group 4 nitridophosphates
by significantly improving the understanding of this nitride chemistry. Hf,_,P,,N5, ;0,4 (x =
1.84) is a model system and its preparation is the first step towards a systematic exploration
of the transition-metal nitridophosphates.
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7.1 Introduction with Results and Discussion

Transition-metal nitridophosphates are a long-searched-for class of compounds that could give che-
mists and materials scientists decades of exploring."’ As their structures are expected to be similar to
oxophosphates or oxosilicates, so could be their properties. Well-known applications of transition-
metal phosphates are, for example, ion conductors or cathode materials.”* Research into transition-
metal nitridophosphates, however, is impeded by their challenging synthesis. Nitride ions are prone
to oxidation, as indicated by the positive electron affinity of N, and they are only stabilized by their
surrounding coordination environment.'’ With transition metals, the formation of nitridophosphates
is competed by this oxidation and the consequential formation of metal phosphides. Only few instan-
ces of successful synthesis of transition-metal nitridophosphates have been reported; for example, the
series M,'M"P,O,N (M'=Na, K, M"'=Al, Ga, Cr, Fe, Mn), nitrido-sodalites with 3d transition-metal
ions, and M"PN,/MP,N, with M"=Mn, Cu, Cd.”"" All of these compounds were prepared by spe-
cialized synthetic approaches, resulting in the individual type of material, but none of the methods
has proven to be adaptable to yield a systematic access to transition-metal nitridophosphates, with
control over structure and composition.

We believe that among the problems of synthesizing transition-metal nitridophosphates is the com-
peting N, elimination, and a lack of suitable starting materials and reaction conditions. M;'M"'P;0,N
and the nitrido-sodalites were obtained at ambient pressure, which can be a drawback since temper-
ature-labile starting materials such as P;N; may decompose (P;Ns>3 PN+N,, 7>850°C) prior to the
formation of the targeted phases.m] M'PN,/M"P,N, (M=Mn, Cu, Cd), prepared from the metal ni-
trides and P;Ns/HPN,, required pressures of several gigapascals, controlling the chemical equilibrium
by the principle of Le Chatelier."*"" This high-pressure technique, typically realized with a multianvil
setup, was also used for the preparation of nitridophosphates of the first and second main group.
Nowadays, several dozens of these compounds have been identified through high-pressure reaction
of metal nitrides or metal azides with P,N; or HPN,."?

Some nitridophosphate systems, however, have been inaccessible with the common nitride starting
materials. Rare-earth nitridophosphates, for example, could only be prepared by the newly developed
high-pressure metathesis route."” In this approach, the metal halides are reacted with alkali metal

nitridophosphates, for example, LiPN,, as displayed in Equation 7.1:
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MHal, + X LiPN, - MP,N,, + x LiHal Eq. 7.1

The stable Li halide is the thermodynamic driving force and acts as flux at the same time. Addition
of, for example, Li;N, Li,O, or P;N; influences the resulting atomic ratio of P/N and hence one can
control the type of material formed. Anion networks ranging from isolated PN, tetrahedra to dense
frameworks have been reported, which show that high-pressure metathesis grants a systematic access
to rare-earth nitridophosphates.”*"*

Herein, we show the feasibility of high-pressure metathesis to prepare nitridophosphates with a
Group 4 metal. The closest existing relative to this compound class are the Zr and Hf trimetaphos-
phimates, molecular structures in which the (PO,NH),> trimetaphosphimate anions are tridentate
ligands to the metals."”! The coordination, however, is by O not N, and furthermore, a successful
condensation to framework structures, oxonitridophosphates, has never been reported. Therefore,
the Hf, ,P,,N;, O, (x = 1.84) presented herein is the first oxonitridophosphate with a tetravalent

metal ion.

Hf, ,P,uNs, 4,0, (x = 1.84) was prepared by high-pressure metathesis following Equation 7.2:
8 HfCl, + 24 LiPN, + 4 Li,O — HfP;N,,N,;O, + 32 LiCl Eq.7.2

The reaction conditions of 8 GPa and 1300 °C were achieved using a 1000t hydraulic press and the
multianvil technique. Detailed information on the experimental setup are given in the Supporting
Information."

The compound was obtained as the only crystalline phase present in the sample; a slightly curved
background in the powder diffraction pattern, however, indicates an amorphous side phase (Support-
ing Information, Figure G.1, Table G.1). The title compound crystallizes in transparent, colourless
crystals, 20-30 pm in size (Supporting Information, Figure G.2), from which the crystal structure
was elucidated by single-crystal X-ray diffraction."” The structure was solved and refined (Support-
ing Information, Tables G.2-G.6 and Experimental Section) in space group I4,/acd (no. 142). The
structure features two not fully occupied Hf positions (Supporting Information, Table G.3): Hf1 with
about 88 % and Hf2 with about 6 % occupancy, leading to sum formula Hf; ;¢P,,N;,0; 3. The small

electron density on the Hf2 position might also be explained by a Li occupation. Refinement with Li

on this position, however, was not possible as it led to a negative thermal displacement ellipsoid stem-
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ming from a too large electron density (0.06 Hf = 1.44 Li, based on electrons/element). A Hf/Li split
position is also not suggested by additional electron energy-loss spectroscopy (EELS) measurements,
which could not detect any Li (for a detailed discussion about Li analysis with EELS and NMR, see
the Supporting Information, Figures G.3-G.8).

Isothermal magnetization measurements indicate that the sample is diamagnetic, which probably
stems from paired core electrons. Hence, the formal oxidation state Hf'"" is assumed for the electro-
static charge balancing. Further details regarding the magnetic measurement are given in the Sup-
porting Information, Figure G.9. The amount of O/N needed for electrostatic charge balancing was
determined from the refined Hf content in the measured crystal. The O/N assignment to the crystal-
lographic anion positions was based on electrostatic bond valence sum (BVS) calculations (Support-
ing Information, Table G.7).20

Energy-dispersive X-ray (EDX) spectroscopy confirmed the theoretical elemental composition
(theoretical/ measured Hf; ¢P,uNy6073¢ HE 102)P2710.9Nus0w0Ossa35 8 points of measurement),
while the presence of N-H/O—H vibrations was not suggested by Fourier transform infrared (FTIR)
spectroscopy (Supporting Information, Figure G.10). The compound showed no pronounced phase
width when prepared with differing starting material compositions, as can be expected from a struc-
ture with deficient heavy metal position. A discussion about the element ratio variation with regards
to stoichiometry of the starting materials and reaction conditions is given in the Supporting Informa-
tion.

The Hf2 position, with an occupation of only 6 %, is split into closely adjacent electron density peaks,
two larger ones and two smaller shoulders, as displayed in the Supporting Information, Figure G.11.
An anharmonic refinement of the observed electron density failed, and thus it was approximated by a
regular ellipsoid. The single-crystal data does not suggest a possible overlooked pseudosymmetry by
twinning leading to this electron density distribution, as discussed in the SI (Supporting Information,
Figure G.11 to G.14).

Hf, 16P2uN4, 6,056 crystallizes in a defect variant of the Ti;B,,0,¢ structure type, which consists of
two separate interpenetrating nets of vertex sharing tetrahedra (Figure 7.1a).”" Each individual net
comprises Q" and Q’ tetrahedra in the molar ratio 2:1 with point symbol (3.4.5.6°.8),(3.6%) (calculated

with TOPOS), resulting in a degree of condensation « = 0.46.”” The secondary building units of the
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nets are composed of twelve tetrahedra forming one hollow truncated supertetrahedron, each inter-

connected to four additional truncated supertetrahedra via two P-N-P bridges (Figure 7.1b,c).

CHAPTER 7

Figure 7.1. a) Unit cell of Hf;16P,4N44640736. Hf atoms are in black and diamond-type nets are
highlighted in dark gray/light gray, respectively. Occupancy of Hf atoms indicated by partly
filled-in spheres. b) One hollow truncated supertetrahedron and the underlying P—P con-
nection pattern. c) Centres of gravity of truncated supertetrahedra marked by light gray and
dark gray spheres, respectively, for both diamond-type nets. d) Sphere packing of centres
of gravity (light/dark gray spheres) of the diamond-type nets, forming a NaTl structure type.
Unit cell of sphere packing in light gray, one tetrahedral coordination highlighted by gray
connections.

The centres of gravity of the truncated supertetrahedra of one net form a diamond packing, so
that the topology of the nitridophosphate nets can be seen as a heavily decorated NaTl-type (Fig-

ure 7.1d).”” Interpenetration of nets in inorganic compounds is rare, but the most frequent type
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(total count 64 structure types, about 44 % of all interpenetration cases, based on the ICSD in 2005) is
with diamond nets or augmented diamond nets.”* The space group I4,/acd (no. 142) harbours several
instances of such interpenetrating networks such as Hgl,, while in the nitridophosphate-related class
of nitridoaluminates a case of interpenetrating nets of T5 supertetrahedra has been reported.”*"
The Hf atoms are coordinated in an octahedral fashion. The Hf1 coordination polyhedron is ad-
ditionally capped by the remote N3 and N6 atoms, leading to a Hf(O/N); bicapped octahedron (Fig-
ure 7.2a). The Hf—(O/N) interatomic distances justify this formal grouping, as the distances to the
capping atoms are by over one half angstrom larger than those of the octahedron. Hf-O distances in
comparable materials like Hf,[PO,],0 range from 2.035 to 2.362 A and are similar to the values found

for the atoms constituting the octahedral coordination.””

b
@ 20O o ©) ®
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Figure 7.2. Coordination spheres around a) Hf1 and b) Hf2 (in black) in a 3 A radius. Atoms
displayed with a probability of 95 %, Hf2 displayed as an isosurface at a 1.5 electrons/a,’ level
(a,=Bohr radius) owing to the unusual split position into four peaks.

Hf2 is also coordinated in a distorted octahedron; the Hf—(O/N) interatomic distances, however,
form two sets. Two atoms (N3 in Figure 7.2b) are at a comparable distance found in the Hf1 coordina-
tion polyhedron, but four atoms (N7, atoms in paper plane in Figure 7.2b) are relatively remote with
an interatomic distance of 2.600(3) A. The elongated Hf2-N7 distances may cause the Hf2 atom to
split in four positions, resulting in the cushion-like electron density distribution (Supporting Infor-
mation, Figure G.11). The coordination environment seems to be too large for the Hf atoms, which
might also indicate a reason for the low Hf2 occupancy.

The optical properties of Hf, ,P,,Ns, ,,O,, (x = 1.84) were determined with UV/Vis spectroscopy

(Figure 7.3). The valence-to-conduction band transition occurs in the UV part of the spectrum. The
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optical band gap was approximated by converting the reflectance spectrum to the Kubelka—Munk

[28,29

function and calculation of the Tauc plot under assumption of a direct band gap.”**’ As the point of
inflection could not clearly be determined, a linear regression was fit to the steep sloped region be-

tween 4.00 and 4.33 eV, yielding an estimated optical band gap of ca. 3.8 eV.
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Figure 7.3. Top: UV/Vis spectrum of Hfy_P,4Ns, 4,04 (x = 1.84). Bottom: Tauc plot of Hf,_
«P2aNs; 4,04, (x = 1.84). Linear regression (light gray line) was fit to the datapoints highlighted
in dark gray. The band gap was estimated from the intersection of regression line and x-axis.

The thermal stability of Hf, ,P,,Ns, ,, O, (x = 1.84) in air was investigated by high-temperature
PXRD (Supporting Information, Figure G.15, Experimental Section), which indicates that the com-

pound is stable up to at least the maximum measured temperature of 1000 °C. This stability is expec-

CHAPTER 7

ted since nitridophosphates with metal ions with formal oxidation states larger than one usually show

[13,14]

high thermal stability.
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7.2 Conclusion

The successful preparation of the first nitridophosphate with a Group 4 transition metal is a landmark
in the exploration of nitridophosphates. By opening a new class of compounds with lots of explorative
potential the elemental diversity in nitridophosphates is increased. The immediate task is a systematic
access to the Group 4 nitridophosphates, which means directing the synthesized anion network by
control over the ratio of P/N/O. The exploration of the rare-earth nitridophosphates set the guideli-
ne for doing so, addition of nitrides and oxides like Li,O and Li;N, or P;N; and PON to the starting
materials was shown to influence the resulting anion network."*'" Li*-containing structures likely to
show ion conductivity could for example be targeted, as in the structurally related class of NASICON
materials."”

The understanding of the underlying nitridophosphate chemistry obtained herein can help to tack-
le the aforementioned synthesis problems of the other transition-metal nitridophosphates with an
open-shell electron configuration. Those have been notoriously difficult to prepare, as only transition
metals with an empty, half-filled, or closed d-shell have been incorporated. Fe**, Co™", or Ni** systems,
for example, also undergo phosphide formation through N, elimination. Hence the next step is to

advance the high-pressure metathesis method to these completely uncharted systems.
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Chapter 8
High-Pressure Metathesis of the M,_,PO5,,N;_4,

Orthophosphates

Simon D. KloB3, Andreas Weis, Sophia Wandelt, Wolfgang Schnick

published in: Inorg. Chem 2018, 57, 4164-4170.POI: 10.1021/acs.inorgchem.8b00373

Reprinted (adapted) with permission from Inorganic Chemistry. Copyright 2018 American
Chemical Society.

TheM,_PO;,,N,_4 (x=0.05)and M, ,sPO,(M=Zr,Hf) orthophosphates were prepared through
high-pressure metathesis using a multianvil setup. The nitride-containing compounds show
that high-pressure metathesis gives a systematic access to group 4 nitridophosphates.
The M,;sPO, compounds are thermally labile and metastable at ambient pressures. High-
pressure metathesis is a promising route to numerous such metastable oxophosphates.
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We describe the oxonitridophosphates M, ,PO;.,N,, (x = 0.05) and the isotypic
oxophosphates M, ;;PO, (M = Zr, Hf) obtained by high-pressure metathesis. The structures
(ZrSiO,-type, space group /4;/amd (no. 141), a = 6.5335(7)-6.6178(12), c = 5.7699(7)-
5.8409(9) A, Z = 4) were refined from single-crystal X-ray diffraction data, and the powder
samples were examined with quantitative Rietveld refinement. Infrared spectroscopy did
notindicate the presence of X-H (X=0, N) bonds. The optical band gaps, between 3.5and 4.3
eV, were estimated from UV-vis data using the Kubelka—Munk function under assumption
of a direct band gap. Temperature-dependent powder X-ray diffraction showed a phase
transformation of the M, ;sPO, (M = Zr, Hf) compounds to ambient pressure polymorphs at
780 (Zr) and 900 °C (Hf). The preparation of the nitrogen containing compounds exemplifies
the systematic access to the new class of group 4 nitridophosphates granted by high-
pressure metathesis. Moreover, we show that high-pressure metathesis can also be used
for the preparation of metastable oxophosphates.
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8.1 Introduction

High-pressure metathesis using the multianvil technique was the first synthesis route to offer fast and
efficient access to oxonitridophosphates with trivalent rare-earth metals and, moreover, providing the
means to systematically direct the structures’ anion networks." ¥ Recently, high-pressure metathesis
was successfully expanded to nitridophosphates with the group 4 metal Hf. As the first instance of this
class of compounds the oxonitridophosphate Hf,_,P,,N;,_,.O,, (x = 1.84), which consists of two inter-
penetrating diamond-like anion frameworks, has been prepared.” While this compound has been a
first proof of principle, one strong-point of high-pressure metathesis for nitridophosphates, however,
is the granted control over the formed anion network. For the rare earths, for example, the flexible an-
ion networks range from highly condensed frameworks down to noncondensed tetrahedra."™* This
systematic tuning of the network type has yet to be proven for group 4 nitridophosphates.

The inherent challenge during synthesis of transition metal nitridophosphates is a competitive re-
dox reaction by which the nitride ion is oxidized and transition metal phosphides are formed."' Pre-
vious synthesis routes to transition metal nitridophosphates led only to scarce success most likely
due to unsuitable reaction conditions, e.g. lack of high-pressure methods, or unsuitable starting ma-
terials, e.g. lack of metal azides or reactive nitrides.”” The existence of nitridosodalites, which were
prepared at ambient pressures, showed stability of transition metals embedded in a nitridophosphate

191 No synthesis route, however, was discovered yet that grants control over the formed an-

network.
ion network. High-pressure metathesis may remedy these problems. It starts from reaction of readily
available metal halides with LiPN, under pressures of several GPa (Equation 8.1), a concept which is

in principle transferable to almost all metals of the periodic system:!"’

MHal, + x LiPN, — MP,N,, + x LiHal Eq. 8.1

The starting material LiPN, constitutes a preformed tetrahedra network made up of PN,-units, which
breaks down and reforms the new network."? The high-pressure conditions suppress the elimination
of N, and preserve the formed metal nitridophosphate. Moreover, the Li halide produced during the
reaction is at the same time the thermodynamic driving force and flux aiding the crystallization pro-
cess of the nitridophosphate."! Flexibility and further control over stoichiometry and structure can be

achieved by addition of oxides or nitrides such as Li,O, Li;N, P;N;, or PON as starting materials.”*™
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The targeted degree of condensation «, i.e. the atomic ratio of tetrahedra centers to tetrahedra cor-
ners, influences the anionic network formed and can be controlled by the stoichiometry of the start-
ing materials. Naturally, the low end of « is 1/4, representing noncondensed tetrahedra, while the high
end is determined by electrostatics. For the element combination P and N the highest « is 3/5, that
being the binary parent compound P;N;."

In this contribution we show that high-pressure metathesis may offer a systematic access to oxonit-
ridophosphates containing a group 4 element by preparation of Zr and Hf compounds with noncon-
densed tetrahedra and « = 1/4, namely Zr, ,PO;,, N, ,, and Hf, ,PO;,, N, ,, (x = 0.05).

As these nitridophosphates have vacancies on the metal position, the end members of the O/N
solid solution series, the oxophosphates Zr, ;;PO, and Hf, ,sPO, are also fathomable. These are miss-
ing members of group 4 phosphates, which is curious since this group was intensively investigated
because of their ion exchange and ion conductivity properties."* The subsolidus phase diagrams of
the pseudobinary system ZrO,-P,O; and several pseudoternary ZrO,-P,0;-MO, have extensively
been investigated in the literature.">'® Hitherto, only three ternary structure-types, the diphosphate
MP,0; and the orthophosphate oxide M,[PO,],O with M = Zr, Hf, as well as the chain phosphate
Zr(POs), were structurally characterized."” " ZrP,0,, among other tetravalent metal phosphates,
was discussed as a H' ion conductor for fuel cells.”” We were able to prepare these curious Zr,,sPO,
and Hf,,;PO, compounds with the high-pressure metathesis route and so advance the chemistry of
the group 4 oxophosphates.

Zr,,PO, and Hf,,sPO, are isotypic to Zr, ,PO;,, N, 4, and Hf, ,PO;,, N, 4, (x = 0.05) and crystallize
in a defect variant of the ZrSiO, structure type. The structural feature of noncondensed tetrahedra is
reminiscent of the important class of NASICON materials (Na,_.Zr,P;_Si, O, (0 < x < 3)), which are
known for their ion conduction properties and nuclear waste immobilization."**** Incorporation of
Na into oxonitridophosphates or metastable oxophosphates through high-pressure metathesis could
lead to compounds with similar properties.

In the following, we report the structures and properties of M, ,PO;, ., N, 4, (x = 0.05), and M, ,sPO,
(M = Zr, Hf) by means of single-crystal and powder X-ray diffraction (SCXRD, PXRD), scanning
electron microscopy (SEM) with energy dispersive X-ray (EDX) spectroscopy, infrared (IR) spectros-

copy, and UV-vis spectroscopy. We discuss stabilities of the compounds based on high-temperature
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XRD (HTXRD) and possible alternative synthesis routes of the M, ,sPO, (M = Zr, Hf) to determine

reasons for their late discovery.
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8.2.1 Li,O

Li,O was prepared by thermal decarboxylation of Li,CO; (Sigma-Aldrich 99.99%) under dynamic
vacuum conditions (<10~ mbar).”” For this purpose, a fused silica tube residing in a tube furnace
was loaded with a Li,COs-filled Ag boat. The tube was connected to an Ar/vacuum Schlenk line and
subsequently heated to 700 °C for 72 h in dynamic vacuum with temperature ramps set to 5 °C/min.
Moisture sensitive Li,O was recovered and then stored in a glovebox. The purity of the colorless prod-

uct was confirmed by PXRD to check for residual Li,CO;.

8.2.2 Phosphoric Triamide

The phosphoric triamide OP(NH,); is a starting material for the synthesis of PON and was prepared
by ammonolysis of phosphorus oxychloride POCI, in liquid ammonia.” A three-necked flask equip-
ped with one connection to an inert gas/vacuum/ammonia line and one connection to an overpres-
sure valve was dried in vacuum. Approximately 200 mL NH; (Air Liquide 5.0) was condensed into
the flask with an aceton/CO, freezing mixture. Approximately 10 mL of POCl; was added dropwise
through a septum into the stirred liquid ammonia. Excess ammonia was evaporated overnight and
the product OP(NH,); was obtained as a colorless powder in a 1:3 mixture with NH,CI. The product

was characterized by PXRD.

8.2.3 a-PON

Amorphous PON (a-PON) was prepared by condensation of OP(NH,); in a constant flow of ammo-
nia.”” A fused silica tube was prepared by drying at 1000 °C for 8 h under dynamic vacuum <0.1 Pa.
The above obtained 1:3 mixture of OP(NH,), and NH,CI was loaded on a fused silica boat in an Ar-
filled glovebox (O, and H,0O < 1 ppm) and conveyed into the tube furnace in an Ar counterflow via
transporter. The gas flow was switched to ammonia and the starting materials fired at 300 °C for 5 h
to sublimate the NH,Cl; then the temperature was increased to 620 °C with a 12 h dwell. All tempera-
ture ramps were set to 5 °C/min. The colorless a-PON was characterized by PXRD (check for residual

NH,CI) and IR.
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8.2.4 cri-PON

Cristobalite phosphorus oxonitride (cri-PON) was prepared by crystallizing amorphous PON.”*"
A dried fused silica tube with fused silica boat (tube furnace setup, 1000 °C for 8 h under dynamic
vacuum <0.1 Pa) was loaded with a-PON. The condensation was carried out for 168 h in dynamic
vacuum (<0.1 Pa) at 750 °C with temperature ramps set to 5 °C/min. cri-PON was obtained as a co-

lorless powder and characterized by PXRD and IR.

8.2.5 Oxo(nitrido)phosphates
Zr, PO;, N, 4 (x = 0.05), Hf, ,PO;,,, N, 4, (x = 0.05), Zr,,sPO,, and Hf,,;PO, were prepared by
high-pressure metathesis using a hydraulic 1000t press (Voggenreiter, Mainleus, Germany) and the
multianvil technique. The setup included a modified Walker-type module (Voggenreiter) with an
octahedron-within-cubes load driven by steel wedges. The here used 18/11 assembly consisted of Co-
doped (7%) tungsten carbide cubes (Hawedia, Marklkofen, Germany) with truncated edges (11 mm),
a Cr,05-doped (6%) MgO octahedron as pressure medium (18 mm edge length), and pyrophyllite
gaskets (Ceramic Substrates & Components, Isle of Wight, U.K.). The samples resided inside a h-BN
crucible (Henze, Kempten, Germany), and they were heated through resistance heating with a graphi-
te sleeve (Schunk Kohlenstofftechnik GmbH, Zolling, Germany). Additional information regarding
the employed high-pressure technique can be found in the literature.”* >

Starting materials were mixed and ground in a glovebox (O, and H,O < 1 ppm). All samples were
prepared by high-pressure metathesis starting from stoichiometric mixtures of ZrCl, (99.99%, Sigma-
Aldrich), HfCl, (99.9%, abcr GmbH), P,O,,(99.99% Sigma-Aldrich), cri-PON, and Li,O. The samples

were recovered as colorless products and washed with H,O to remove the LiCl byproduct. Additional

information regarding synthesis can be found in the Synthesis section.

8.2.6 Spectroscopy

A Helios Nanolab G3 Dualbeam UC (FEIL Hillsboro, OR, United States) equipped with an X-Max
80 SDD detector (Oxford Instruments, Abingdon, United Kingdom) was used for scanning electron
microscopy and the recording of EDX spectra. The samples were placed on an adhesive conducting

carbon foil affixed to a metal carrier and coated with carbon.
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Infrared spectra were recorded on a Spectrum BX II spectrometer (PerkinElmer Waltham, MA,
United States) with a DuraSampler ATR-unit in the range of 650-4500 cm ™.

UV-vis spectra were recorded in reflection geometry on a V-650 UV-vis spectrophotometer (JAS-
CO, Gross-Umstadt, Germany) equipped with a photomultiplier tube detector and a single mono-
chromator with 1200 lines/mm. The detected spectral range was from 240 to 800 nm, scanned with a
deuterium lamp (240-330 nm) and a halogen lamp (330-800 nm) with a 1 nm resolution and a scan
speed of 400 nm/min. The device was controlled with the Spectra Manager II software. Samples were
loaded onto a sample holder consisting of a fused silica slide and a BaSO,-coated stamp. The baseline

was recorded prior each measurement.

8.2.7 Solid State NMR

*'P NMR spectra of M,sPO, (M = Zr, Hf) were recorded on a DSX Avance spectrometer (Bruker) at
a magnetic field of 11.7 T. The samples were loaded into a 2.5 mm rotor made of ZrO,. The rotor was
mounted on a commercial MAS probe (Bruker). Spectra were recorded at a rotation frequency of 20

kHz and at room temperature. The raw data were analyzed with the device-specific software.

8.2.8 Single-Crystal Diffraction

X-ray diffraction on single-crystals was carried out on a D8 Venture diffractometer (Bruker, Billerica,
MA, United States) with a fine-focus sealed tube X-ray source. Cell determination, data reduction,
and multiscan absorption correction (SADABS), as well as calculation of planes through reciprocal
space were carried out using the APEX3 software.”**" Crystals were affixed on a MicroMount (Mi-
TeGen, Ithaca, NY, United States). The space groups were determined based on systematic absences
analyzed with XPREP."® Structure solution and refinement were carried out with SHELX-97.%7*"
Crystal structures were visualized with VESTA."”” Further details on the crystal structure analysis can
be obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Ger-
many (fax: + 49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de) on quoting the depository num-
bers CSD-433854, -433855, -433856, and -433857. CCDC 1816010-1816013 contain the supplemen-

tary crystallographic data for this paper. The data can be obtained free of charge from The Cambridge

Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.
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8.2.9 Powder Diffraction

PXRD on microcrystalline samples was carried out on a Stadi P diffractometer (Stoe & Cie GmbH,
Darmstadt, Germany) in parafocusing Debye-Scherrer geometry with Mo K, radiation. The instru-
ment was equipped with a Ge single-crystal monochromator, singling out the K,, emission line, and
a MYTHEN 1K silicon strip detector (Dectris, Baden, Switzerland). Samples were loaded into glass
capillaries (Hilgenberg GmbH, Malsfeld, Germany) with diameters ranging from 0.1 to 0.3 mm, de-
pending on absorption, and a wall thickness of 0.01 mm. Diffractograms were recorded in the angular
range of 20 = 2-76°.

1 o

Rietveld refinement was carried out with the program TOPAS-Academic V4. ! Peak shapes
were modeled using a fundamental parameters approach featuring a direct convolution of source
emission profiles, axial instrument contributions, crystallite size, and microstrain effects. The back-
ground was handled using a shifted Chebychev polynom.

High-temperature PXRD was recorded on a Stadi P diffractometer (Stoe & Cie GmbH, Darmstadt,
Germany) with Mo K, radiation source and equipped with a graphite furnace and an image-plate
position-sensitive detector. The diffractograms were recorded in the range of 260 = 3-65° in tempera-
ture steps of 20 K starting from room temperature to a maximum of 1000 °C. Samples were loaded

into fused silica capillaries (Hilgenberg GmbH, Malsfeld, Germany) with 0.5 mm diameter and 0.01

mm wall thickness.
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8.3 Results and Discussion

8.3.1 Synthesis
The title compounds were prepared by high-pressure metathesis starting from the metal chlorides,

Li,O, and PON or P,Os, respectively. Reaction equations are as follows:

ZrCl, + PON + 2 Li,O — ZrPO;N + 4 LiCl Eq.8.2
3 ZrCl, + 2 P,Os + 6 Li,O —> 4 Zr,,sPO, + 12 LiCl Eq. 8.3
HfCl, + PON + 2 Li,0 — HfPO,N + 4 LiCl Eq. 8.4
3 HfCL, + 2 P,Os + 6 Li,0 — 4 Hf,,PO, + 12 LiCl Eq. 8.5

The conditions for each reaction are listed in Table 8.1. All compounds were obtained as colorless
and transparent single-crystals large enough for XRD (Figure 8.1). Zr,,sPO, and Hf, ;;PO, were pre-
pared as crystallographically phase-pure materials, Zr, ,PO;,,, N, 4, had a minor, not-quantifiable,
side phase of ZrO, and Hf,_POs,,N,_,, has an 8 wt % side phase of HfO,."” Rietveld refinements are
shown in the Supporting Information (Figures H.1 to H.4, Table H.1). The thermodynamic stability
of respective metal dioxides impeded the preparation of phase pure compounds, but their formation
can be, to a good amount, circumvented by careful grinding of the starting materials. Structure analy-
sis (see Structure Determination) showed that the nitrogen containing compounds both have defects
on the heavy atom positions, necessitating a surplus of O for charge balancing and thus leading to
sum formulas M, ,PO;,,N, 4, (x = 0.05, M = Zr, Hf). Infrared spectroscopy did not indicate the pres-

ence of N-H or O-H bonds (Figure H.5).

Table 8.1. Reaction conditions for reactions in Eqs 8.2 to 8.5

Reaction Pressure/GPa Temp/°C Dwell/min  Temp up/down/min
Eq 8.2 6 1200 160 30/150
Eq 8.3 6 1200 160 30/150
Eq 8.4 6 1100 160 30/150
Eq 8.5 6 1100 160 30/150

EDX of the compounds showed that the experimentally determined composition is in good agree-

ment with the theoretical values: experiment/theory Zr, 171)P1 0s)O29907No 72023/ Z10.9sP103,Ny s (three
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points), Zr gs6/Poss9)Ou0aas)/ Zro75P104 (three points), Hf, o510)P1.014O3.1106No 72013/ Hf 95P103.,Ng 5 (nine
points), Hf; :10Po948)O3.9s016/Hfo 75P1O4 (eight points). EDX and single-crystal analysis indicate that
the amount of Zr/Hf and N/O incorporated in M,_PO;,,N,_,, seems to favor a structure with va-
cancies on the heavy atom position. We found no experimental evidence for the existence of the
end members ZrPO;N and HfPO;N. This could have electrostatic causes, in which for energy mini-
mization vacancies are required. Single-crystal diffraction and EDX, however, are not methods for
generating statistics; hence, the real compositional variance can only be estimated. The composition
certainly varies to some degree around the postulated value of x = 0.05, and in domains the end
members ZrPO;N and HfPO;N might be present. The analysis of this, however, is beyond the scope

of this report.

Figure 8.1. SEM micrographs of representative crystals of (a) Zr,_,POs,4N; 4 (b) Zr,;5PO,, (c)
Hf,_,PO;,4N;_4, and (d) Hf,75sPO,.

8.3.2 Structure Determination

The crystal structures of all compounds were solved and refined from single-crystal data. Crystallo-
graphic data is summarized in Table H.2, atom positions in Table H.3, lists of anisotropic displace-
ment parameters, bond lengths, and angles can be found in the Supporting Information (Tables H.4-
H.6). The structures were solved in space group I4,/amd (no. 141), determined from systematically
absent reflections, yielding the positions of all heavy atoms including P. O and, respectively, N were

determined through difference Fourier maps. The occupancy of the single Zr and Hf positions in
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M, PO, , N, 4 (x=0.05, M = Zr, Hf ) was freely refined and the O/N occupancy adjusted to maintain
charge neutrality. The M, ;;PO, structures were tested for additional vacancies on the P and M posi-
tions; however, none were found, and therefore, both occupancies were fixed to 1 and 3/4, respectively
(details in Supporting Information). As the heavy atom positions of all products are not fully occu-
pied, they might form an ordered vacancy distribution. Such an ordering would require either a lo-
wering of the space group symmetry, as only one Zr/Hf Wyckoft-position exists in I4,/amd (no. 141),
or an enlarged unit cell. Reconstructed planes through reciprocal space (Figures H.6 to H.9) indicate
neither the existence of superstructure reflections nor reflections breaking the systematic absences,
as would be required for the maximal translationengleiche subgroups of I4,/amd (no. 141). Hence, a
random distribution of vacancies was assumed. The structure models with a random distribution of
vacancies were also corroborated by *'P solid state NMR measurements carried out on the M,,sPO,

compounds (Figure H.10).

(a) o (b)

L<, L.,

Figure 8.2. Unit cell of the Zr and Hf orthophosphates. Figure based on structure model of

Zr,_PO3,4N;_4, with metal atoms in green, P in black and N in orange: (a) random orientation
of the unit cell; (b) projection along [100]. Ellipsoids are set to a 90% probability level.

CHAPTER 8

8.3.3 Structure Discussion

All title compounds crystallize in the ZrSiO, structure-type, space group I4,/amd (no. 141), albeit be-
ing defect variants as the heavy atom positions are not fully occupied. The crystal structure comprises
noncondensed P(O/N), tetrahedra, as illustrated in projection along [100], alternatingly pointing up-

and downward (Figure 8.2). The tetrahedra are separated by heavy atoms, which are coordinated in
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a M(O/N), bisdisphenoid (also called dodecadeltahedron, Johnson solid Js, Figure 8.3).""! The bisdi-
sphenoid is common in structures with noncondensed tetrahedra and has been observed in the room
temperature modification of AgClO, as well as anhydrite CaSO, and scheelite CaWO,."***) A math-
ematical bisdisphenoid is a deltahedron with symmetry D,,; in Schonflies notation and vertex symbol
(3")4(3%);; in the M(O/N); polyhedra of presented orthophosphates this symmetry is retained (Figure

[47]

8.3b) but two different M-(O/N) distances lead to irregular triangles as faces of the polyhedra.

(@) (b)

Figure 8.3. Heavy-atom M(O/N); coordination polyhedron based on structure model of Zr,_
«PO3,4N;_4, with metal atom in green and N in orange: (a) polyhedron in random orientation;
(b) polyhedron in projection along the 4 rotoreflection. Ellipsoids are set to a 90% probability
level.

A comparison of the title compounds with ZrSiO, and HfSiO, shows that the Hf compounds have
a smaller unit cell than their Zr counterparts (Figure 8.4).**” This shrinkage is due to the increased
relativistic contraction of the 5d Hf atoms compared to the lighter 4d Zr atoms, resulting in slightly

* Chemically, Hf and Zr are very similar, unlike, e.g. Mo and W; the relativistic

smaller Hf atoms.
contraction and the shell-structure expansion cancel each other out, which might explain why Hf and
Zr adopt the same structure—type.[sn Since the heavy-atom positions in M,,;PO, are occupied to 3/4,
their unit cell volume is expectedly smaller than that of the oxonitridophosphates. The P-(O/N) bond

lengths are longer for the nitrogen containing compounds than in the pure oxophosphates, but all

bond lengths are shorter than the respective Si-O interatomic distances of zircon and hafnon.
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Figure 8.4. Comparison of lattice parameters a and ¢, unit cell volumes V, and P-(X) and M-

(X) (X=0/N) distances of all title compounds as well as ZrSiO, and HfSiO4.[48’49
of the title compounds were extracted from Rietveld refinement and interatomic distances

I Cell parameters

from single-crystal refinement. Standard deviations are displayed for interatomic distances,
not for lattice parameters as they are too small to be visualized.
The P-(O/N) bond lengths found here are in good agreement with values found in 3-K,SO,-type
Sr,PO;N (d(P-(O/N)) = 1.569-1.574)."* For the M-(O/N) distances no trend can be postulated,
and the values of the two different distances range from 2.135 to 2.163 A and from 2.250 to 2.264 A,

respectively.

8.3.4 Thermal Properties

High-temperature PXRD diffractograms (Figures H.12 to H.15) were recorded to a maximum tem-
perature of 1000 °C to investigate the thermal stability of the compounds in air. The oxophosphates
M, ;sPO, seem to undergo a phase transformation to ambient pressure polymorphs with the same
composition at ca. 900 °C for Zr,;;PO, and at ca. 780 °C for Hf,,sPO,. The diffraction pattern of the
Zr,,5sPO, phase transformation matches a unit cell reported by Alamo et al. reported for Zr ortho-
phosphate Zr, ,5(PO,);. This Zr,,;(PO,); was reported to enter the NASICON structure-type as the
unit cell is similar to that of NaZr,(PO,); (Figure H.16).”" The phase transformation of Hf,,;PO,
yields a similar powder pattern (Figure H.17), but no corresponding Hf, ,5(PO,); structure has been
reported. Since the unit cell reported for Zr, ,5(PO,); also matches the reflection pattern after the pha-

se transformation, a similar structure can be assumed.
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While no decomposition was observed for the Hf,_,PO;,,N,_,, up to 1000 °C, the oxonitridophos-
phate Zr,_.PO;,,N,_,, decomposes at ca. 680 °C. Most of the diffraction pattern can be explained
by the Zr,,5(PO,); reference; however, several reflections could not be assigned to any known phase
(Figure H.18). From the chemical composition the unknown phase should be rich in Zr, but the pat-

tern did not match that of ZrO,.**

8.3.5 Optical Properties

The UV-vis spectra recorded for each compound reveal valence to conduction band transitions in the
UV range (Figure H.19). To obtain an estimate of the optical band gap, the reflectance spectra were
transformed into the Kubelka-Munk function and plotted in a Tauc-plot (Figure 8.5).**** A direct
band gap was assumed for the structures. A linear regression was fit to the regions of steep slope and

the estimated band gap value read off at the x-axis intersection.
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Figure 8.5. Tauc-plots of all compounds, generated from UV-vis reflectance data. Kubelka-
Munk function in black, linear regression (blue) fit to data points highlighted in red. Special
case for Hf,,sPO, as two slopes are discernible; two regression lines (blue and green) were fit
to the data points (red and orange) yielding adsorption onset values of 3.6 and 4 eV, respec-
tively.
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The values for the M, PO, N, (M = Zr, Hf) are E, = 3.5 and 4.3 eV, respectively, while Zr,,;PO,
has a value of E, = 4.2 eV. The band gap of Hf,;sPO, cannot unambiguously be derived since the UV-
vis spectra shows no clear beginning of the valence to conduction band transition (Figure H.19d),
which leads to a Kubelka~Munk function with an additional point of inflection in the region of stee-
pest slope (Figure 8.5, bottom). Two different slopes are discernible, both leading to different values of
E,, 3.6 and 4 eV, respectively. This absorption might not only be caused by the valence to conduction
band transition but could also be influenced by local defects. Hence, a true optical band gap cannot

be derived here, only the beginning of absorption, which is at =3.6 eV.

8.3.6 Alternative synthesis methods

Metathesis reactions were successfully applied in the synthesis of temperature labile compounds
of, e.g., metal borides, nitrides, and carbides.”™ The energy for the product formation is generated
through the exothermic nature of the metathesis reaction, allowing for lower furnace temperatures.
Since Hf, ;sPO, and Zr,,sPO, are ternary phosphates they might be accessible without applying high
pressures. Analogous metathesis reactions were therefore carried out in alumina crucibles in sealed
Ar ampules at 700 °C. This temperature was chosen since the HTXRD data indicate that both phos-
phates do not start to undergo a phase transformation at that temperature. The reactions, however,
did not yield the desired orthophosphate as M,(PO,),O (M = Hf, Zr), and unidentified side phases
were formed."” Hence, formation of the orthophosphate, with its defect ZrSiO, structure, seemed to
be stabilized under high-pressure conditions. As mentioned in the HTXRD section, the phosphates
undergo a phase transformation to the ambient pressure form of Z1,,5(PO,);.”"! Hence the oxophos-
phates reported here might be the high-pressure polymorphs of this structure-type and metastable
under ambient pressure conditions. Hence they were not previously discovered despite the thorough
investigation of the group 4 phosphates. Thus high-pressure metathesis opens a route to compounds

that are thermally labile and potentially metastable at ambient pressures.
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8.4 Conclusion

The preparation of the oxonitridophosphates with group 4 metals comprising noncondensed P(N/O),
tetrahedra, M, ,PO;,,,N, 4, (M = Zr, Hf) shows that high-pressure metathesis can grant a systematic
access to this class of compounds. Naturally, more types of anion network have to be prepared to un-
derline the capability of the high-pressure metathesis route.

Moreover, high-pressure metathesis could be a viable route to unknown oxophosphates, as shown
with the preparation of Zr, ,sPO, and Hf,, ,sPO,. The latter are inaccessible by ambient pressure synthe-
sis methods and are probable high-pressure polymorphs of the M, ,;(PO,); phases crystallizing in the
NASICON structure-type. Zr, PO, and Hf, ,sPO, have, most likely, not been discovered before since
they are metastable at ambient pressures and could not be prepared without high-pressure techniques.
Hence, high-pressure metathesis could also be used to target metastable systems of oxophosphates,
which were previously only accessible via kinetic control of ambient pressure synthesis methods.

The orthophosphates reported here are an intriguing starting point for the search for ion conduc-
tion properties within the group 4 (nitrido)phosphates, as are known from the structurally related

class of NASICON materials.
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The ternary MP;N,, (M = Fe, Co, Ni) nitridophosphates were prepared by high-pressure
metathesis. Transition metal nitridophosphates are a new class of materials consistent
of earth-abundant elements. Magnetic and optical properties of these compounds were
studied for the first time. The ligand field properties of nitride ions were investigated on
[MN¢] chromophores.
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3d transition metal nitridophosphates M"P;N,, (M" = Fe, Co, Ni) were prepared by high-
pressure metathesis indicating that this route might give a systematic access to a
structurally rich family of M-P-N compounds. Their structures, which are stable in air up
to at least 1273 K, were determined through powder X-ray diffraction and consist of highly
condensed tetra-layers of PN, tetrahedra and MN, octahedra. Magnetic measurements
revealed paramagnetic behavior of CoP;N,,; and NiP;N,, down to low temperatures while,
FeP;N,, exhibits an antiferromagnetic transition at Ty = 3.5(1) K. Curie-Weiss fits of the
paramagnetic regime indicate that the transition metal cations are in a oxidation state +lI,
which was corroborated by Mossbauer spectroscopy for FeP;N,,. The ligand field exerted
by the nitride ions in CoP3;N,; and NiPgN,, was determined from UV/Vis/NIR data and is
comparable to that of aqua-ligands and oxophosphates.
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Chapter 9 - MPgN,, (M = Fe, Co, Ni)

9.1 Introduction with Results and Discussion

Nowadays, group one and two nitridophosphates are well-studied but the progress of exploration
beyond these two groups, towards transition metal compounds, is limited. As a consequence, the
knowledge about the underlying chemistry of such compounds, from structural to electronic pro-
perties, is scarce. Here we report the first ternary open-shell 3d transition metals nitridophosphates
M"PgN,, (M = Fe Co, Ni). Taking advantage of the open-shell electron configuration of these metal
ions, we present, based on magnetic susceptibility data and electronic spectra, the first ligand field
analysis for transition metal ions in nitridophosphates. That these compounds were discovered only
now, is in part owed to the difficult synthesis of nitridophosphates, whose challenges are briefly int-
roduced in the following." ™

The element combination P/N is isoelectronic to Si/O, hence nitridophosphates form tetrahedra
networks similar to silicates. However, unlike silicates, nitridophosphates are usually not refracto-
ry and melt incongruently at ambient pressures. This is owed to the positive electron affinity of N,
making nitride ions prone to oxidation, the major challenge in nitridophosphate synthesis."” Hence,
common starting materials like P;Ns decompose above ca. 1100 K (P;N; ® 3 PN + N,), well-below the
crystallization temperatures of most nitridophosphates.” High-pressure reaction conditions, usually
achieved with a multianvil setup, are mandatory for most syntheses as the counter-pressure suppres-
ses decomposition of the nitrides following the principle of Le Chatelier.”

For non-main group nitridophosphates it is challenging to find suitable starting materials as the use
of metal azides and nitrides is dependent upon their stability."” For example, for trivalent rare-earths,
these precursors are not practicable, as the azides are too instable (or unknown) and the nitrides too
unreactive.”’ An alternative is the recently applied high-pressure metathesis, which we reported for
rare-earth and group four nitridophosphates. The metathesis starts from metal halides and LiPN,, e.g.

9,10]

Eq. 9.1, yielding the nitridophosphate and a lithium halide as byproduct.!
NdF; + 4 LiPN, — LiNdP,N; + 3 LiF Eq.9.1

The formed lithium halide is the thermodynamic driving force of the exothermic reaction and flux
medium enhancing the growth of single crystals.”’ By addition of nitrides or oxides like Li,N, P,Nj,

Li,O, PON, or P,0; to this route, a systematic access to rare-earth nitridophosphates has been esta-
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9.1 Introduction with Results and Discussion

blished resulting in compounds with structural motifs ranging from highly condensed frameworks
(e.g. Ce,Li;P14N35) down to non-condensed tetrahedra (e.g. Ho,[PN,]O).I""

Transition metal nitridophosphates are more difficult to prepare because the competing N, elimina-
tion reaction is favored by the formation of stable phosphides. While phosphide formation is repor-
tedly a minor problem with group four oxonitridophosphates prepared by high-pressure metathesis
at moderate pressures, it affects the late 3d transition metals."” Up to now, Fe, Co, and Ni were only
stabilized with a pressure-ampoule route in Mg, () Hox[P12N5i] X, with X = CL, Br, ;0 < x < 4; y < 2
sodalites, which, however, have a low framework density."””’ Structures with a higher density require
higher temperatures, which in turn triggers the oxidation of nitride ions, and have thus not been
reportet yet.

With high-pressure metathesis we could prepare the M"PsN,, (M = Fe Co, Ni) compounds fol-
lowing Eq. 9.2, requiring pressures of 9 GPa and temperatures of ca. 1473 K (achieved with the mul-

tianvil technique, experimental details in the Supporting Information).""

MX, + 2 LiPN, + 2.25 P;N; (ex) = MPyN,, + 2 LiX + “0.75 PN” + “0.25 N,” Eq. 9.2

with X = Cl for Fe, Ni and X = Br for Co. A slight excess of P;N; was used to suppress phosphide for-
mation and to obtain crystallographically pure compounds. The excess P;N; may undergo amorphi-
zation or side reactions with the crucible releasing N,, which further shifts the chemical equilibrium
according to Le Chatelier, similar to the mechanism proposed for the azide route.* Pressures below
9 GPa yielded mainly metal phosphides. The here used reaction conditions are unprecedentedly ex-
treme for the stabilization of any metal in nitridophosphates, underlining the severity of the redox
chemistry problem.

The isotypic compounds crystallize as colorless (FePyN,,), pale-blue (CoP¢N},), and pale-green
(NiPgN,,) microcrystalline powders that are resistant to air, water, and concentrated acids. Their
structure was solved and refined from powder X-ray diffraction (PXRD) data (Tables I.1-1.5, Figures
1.1-1.3)."” The theoretical composition was confirmed by energy dispersive X-ray (EDX) spectro-
scopy (measured: FeP; N4 (10 points), CoPg ;N4 (5 points), NiPg,N 24 (4 points). Some
small oxygen impurities were detected, which, however, might be due to passivating surface hydro-

lysis/oxidation of the small crystallites or traces of residual moisture (Figure I.5). FTIR spectroscopy
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Chapter 9 - MPgN,, (M = Fe, Co, Ni)

indicated no N-H bonds present in the samples (Figure 1.6). The compounds are stable in air up to

1273 K (Figure 1.7-1.9).

(b)

AA

Y V/,v '
a b

Figure 9.1. Crystal structure of MPgN,,, MN, octahedra displayed in light gray, PN, tetrahedra

in dark gray, M as light gray spheres, P as black spheres, N omitted for clarity. (a) Projection
along b, (b) projection along a.

The crystal structure of MPgN,, is related to that of SrPgN,, (details in SI) and consists of vertex-
sharing PN, tetrahedra forming highly-condensed tetra-layers, which are separated by metal ions
(Figure 9.1). " Each tetra-layer consists of four single-layers, which are composed of six-membered
rings arranged in a distorted honeycomb net (Figure 1.10). The stacking sequence is ABCD, as the
second and third layers are related by the e glide plane of space group Cmce.

Three coordination environments of N are present in the structure, one with coordination by two
P (N®), one with coordination by three P (NP, and one with coordination by two P and one M
atom (N"*™). Moreover, the coordination of the N atoms are close to trigonal-planar, suggesting
sp” hybridization of N (Figure I.15), which will be discussed later concomitant with the UV/Vis/NIR
data. The interatomic P-N distances mirror the coordination environments: the P-N" distances are

the shortest with 1.533(2) < d(P-N) < 1.564(3) A, the P-N"' the longest with 1.681(3) < d(P-N) <
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9.1 Introduction with Results and Discussion

1.725(3) A and the P-N""'are intermediate with 1607(2) < d(P-N) < 1.634(5) A (Tables 1.6-1.8). The-
se variations can be explained within Paulings rule of Coulomb repulsion in complex ionic crystals
and the pressure-distance-paradox of Kleber."”'¥ Similar interatomic distances have been found in
nitridophosphates with comparable tetrahedra connection patterns such as f-HP,N, and MP,N, (M
= Na, K, Rb, Cs; 1.528 < d(P-N) < 1.755 A)."""").

The metal ions are coordinated in elongated MN octahedra with separate sets of equatorial and axi-
al M-N interatomic distances (d.q((Fe; Co; Ni)-N = 2.201(4); 2.188(3); 2.164(3) A, d,.((Fe; Co; Ni)-
N) = 2.585(7); 2.605(4); 2.535(4) A, Tables 1.6-1.8). The trend in equatorial distances agrees with the
sum of ionic radii (Shannon) if high-spin states are present for Fe’" and Co** and further charge distri-
bution (CHARDI) calculations are consistent with the structure model (Tables I.12-1.14).%**"** For
Fe’" the high-spin state was shown with Méssbauer spectroscopy (Figure 1.14). Further corroboration
will be given along with the magnetochemistry and UV/Vis/NIR spectroscopy presented below.

The magnetic properties of the MPyN,, compounds were determined using the Vibrating Sample
Magnetometry (VSM) option of a Quantum Design Physical Property Measurement System (PPMS).
Susceptibility measurements reveal a linear behavior in ' above 100 K for all compounds, which
indicates paramagnetism (Figures 9.2 for M = Fe, 1.11, I.12 for M = Co, Ni). The iron compounds
susceptibility additionally features a slight bent below 100 K indicating a temperature dependency of
the magnetic moment (Figure 1.13). The effective magnetic moments g, extracted from Curie-Weiss
fits, indicate upon comparison with the calculated spin-only values, that Fe, Co, and Ni are in oxida-
tion state +1I, and in high-spin states for Fe and Co (Table 9.1). The values for CoPgN,, and NiPgN,,
are, however, slightly higher than the spin-only values, a circumstance that could be traced back to
spin-orbit coupling and low-symmetry components of the ligand field. This assessment is based upon
the UV/Vis/NIR analysis through angular overlap modeling (AOM) discussed later and in the Sup-

porting Information.
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Figure 9.2. Magnetic properties of FePyN,,: (a) x and x' data measured at 10 kOe, (b) zero-
field-cooled / field-cooled measurements (ZFC/FC) at 100 Oe and (c) magnetization isotherms
recorded at 3, 10 and 50 K. In the isotherm at 3 K the lower line is increasing field, upper line
decreasing field.

Interestingly, FePgN,, shows an antiferromagnetic (AFM) transition at Ty = 3.5(1) K in the low-
field (100 Oe) zero-field-cooled / field-cooled measurements (ZFC/FC, Figure 9.2b). It is the first
nitridophosphate in which a cooperative magnetic ordering phenomenon has been observed. The
AFM state is also visible in the magnetization isotherms at 3 K (Figure 9.2¢). Its S-shape indicates a
spin-reorientation from and to the AFM ordering, in contrast to the slightly bent and linear curves at

10 and 50 K. Moreover, the 3 K isotherm features a small hysteresis between the increasing and decre-
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asing field curve indicating a weak permanent magnetism. The magnetic measurements are discussed

further in the Supporting Information.

Table 9.1. Magnetic data for MPgN,, (M = Fe, Co, Ni) with Ty being the Néel temperature, p.« the
effective magnetic moment, y,. the calculated spin-only moments, pson the calculated (AOM) mo-
ments in the range of 100 to 300 K accounting quantitatively for spin-orbit coupling, ., the satura-
tion moment at 3 K and 80 kOe, and 6, the Weiss constant.

Compound Tv/K Mest | Mo Heaic/ s Haom / Hs Hear/ M5 6, /K
FePsN,, 3.5(1) 4.84(1) 4.90 5.30 1.90(1) —-0.9(1)
CoP;N,, - 4.27(1) 3.87 4.24-4.30 1.69(1) -9.6(1)
NiPsN,, - 3.22(1) 2.83 3.17-3.22 0.63(1) —-12.8(1)

To investigate the optical properties of the pale-blue CoPyN,, and light-green NiP¢N,,, UV/Vis/
NIR spectra were recorded (Figure 9.3). The color of the compounds stems from the d-d-electron
transitions but the assignment of the transitions to term symbols is, however, not straight forward
(Table I.15, 1.16). The [MN;] chromophores do not exhibit O, symmetry but are strongly elongated
along one axis (point symmetry 2/m, Figure 1.16, Tables I1.6-1.11). This elongation presumably leads
to a lowering of the energy of the d(z%), d(xz), and d(yz) orbitals resulting in splitting of the 4T1g(P)
(CoPgN,,) and the’ T,,(F) states (NiPgN,,, Figure I.15). Such severe geometric influence on d-electron
energies has similarly been observed for [Ni"Og] chromophores.””

With assignment of the transitions to electronic states, the ligand field splitting A, (energy diffe-
rence between t,, and e, orbitals) and the Racah-parameter B (measure of interelectronic repulsion
of the d-electrons) were determined with Tanabe-Sugano (TS) diagrams (Table 9.2, details in Sup-

porting Information).”"

Table 9.2. Ligand field splitting parameter A,, Racah-parameter B, and nephelauxetic ratios from
Tanabe-Sugano and from AOM, B and Baou.””

Compound A,/cm™ B/cm™ B B rom
CoP;N,, 7915 842 0.85 0.75
NiP;sN,, 7300 820 078 078

B indicates that Co is in a high-spin state, in line with the magnetic measurements. The nephelau-
xetic ratio 8 = B/Bg.ion (Table 9.2), which is the reduction of the inter-d-electron repulsion compared

to the free ion, points for the [MN4] chromophores to a slightly higher covalency than observed for
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oxo-ligands (B = 0.8 or above).” For nitride ions in typical solid-state compounds this value has to
our knowledge never been reported.

Discrepancies in  (Table 9.2) from the TS evaluation and AOM (explained below) point to the
limitations of the two-parameter model (4, and B) in describing the ligand field splitting in the low-
symmetry [MN] chromophores.”**” In addition to the dramatic elongation (radial distortion) of the
chromophores the symmetry of the ligand field is further lowered by a second-sphere ligand-field
effect.” The latter occurs since the N ligands are trigonal-planarly coordinated (see above, Figure
L.15) and therefore probably sp® hybridized. Only the p-orbital (of nitrogen) perpendicular to the

trigonal plane will interact with the metal d-orbitals, while the in-plane p-bonding can be neglected.

~— wavelength / nm
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Figure 9.3. Powder reflectance spectra of CoPgN,, (top) and NiPgN,, (bottom). Tick marks at
the bottom of each spectrum indicate calculated (AOM) transition energies for the [M"N¢]
(M" = Co, Ni) chromophores. Length of tick marks indicate the ratio of spin-allowed to spin-
forbidden transition resulting from configuration interactions.

Low-symmetry ligand fields can be described by angular overlap modeling (AOM), which uses a
molecular orbital approach and describes the metal-ligand interaction in terms of covalent o- and

n-bonding.” For each ligand, one o- and two m-interactions are used with energies e,(M"-N) and
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e,(M"-N). Here, the actual geometric structure of the chromophore, as obtained from crystal struc-
ture analysis, is accounted for by attenuation of the energy of each interaction. The remote axial N
ligands naturally have weaker interactions. Furthermore, the angular dependence of the interactions
is thus accounted for quantitatively. Further details about AOM, its validity in the present case and
the parameters for the calculation for all three MP¢N,, compounds, and detailed results are given in
the Supporting Information.

The AO modelling of the spectra provides quantitative evidence for the influence of the geometric
distortion of the [MN,] chromophores and to a lesser extent of the p-anisotropy on the splitting of
the states, which would be degenerate in a ligand field of O, symmetry. Moreover, more accurate ne-
phelauxetic ratios 8 = 0.75 and 0.78 for the [CoNy] and [NiNy] chromophores, respectively (Figure 9.3)
were thus obtained. According to this study values e,(M "-N) are quite similar to e,(M"-0O) in oxophos-
phates despite approximately 10% longer interatomic distances d(M"-N) compared to d(M"-0). As
one might have anticipated from the higher polarizability of the nitride ion in comparison to oxide a
slightly stronger nephelauxetic effect (lower S; higher covalency) is evidenced for the nitrido ligands.

The ligand field analysis by AOM using the computer program CAMMAG with its quantitative treat-
ment of spin-orbit coupling yields also magnetic moments for the [M"Nj] chromophores (Table 9.1).”” For
CoPgN,,, the larger y.¢ could only be modeled when incorporating the assumed anisotropic n-bonding
(only one contributing p-orbital). Hence, this is the first evidence for sp” hybridization of nitride ions

in nitridophosphates based on experimental data (details in SI).
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9.2 Conclusion

High-pressure metathesis is a viable route to difficult to prepare open-shell 3d transition metal nitri-
dophosphates. Reminiscent of this route is the ion-exchange reaction towards the transition metal ni-
tridosilicate Fe,Si;Ng."*® In the ion-exchange, starting from FeCl, and a-Mg,Si;N; at moderate 1253 K,
no Si-N bond cleavage and formation has to take place, which prevents decomposition into the bi-
nary compounds and elements. In high-pressure metathesis of nitridophosphates the ion-exchange
is concomitant with a reformation of the tetrahedra network, enabling explorative structure che-
mistry. The high-pressures in the GPa range increase the temperature of N, elimination/phosphide
formation, while the metathesis allows a reaction at lower temperatures. The onset of the formation
of MPgN,, could be pinpointed to 9 GPa, which leaves a large potential for further investigation of
transition-metal-rich phases as it is well below the maximum achievable pressure of the multianvil

technique (., = 25 GPa).
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The publications within this cumulative dissertation thesis illustrate the successive progress made in
gaining systematic access to rare-earth and transition metal nitridophosphates through high-pressure
metathesis. Prior to this work no synthesis route to rare-earth nitridophosphates was known and very
few transition metal nitridophosphates were described in literature. The obstacles to overcome inclu-
ded the development of a new synthesis route, devising alternative starting materials, as rare-earth
and transition metal nitrides and azides were not suitable, and the elimination of N, during synthesis,
which especially for open-shell transition metal nitridophosphates is favoured due to formation of
stable metal phosphides. The here introduced high-pressure metathesis route employs readily availa-
ble starting materials; in the simplest case (cf. Chapter 2), a metal halide, which is reacted with LiPN,
under high-pressure conditions achieved with large volume presses and the multianvil technique.
One advantage of the metathesis route is the thermodynamic driving force generated through co-
formation of a stable lithium halide, which propels the nitridophosphate formation. Moreover, flux
properties are ascribed to the lithium halide, supporting the growth of nitridophosphate crystals.
Readily available single-crystals greatly speed up the process of materials characterization, from iden-
tifying the components of a multi-phase reaction product, to elucidating their crystal structures and
to the preparation of phase-pure samples that can be used for determining the physical properties of
interest.

The systematic access to rare-earth and transition metal nitridophosphates was achieved by a step-
wise expansion of the high-pressure metathesis route. The fundamental reaction pathway starts from

salt metathesis between rare-earth halides and LiPN, as presented in Chapter 2, e.g. Eq. 10.1.

NdF; + 4 LiPN, — NdLiP,N; + 3 LiF Eq. 10.1

By addition of Li;N to the starting materials, lower-condensed networks were created such as

the layered RE,P;N, polymorphs (Chapter 3) and Ho;[PN,]O featuring non-condensed tetrahedra
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(Chapter 4), e.g. Eq. 10.2.

2 CeF, + 3 LiPN, + Li;N — Ce,P,N, + 6 LiF Eq. 10.2

In Chapter 5, the highly-condensed framework structure of Ce,Li;P sN;; with « > 1/2 was realized
through addition of P;Nj; to the reaction. LiPr,P,N;O; in Chapter 6 highlights the possible prolifera-
tion of structural variation in nitridophosphates if O is incorporated into the tetrahedra network. The
addition of Li,O to the starting materials resulted in the formation of a layered structure with x = 2/5,
whose topology has not yet been realized with solely nitride anion.

The focus of research in Chapters 7 to 9 is switched to the preparation of transition metal nit-
ridophosphates by high-pressure metathesis. The oxonitridophosphates Hf, ,P,,Ns, ,, O, and M,
PO;.4, N, 4, with M = Zr, Hf are the first examples of oxonitridophosphate frameworks incorporating
tetravalent metals. The MP¢N, phases with M = Fe, Co, Ni of Chapter 9 exemplify the disposition of
nitridophosphates toward N, elimination, as the formation of transition metal phosphides could only
be suppressed at pressures of 9 GPa. The successful synthesis of nitridophosphates with open-shell
transition metals allowed a detailed study of the electronic properties of nitride ions and P-N bonds.
Using the d-electron energies of the transition metals as local probes the nitride ligands could be
placed in the nephelauxetic series, as slightly more covalent than comparable oxo ligands. This was
the first time that the ligand field strength of nitride ions was experimentally investigated on typical

solid state compounds.
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Rare-Earth-Metal Nitridophosphates through High-Pressure Metathesis

published in: S. D. KloB8, W. Schnick, Angew. Chem., Int. Ed. 2015, 54, 11250-11253
POI: 10.1002/anie.201504844

published in: S. D. KloB3, W. Schnick, Angew. Chem. 2015, 127, 11402-11405.
DOI: 10.1002/ange.201504844|

The first rare-earth nitridophosphate, LiNdP,N;, was prepared by high-pressure metathesis at 5 GPa
and 1300 °C achieved with a large volume press employing the Walker-type multianvil technique.
NdF; and four equivalents of LiPN, served as starting materials. The framework of LiNdP,N; crys-
tallizes in an orthorhombic variant of the monoclinic paracelsian (BaAl,Si,Og) structure type (space
group Pnma, no. 62, a = 8.7305(17), b = 7.8783(16), c = 9.0881(18) A, V = 625.1(2) A’, Z = 4). The
structure was solved and refined from single-crystal X-ray diffraction data and consists of all-side
vertex-sharing PN, tetrahedra forming a framework with x = 1/2. The compound was additionally
characterized by FTIR, SEM, and magnetometry (SQUID), the latter revealing that LiNdP,Nj is para-

magnetic down to the lowest measured temperature of 1.8 K.
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High-Pressure Synthesis of Melilite-type Rare-Earth Nitridophosphates
RE,P;N, and a Ba,Cu[Si,0,]-type Polymorph

published in: S. D. KloB, N. Weidmann, R. Niklaus, W. Schnick, Inorg. Chem. 2016, 55, 9400—9409.
POI: 10.1021/acs.inorgchem.6b01611]

Melilite-type Ho,PsN, Ba,Cu[Si,O;]-type Pr,PsN;

Two polymorphs with sum formula RE,P;N; are described, one being a homeotype of the melilite-
type (e.g. akermanite Ca,Mg[Si,O,]) with RE = Pr, Nd, Sm, Eu, Ho, Yb and one being a homeotype
of the Ba,Cu[Si,0;]-type with RE = La, Ce, Pr. The compounds were prepared via high-pressure
metathesis with reaction conditions ranging from 4 to 5 GPa and from 900 to 1250 °C achieved
with a large volume press. Stoichiometric ratios of the rare-earth halides, LiPN,, and Li;N served
as starting materials. The crystal structures were determined from single-crystal and powder X-ray
diffraction (SCXRD melilite-type Ho,P;N;: space group P2,m, no. 113, a = 7.3589(2), ¢ = 4.9986(2)
A, V =270.691(18) A®, Z = 2; SCXRD Ba,Cu[Si,0,]-type Pr,P;N;: space group C2/c, no. 15, a =
7.8006(3), b = 10.2221(3), ¢ = 7.7798(3) A, B =111.299(1)°, V 577.98(4) A’, Z = 4). The structures of
both polymorphs consist of Q’ and Q" vertex-sharing PN, tetrahedra forming single-layers with «x =
3/7. While in the melilite-type materials the tetrahedra are interconnected forming five-membered
rings, the tetrahedra in the Ba,Cu[Si,0;]-type materials form four- and six-membered rings in a ratio
1:1. The phase relationship of the polymorphs was studied by DFT-calculations, which revealed that

the Ba,Cu[Si,0;,]-type Pr,P;N; is most likely a high-pressure polymorph of the melilite-type Pr,P;N;.
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Antiperovskite Nitridophosphate Oxide Ho;[PN,;]O by High-Pressure Meta-
thesis

published in: S.D. KloB, N. Weidmann, W. Schnick, Eur. J. Inorg. Chem. 2017, 1930—-1937.
PDOI: 10.1002/ejic.201601425

Ho;[PN,]O was prepared by reaction of stoichiometric amounts of HoF;, LiPN,, Li;N, and Li,O at
5 GPa and. 1025 °C achieved with a large volume press and the multianvil technique. The structure
was refined from powder X-ray diffraction data (space group I4/mcm, no. 140, a = 6.36112(3), ¢ =
10.5571(1) A, V = 427.181(5) A’, Z = 4), and forms a hierarchical variant of an antiperovskite, in
which Ho atoms occupy the X, O atoms the B, and non-condensed PN, tetrahedra (x = 1/4) the A po-
sition of the regular ABX; perovskite. The compound was further characterized using UV-vis, FTIR,

Raman, SEM, and magnetic measurements (VSM), as well as DFT-calculations.
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Puzzling Intergrowth in Cerium Nitridophosphate Unraveled by Joint Ven-
ture of Aberration-Corrected Scanning Transmission Electron Microscopy
and Synchrotron Diffraction

published in: S.D.KloB, L. Neudert, M. Déblinger, N. Nentwig, O. Oeckler, W. Schnick, J. Am. Chem. Soc.
2017, 139,12724-12735.
POI: 10.1021/Jacs.7b07079

The nitridophosphate Ce,Li;P,;N3; was prepared by high-pressure metathesis starting from a 1:4 ratio
of CeF; and LiPN, at 5 GPa and 1300 °C (multianvil method). The compound crystallizes in large
single-crystals (>100 um), which feature two structurally slightly different domains. One domains
shows an increased O content leading to sum formula Ce, (5,Li;PsN35 1505, (x = 0.72) of the ave-
rage structure (space group P6,/m, no. 176, a = 13.9318(1), ¢ = 8.1355(1) A, 1367.513) A’ Zz=2). It
consists of a highly-condensed framework of all-side vertex-sharing PN, tetrahedra with x = 0.514
effectuated by triply-bridging N atoms. The slightly increased O content of domain-type one could be
detected in STEM and HRTEM experiments, which also revealed random vacancies on the Ce2 posi-
tion. In domain-type two a non-significant amount of O was present concomitant with a long-range
periodic order of Ce2 atoms, which gives rise to a commensurate (V3x\3)R30° superstructure. The
second domain-type was characterized by STEM and HRTEM experiments as well. The very weak
superstructure was refined from synchrotron diftraction data by treating average structure and super-
structure reflections with individual scale factors. The refinement was once conducted in a supercell,
in space group P6; (no. 173) and once in a modulation of the basic structure in superspace group
P6;(a, B, 0)0(—a—p, &, 0)0. A commensurate superspace group P6,(1/3 1/3 0)0 of the commensurate
Bravais-class P6/mmm(1/3, 1/3, 0) was also discussed as a viable symmetry. Additional characteriza-

tion involved FTIR, UV-vis, luminescence, SEM, and magnetic measurements.
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LiPr,P,N,O;: Structural Diversity of Oxonitridophosphates Accessed by High-
Pressure Metathesis

published in: S.D. KloB, W. Schnick, Inorg. Chem 2018, 57, 4189-4195.
POI: 10.1021/acs.inorgchem.8b00459

The reaction of stoichiometric amounts of PrF;, LiPN,, Li,O, and PON at pressures of 8 GPa and tem-
peratures of 1200 °C lead to the formation of the oxonitridophosphate LiPr,P,N,O;. The crystal struc-
ture was solved and refined from single-crystal X-ray diffraction data (space group P2,/c, no. 14, a =
4.927(1), b = 7.848(2), c = 10.122(2) A, B = 91.55(3)°, V = 391.3(2) A’, Z = 2). The structure consists
of Q* vertex-sharing tetrahedra forming single-layers with x = 2/5. The tetrahedra are interconnected
to form four- and eight-membered rings, a topology previously observed in the apophyllite group of
silicates, e.g. fluorapophyllite Ca,K(SizO,,)F(H,0);s. Additional characterization involved FTIR, UV-

vis, SEM, and temperature-dependent PXRD measurements.
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Accessing Tetravalent Transition-Metal Nitridophosphates through High-
Pressure Metathesis

published in: S.D. KloB, S. Wandelt, A. Weis, W. Schnick, Angew. Chem., Int. Ed. 2018, 57,3192-3195
POI: 10.1002/anie.201712004

published in: S.D. KloB, S. Wandelt, A. Weis, W. Schnick, Angew. Chem. 2018, 130, 3246-3249.
DOI: 10.1002/ange.201712004

Tetravalent Hf atoms were incorporated into an oxonitridophosphate network by reaction of HfCL,,
LiPN,, and Li,O at 8 GPa and 1300 °C achieved with the multianvil technique. The crystal structure
of Hf, ,P,,Ns, ,,O,, (x = 1.84) was solved and refined from single-crystal X-ray diffraction data (space
group I4,/acd, no. 142, origin choice 2, a = 12.466(1), ¢ = 23.719(2) A, V=3685.7(9) A%, Z = 4). The
structure is isotypic to TisB;,0, and consists of two interpenetrating networks of Q* and Q" vertex-
sharing tetrahedra. The individual networks enter the topology of heavily decorated diamond-nets.
The compound was further characterized by FTIR, UV-vis, ’'P NMR, magnetometry (PPMS VSM),
SEM, and STEM measurements. The magnetic measurements detected diamagnetism of core-elect-

rons, thus corroborating the assumption of tetravalent Hf atoms.
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Chapter 10 - Summary

High-Pressure Metathesis of the M,_PO;,,N,_;, (x = 0.05) and M, ,sPO, (M =
Zr, Hf) Orthophosphates

published in: S.D. KloB, A. Weis, S. Wandelt, W. Schnick, Inorg. Chem 2018, 57, 4164-4170.
POI: 10.1021/acs.inorgchem.8b00373
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The M, ,PO;,, N, 4, (x = 0.05) and M, ,sPO, (M = Zr, Hf) orthophosphates (x = 1/4) are defect vari-
ants of the ZrSiO, and HfSiO, structures. They were prepared by metathesis starting from the metal
chlorides, PON, and Li,O in case of the nitride containing compounds, and metal chlorides, P,Os,
and Li,O in case of the oxophosphates. Reactions were carried out at 6 GPa and temperatures between
1100 and 1200 °C, achieved with the multianvil technique. The structures were solved and refined
from single-crystal X-ray diffraction data (space group I4,/amd (no. 141), Z = 4; Zr)9s06)PO3.Nos:
a=6.596(1), c = 5.805(1) A, V =252.59(9) A’ Zr,,sPO,: a = 6.567(1), c = 5.783(2) A, V = 249.3(1)
A’ Hf 54, PO3, Ny g0 a = 6.6178(12), ¢ = 5.8409(9) A, V = 255.8(1) A’; Hf,,sPO,: a = 6.5335(7), ¢ =
5.7699(7) A, V = 246.30(6) A’). Upon heating M, ,sPO, (M = Zr, Hf) in air, a phase transformation
to the M, ,5(PO,); phases that crystallize in the NASICON structure type was observed. This might
indicate that the M,,;PO, (M = Zr, Hf) structures are high-pressure polymorphs of the NASICON-

type. FTIR, UV-vis, and SEM measurements were carried out to further characterize the materials.
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Open-shell 3d Transition Metal Nitridophosphates M"P;N,, (V" = Fe, Co, Ni)
by High-pressure Metathesis

published in: S.D.KloB, O. Janka, T. Block, R. Pottgen, R. Glaum, W. Schnick, Angew. Chem., Int. Ed. 2018,
DOI: 10.1002/anie.201809144

published in: S.D. KloB, O. Janka, T. Block, R. Péttgen, R. Glaum, W. Schnick, Angew. Chem. 2018,
DOI: 10.1002/ange.201809144
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The M"P¢N,, (M = Fe, Co, Ni) compounds were prepared by high-pressure metathesis starting from
LiPN,, P;N;, and FeCl,, CoBr,, and NiCl,, respectively. The reaction conditions of 9 GPa and 1200 °C
were achieved with a 1000t hydraulic press and the multianvil technique. The isotypic structures were
solved and refined from powder X-ray diffraction data (space group Cmce (no. 64), Z = 4, FeP{N,:
a = 8.26930(13), b = 5.10147(8), ¢ = 23.0776(4) A, V = 973.54(3) A’; CoPgN,;: a = 8.25183(8), b =
5.10337(5), c = 22.9675(2) A, V=967.21(2) A’ NiPyN,;: a = 8.23105(9), b = 5.08252(6), c = 22.8516(3)
A, V =973.54(3) A%). All metal atoms are in oxidation state +II, and Fe and Co are in high-spin
states, corroborated by several techniques including magnetometry, UV/Vis/NIR spectroscopy, and
Mossbauer spectroscopy. FePgN,, shows an antiferromagnetic ordering at 3.5(1) K. The ligand field
properties of nitride ions were determined with UV/Vis/NIR spectra of the Co and Ni compound.
Angular overlap modelling led to reliable nephelauxetic ratios, which showed that the metal-nitride
bond present in these compounds are slightly more covalent than metal-oxide bonds of comparable

compounds.
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11.1 Advancements in nitridophosphate chemistry

This dissertation laid the foundation for a systematic exploration of rare-earth and transition metal
nitridophosphates through the development of the necessary preparative tool, the high-pressure me-
tathesis. Chapters 2 to 6 deal with the establishment of a systematic access of rare-earth nitridophos-
phates and highlight suitable reaction conditions and starting materials such as LiPN,, Li;N, Li,0O,
P;Ns, and PON. Chapters 6 to 9 deal with the transfer of the high-pressure metathesis concept to
transition metal nitridophosphates and the development of a suitable understanding of the underly-
ing chemistry from which applicable reaction conditions can be deducted. The compounds prepared
show the capability of high-pressure metathesis to produce nitridophosphates with unprecedented
metal atoms and networks in various degrees of condensation, from non-condensed tetrahedra
to highly-condensed framework. The overview on elements with which nitridophosphates can be
formed The periodic system of elements depicted in Figure 1.1, which highlights all elements that
were stabilized in ternary nitridophosphates, can thus be updated, showing that the compositional
diversity of nitridophosphates has been greatly improved.

Next to the structural advancements, high-pressure metathesis opened the possibility of studying
the electronic properties of nitridophosphates. In Chapter 9 the d-electrons of the transition metals
incorporated into the nitridophosphate networks are used as local probes. The attenuation of the d-
electron energies observed with UV/Vis/NIR spectroscopy allowed deep insights into the ligand field
properties of nitride ions and the electronic properties of the P-N bond. It was possible to place the
nitride ligands in the nephelauxetic series, as slightly more covalent than comparable oxo ligands,
and the first experimental evidence for sp” hybridization of nitrogen is presented. Hence, because

the access to systems with open-shell configurations is now available with high-pressure metathesis,
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an increased effort can be made to investigate them. This might lead to additional unprecedented
insights into nitridophosphate chemistry. An outline for the systematic exploration of such systems

is given in Chapter 11.3.
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Figure 11.1. Periodic system of elements for nitridophosphates. Elements highlighted in
dark-green are ternary compounds presented in this work. Half-filled squares represent mul-
tinary compounds presented in this work, or elements for which a systematic access is prob-
ably possible, based on the findings within this dissertation.
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Chapter 11 - Discussion and Outlook

11.2 Prospects for rare-earth nitridophosphates

The here presented rare-earth nitridophosphates are, despite their diversity, only the tip of the ice-
berg. A plethora of phases certainly has remained amiss by the crude step width, with which the hy-
persurface of the global energy landscape has been screened. Even compounds with readily observed
degrees of condensation such as 4/7, 6/11, and 1/3 have not yet been discovered. Through deft choice
of starting materials and reaction conditions such compounds should be accessible. Moreover, the
range of pressures offered by the 1000 t hydraulic press with the multianvil technique (p,... = 25 GPa)
has not been exhausted yet, as the rare-earth (oxo)nitridophosphates of Chapters 2 to 6 were prepared
at pressures up to 8 GPa. Increasing the pressure could lead to denser-packed tetrahedra networks
and a rich family of high-pressure polymorphs, as was already shown for the RE,P;N; polymorphs
(Chapter 3). Phosphorus in coordination number > 4 has yet to be observed for nitridophosphates
containing a metal atom, as y-P;Ns, pc-PON, y-HP,N;, and TiPO,-V are the only reported cases of
P in a five-fold coordination, next to octahedrally coordinated P in a CaCl,-type high-pressure poly-
morph of AIPO,.!"”

The compounds presented in this dissertation show that metathesis is a viable synthesis strategy;
however, properties like reaction mechanisms and thermodynamics were not studied. Conclusions
were drawn based on observation of the reaction outcome, which leaves unanswered questions. Of-
tentimes, Li seems to be incorporated into rare-earth nitridophosphates when using the high-pres-
sure metathesis route (LiNdP,Ng, Ce,Li;P sN;s, LiPr,P,N;O;). The reason for this phenomenon is not
yet elucidated since the control group of prepared compounds is still too small to allow a statistical
analysis. The incorporation of Li into rare-earth nitridophosphates might be favoured since it helps
to balance the evenly distributed negative charge of the tetrahedra network, which otherwise has to
be countered solely by the point charges of coarsely spread trivalent rare-earth ions. The screening
of the energy hypersurface will determine whether Li is an important component to the stability of
rare-earth nitridophosphates.

The lithium halide, which is formed in situ during the metathesis reaction, seems to be a flux facili-
tating crystal growth. Large single-crystals are favourable since many applications and measurements
of physical properties such as second harmonic generation and (ion)conductivity require single crys-

talline materials. The fluxing properties are reminiscent of the lithium self-flux mechanism used for
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the preparation of several lithium nitridophosphates, in which a surplus of Li;N favours crystal growth
and phase formation.”'” The presence of a lithium salt seems to play a crucial role in the crystalliza-
tion process. The underlying mechanism, however, is unknown. For ammonium halides, for example,
reversible P-N bond cleavage and formation and the increase of the ammonia partial pressures in am-

M2 Nitride ions have an excellent solubility

poule synthesis are the suggested principles of operation.
in molten lithium salts: for example, the portion of Li;N soluble in a LiCl melt at 650 °C amounts to
0.15 mol/mol LiCL"™ No studies are available regarding the solubility of PN~ orthoanions in such
melts, nor whether lithium halides might be able to catalyze the P-N bond cleavage and formation.
Moreover, the aggregate state of the lithium halides under reaction conditions of several GPa is in
question. At 5 GPa LiF melts at temperatures exceeding 1300 °C, conditions which are not fulfilled in
all experiments."” However, lower temperatures for melting might be required due to initially small
particle sizes of the in situ formed lithium halides. Moreover, the literature melting temperatures ap-
ply to pure substances, the dissolution of nitride ions, PN, tetrahedra, or larger fragments of the P/N
tetrahedra framework would lead to a decrease in the melting point, as dictated by thermodynamics.
Hence, monitoring the metathesis reaction with in situ experiments at a synchrotron beamline might
shed light onto the reaction mechanism. Such experiments would also yield the ignition temperature
of the metathesis and the timeline of phase formation under real reaction conditions. An interesting

issue to examine is the aggregation state and therefore mobility of the lithium salt that ultimately de-

termines the role of the lithium halide in the metathesis.
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11.3 Prospects for transition metal nitridophosphates

Three Chapters (7 to 9) of this dissertation are concerned with the high-pressure metathesis of tran-
sition metal nitridophosphates, a first glimpse at a vast family of materials. A new synthetic access
to such systems naturally raise uncountable intriguing questions and with an immense potential for
investigations. With limited resources, equipment, time, and personnel, the next steps have to be
carefully planned. The first course of action should still be advancing the high-pressure metathesis
route, gaining experience with reaction conditions and starting materials, towards the consequential
establishment of a systematic access. Unlike rare-earth metals, the transition metals are expected to
feature a different chemistry based on their position in the periodic system. Early transition metals
like Group 4 feature a more ionic bonding with N than the late transition metals like Fe, Co, and Ni.""”
Effectively, each transition metal has to be treated individually. This impacts reaction conditions, as
was shown by the different synthesis strategies for the Group 4 nitridophosphates (Chapter 7 and 8)
and the MPyN,, phases (Chapter 9). But, despite the complexity of transition metal chemistry, the
results presented in this dissertation should give a reasonable starting point for the continued explo-
ration.

Based on the published transition metal nitridophosphates (c.f. Table A.1), the hitherto disregarded
3d transition metals, Sc, Ti, V, and Cr might also be incorporated into a nitridophosphate network
by high-pressure metathesis."®’ Moreover, due to the great stability of the metal nitrides in Group 5,
metathesis might also be feasible with Ta and Nb. Stabilizing Ta’* in nitridophosphates is a worth-
while challenge as Ta>* in Ta;Nj is the highest oxidation state of a metal achieved with nitride ions."”
Moreover early transition metal nitridophosphates might feature rich structural chemistry similar to
the rare-earth and the alkaline earth compounds due to their rather ionic M-N bond. Chapter 7 and
8 already present Zr'* and Hf" stabilized in compounds with a framework structure and a structure
of non-condensed tetrahedra.

The preparation of low-condensed open-shell 3d transition metal compounds might pose a greater
challenge because the necessary increase in N content might favour N, elimination. Adjusting the
pressure at which the reaction is carried out certainly plays a crucial role for the synthesis of these
compounds. N, elimination might also be prevented by conducting a similar ion-exchange reaction

as was used for the preparation of transition metal nitridosilicate FePyN,,."”'¥ Transition metal ni-
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tridosilicates face similar preparative challenges as nitridophosphates: beyond a certain threshold
temperature a redox reaction occurs, in which N, is eliminated and the transition metal is reduced
to M° with Si;N, as byproduct."” As this decomposition occurs prior to the formation of the targeted
nitridosilicate phases, the usual high-temperature routes employing a high-frequency furnace are not
feasible. When a-Ca,SisNj is exposed to a stoichiometric surplus of molten FeCl, an ion-exchange of
Ca and Fe towards Fe,SisN; occurs well below the decomposition temperature of the Si/N network."
Relatively low temperatures are required for the ion-exchange since the preformed nitridosilicate
network is retained and no Si/N bond breaking and formation takes place. Due to the two proper-
ties, exchange of ion A with ion B and framework preservation, the ion-exchange reaction can be
regarded as a specialized form of a metathesis. In the light of explorative chemistry, the ion-exchange
was certainly not created for exploring new structure types; however, its purpose is to access thermo-
dynamically less stable phases through a kinetically controlled reaction. Therefore, if the expansion
of the high-pressure metathesis to the specialized ion-exchange proves to be feasible, such kinetically
controlled reaction products can greatly enrich the structural and compositional portfolio of nitrido-
phosphates. A drawback of the ion-exchange reaction is that a proof of concept was yet only shown
for the M,Si;N; framework."”"* Thus, suitable nitridophosphates systems have to be established and
investigated whether the ion-exchange also works with less-condensed networks. Due to the lower
thermal stability of nitridophosphates in comparison to nitridosilicates, ambient pressure reactions
might still not be practicable so that the ion-exchange has to be conducted under high-pressure con-
ditions.

After obtaining a sufficient understanding of the chemistry of transition metal nitridophosphates,
an active search for functional materials can follow. In a sustainable energy infrastructure based on
renewable energies, batteries play a crucial role in energy storage. Hence enormous amounts of re-
sources are spent for the development of more efficient components and materials, such as high-per-
formance ion-conductors. As nitridophosphates are chemically similar to oxophosphates, so should
be their properties. Hence transition metal nitridophosphates might harbour intriguing materials for
model systems.

The M, ,PO;,, N, 4, (x = 0.05) and M, ,sPO, (M = Zr, Hf) phases presented in Chapter 8 crystallize

in a high-pressure polymorph of Zr,,;P;0,,, a structure related to the NASICON materials (Na,_
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Z1,P; ,S1,0,, (0 < x < 3)). The NASICON materials feature high-ion conductivities and have been
discussed for application in Na-ion batteries and for nuclear waste immobilization.”*** By addition
of alkali metals, e.g. Na, to Group 4 oxonitridophosphates one arrives at a multinary phase system
Na-M-P-N-O (M = Zr, Hf) that could feature potential ion-conductors.

Similarly, there is an ongoing search for ion-conductors for Li-ion accumulators. Solid-state ion-
conductors are favourable since they circumvent the use of toxic and inflammable organic solvents
and they are impenetrable by dendrites that form when using lithium metal as cathode. LiFePO, is
already in use as such a solid-state lithium ion-conductor because it has high lithium bulk mobility,
which allows fast charge and discharge rates.” To increase the conductivity of LiFePO,, iron and
phosphorus deficiencies were introduced in the material. In the Li-Fe-P-N system a similar mate-
rial could be devised, for example a Li,Fe, 5PN, with 0 < x < 7 and 0 < y < 3.5. Such a material is
expected to be structurally similar to LiFePO,, would also consist mainly of earth-abundant elements,
but feature more degrees of compositional variation. Because of the higher formal charge of N, more
Li can be incorporated into such a material, easily fathomable when comparing Li,PN, to Li,PO,.
Additionally, the atomic ratio Li to Fe could be adjusted and, by introduction of O into the structure,

cation vacancies could be achieved, which might be favourable for the ion-conductivity as in LiFePO,.
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11.4 Concluding remarks

The establishment of a new synthesis route paving the way to such extensive and unexplored materials
families naturally raises far more questions than can be answered in this already prolonged eleven
chapter discourse. Luckily, the raising of questions is the fuel of scientific research. Every examination
and experiment is based on previous unanswered questions, and they should thus be regarded as a
facet of progress. The aim of this dissertation was to lay the foundation and set the direction for the
future exploration of nitridophosphates, while giving enough substance to fuel this research for the
years to come. The sections in this last chapter give but a brief overview over all the prospects of high-
pressure metathesis, sufficient for initial orientation for successors, as the routes to choose from are
manifold. Not all could be covered, such as revisiting Group 1 and Group 2 nitridophosphates with
the high-pressure metathesis. However, time, creativity, and serendipity will determine to what end

the tools presented here will be used.
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B.1 Experimental details of the HP/HT-metathesis of LiINdP,N;

B.1 Experimental details of the HP/HT-metathesis of LiNdP,N;

P;N;. The binary starting material P;Ns, needed for preparation of LiPN,, was synthesized by reaction
of phosphorous pentasulfide (P,S,y, 99%, Sigma-Aldrich) in a constant ammonia flow (NHj, 5.0, Air-
Liquide)." A quartz tube-type furnace and a quartz crucible were dried in vacuum for 5 h at 1000
°C. The quartz crucible was loaded with 8 g of P,S,, and placed in the tube furnace. The sample was
saturated with ammonia for 4 h. After saturation the furnace was heated to 850 °C with a ramp of
5°C/min. The sample was fired for 4 h before ramping down to room temperature with 5 °C/min. The
furnace was flushed with Ar gas and the orange product was isolated and washed with water/ethanol/

acetone.

LiPN,. LiPN, was prepared by reaction of 1.2 equivalents of Li;N with P;N; in a quartz ampoule
under N, atmosphere. The starting materials were mixed and thoroughly ground under inert condi-
tions. The reaction mixture was transferred into a Ta crucible, which was beforehand placed in a dried
quartz tube, in a N, counter flow. The ampoule was molten off and fired in a furnace at 800 °C for 90

h. The reaction product was washed with diluted hydrochloric acid, water and ethanol.

LiNdP,N;. LiNdP,N; was prepared by metathesis reaction of stoichiometric amounts of NdF;
(99.99 %, Alfa Aesar) and LiPN, in a high-temperature high-pressure experiment using a modified
walker-type multianvil assembly. The starting materials were thoroughly mixed and ground under
inert conditions before being packed in an h-BN crucible. The crucible was transferred in a specially
prepared MgO octahedron (Ceramic Substrates & Components, Isle of Wight, UK) with an edge
length of 18 mm. Additional details about the high-pressure setup might be found in literature.”™
The reaction was carried out at 5 GPa of pressure and 1300 °C. The pressure was built up using a
1000 t hydraulic press (Voggenreiter, Mainleus, Germany). Eight tungsten carbide cubes (Hawedia,
Marklkofen, Germany) with truncated edges were used to create quasi-hydrostatic conditions within
the sample octahedron. The temperature was built up over 60 min, maintained for 300 min and even-

tually dropped to RT in 40 min. The reaction product was washed with H,O to remove the LiF, for-

med during the reaction. The product was obtained as colorless crystals.
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B.2 Information on data collection and structure elucidation of
LiNdP,N;

X-ray diffraction on a single crystal of LiNdP,N; was carried out with a D8 Venture diffractome-
ter (Bruker, Billerica MA, USA) using Mo-K, radiation from a fine-focused sealed tube X-ray sour-
ce. The cell determination and integration was executed using the Bruker program APEX2 as well
as a multi-scan absorption correction. The space group was determined with XPREP"' and struc-
ture solution was carried out with SHELXS-97 using direct methods and structure refinement with
SHELXL-97."'” Structure solution resulted in identification of Nd and P atom positions. Missing
crystallographic atom sites were identified from the difference Fourier map. All atoms were refined
anisotropically.Crystal structures were visualized using VESTA.""

X-ray powder diffraction for bulk analysis and structure confirmation was conducted on a StadiP
diffractometer (Stoe & Cie, Darmstadt, Germany) in parafocussing Debye-Scherrer geometry using a Cu
anode. The Cu-K,, radiation was selected from the raw X-ray spectrum with a Ge(111) single-crystal
monochromator. The diffracted radiation was detected using a Mythen 1K Si-strip detector (Dectris,
Baden, Switzerland). Rietveld refinement"” on the obtained powder diffraction data was carried out
using TOPAS-Academic V4.1."" The background was handled using a shifted-Chebychev function,
while the peak shapes were described using the fundamental parameters approach.*"”

Temperature dependent powder X-ray diffraction was carried out on a STOE StadiP diffractometer
equipped with a high-temperature graphite furnace and an image plate position sensitive detector.
The Mo-K,, (A = 0.70930 A) radiation used was selected by a Ge(111) monochromator. Diffraction
patterns were collected up to a 1000 °C with 25 °C increments. Temperature in between measure-
ments was increased with a rate of 5 °C/min and the exposure time for each measurement was set
to 10 min. Infrared spectroscopy was performed on a Spectrum BX II spectrometer (Perkin Elmer,
Waltham MA, USA) with ATR geometry in the range of 600-4000 cm . Scanning electron microscopy
was performed with a JSM-6500F (JEOL, Tokyo, Japan) and energy dispersive X-ray spectra were
recorded using a type 7418 X-ray detector (Oxford Instruments, Abington, UK).

Magnetic measurements were carried out with a MPM-XL SQUID-Magnetometer (Quantum De-
sign, San Diego CA, USA). The temperature could be varied between 1.8 K and 400 K while the mag-

netic field strength could be varied between -50 and 50 kOe. The measured susceptibilities were not
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corrected with diamagnetic increments. Phase pure samples of known weigt were placed in gelatine
capsules with known diamagnetic properties. The measurement was carried out using the MPMS
MultiVi software."® The conversion of the data was carried out with the program SQUID Proces-
sor'”, which corrected the data for the diamagnetic contribution of the gelatine capsule and core
electrons. Magnetic field dependent measurements with fields varying between -50 and 50 kOe were
carried out at 1.8 and 300 K. For susceptibility measurements the temperature was varied between 1.8
and 300 K at constant magnetic field strengths of 100, 1000, 5000, 10000 and 50000 Oe. A zero-field-
cooled, field-cooled experiment was carried out at 30 Qe.

A VHX-5000 (Keyence, Osaka, Japan) microscope with Z20 T objective was used to image samples.
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B.3 Details of scanning electron microscopy

SEI 150KV X1,700 10pum WD 10.0mm

Figure B.1. Scanning electron micrograph of a LiNdP,N; single crystal.

Table B.1. EDX analysis of LINdP,N; single crystal shown in Figure B.1.

atom experimental / at-% theoretical / at-%

Nd 9 7.7
P 328 30.8

55.8 61.5
(o) 2.5 0
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B.4 Additional crystallographic data for LiNdP,N;

Table B.2. Crystallographic information for LiNdP,Ng.

Formula LiNdP,N; [a'a])

Crystal system orthorhombic x

Space group Pnma (no. 62) 2
a=8.7305(17) E

Cell parameters / A b=7.8783(16) <
¢=9.0881(18)

Cell Volume / A® 625.1(2)

Formula units per unit cell Z 4

Calculated density / g-cm™ 4114

Absorption coefficient u/ mm™ 9.278

Radiation Mo-Ka (A =0.71073 A)

Temperature \ K 293(2)

F(000) 716

Brange\° 3.24<6<33.15

Total no. of reflections 12131

Independent reflections 1262

Refined parameters 70

Goodness of fit 1.160

R, (all data), R, [F> 20(F")] 0.0135,0.0129

WR, (all data), wR, [F* > 26(F?)] 0.0344, 0.0342

APrnas Domin / €A 0.578,-0.631

w=1/[6%(F?) + (0.0144 - P)> + 0.95 - P] with P = (F,> + 2F2)/3

Table B.3. Fractional atomic coordinates, isotropic thermal displacement parameters, and site oc-
cupancies for LINdP,N,.

Atom Wyckoff Symbol X y z U/ A*  Occupancy
Nd1 4c 0.912102(13) 1/4 0.414285(12) 0.00555(4) 1
P1 8d 0.72930(4) 0.94042(5) 0.58227(4) 0.00298(7) 1
P2 8d 0.93054(4) 0.06226(5) 0.80856(4) 0.00306(7) 1
N1 4c 0.9798(2) 1/4 0.8608(2) 0.0056(3) 1
N2 4c 1.1977(2) 1/4 0.4181(2) 0.0055(3) 1
N3 8d 0.69691(15) 0.02375(18) 0.42088(13) 0.0049(2) 1
N4 8d 0.57752(14) 0.93351(17) 0.68531(15) 0.0048(2) 1
N5 8d 0.87080(15) 0.05857(17) 0.63951(14) 0.0052(2) 1
Li1 4c 1.0550(6) 1/4 1.0666(5) 0.0134(8) 1
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Table B.4. Anisotropic displacement parameters occurring in LiNdP,Ns.

Atom U, /A U,/ A? U/ A2 U,/ A? U/ A2 U/ A2
Nd1 0.00667(6) 0.00548(6) 0.00449(6) 0  -0.00034(3) 0
P1 0.00351(14)  0.00320(15)  0.00246(15)  0.00010(12)  -0.00015(11)  0.00014(11)
P2 0.00299(15)  0.00302(16)  0.00294(15)  0.00016(11)  -0.00013(11)  -0.00019(11)
N1 0.0064(5) 0.0060(5) 0.0033(5) -0.0007(4) -0.0009(4) 0.0026(4)
N2 0.0058(5) 0.0053(5) 0.0036(5) -0.0008(4) 0.0009(4) -0.0016(4)
N3 0.0042(5) 0.0050(5) 0.0053(5) 0.0014(4) 0.0009(4) 0.0009(4)
N4 0.0060(7) 0.0019(7) 0.0086(8) 0.0007(6) 0
N5 0.0085(7) 0.0038(7) 0.0045(7) 0.0015(6) 0
Li1 0.014(2) 0.013(2) 0.0127(19) 0.0007(16) 0

Table B.5. List of interatomic distances / A for LiNdP,Ns.

Nd1-N2 2.493(2) P1-N5 1.6320(14) N4-P2 1.6367(13)
Nd1-N4 2.5354(14) P1-Li1 2.904(4) N4-Li1 2.143(4)
Nd1-N4 2.5355(14) P2-N1 1.6120(9) N4-Nd1 2.5355(14)
Nd1-N5 2.5679(13) P2-N5 1.6227(14) Li1-N4 2.143(4)
Nd1-N5 2.5680(13) P2-N4 1.6367(13) Li1-N4 2.143(4)
Nd1-N3 2.5905(14) P2-N3 1.6550(14) Li1-N3 2.174(3)
Nd1-N3 2.5905(14) P2-Li1 2.712(2) Li1-N3 2.174(3)
Nd1-Li1 3.122(5) P2-Li1 2.978(4) Litl-P2 2.712(2)
Nd1-P1  3.2904(6) N1-P2 1.6120(9) Li1-P2 2.712(2)
Nd1-P1 3.2904(6) N1-Li1T 1.982(5) Li1-P1 2.904(4)
Nd1-Li1 3.397(5) N2-P1 1.6300(9) Li1-P1 2.904(4)

P1-N4 1.6235(13) N2-P1 1.6301(9) Li1-P2 2.978(4)

P1-N2 1.6300(9) N3-P2 1.6550(14) Li1T-Nd1 3.122(5)

P1-N3 1.6317(13) N3-Li1 2.174(3)

Table B.6. List of bond angles / ° for LiNdP,N,.
N-P-N P-N-P

N2-P1-N3  115.85(8) | N1-P2-N3  111.92(9) | P2-N1-P2  133.13(12)
N2-P1-N5  103.27(8) | N1-P2-N4  110.45(8) | P1-N2-P1  133.94(13)
N3-P1-N5  100.85(7) | N1-P2-N5  112.42(8) | P1-N3-P2  120.41(9)
N4-P1-N2  106.84(8) | N4-P2-N3  104.62(7) | P1-N4-P2  129.70(9)
N4-P1-N3  112.99(7) | N5-P2-N3  111.13(7) | P2-N5-P2  129.7(8)
N4-P1-N5  116.95(7) | N5-P2-N4  105.85(7)
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Table B.7. Details of the Rietveld refinement of LiNdP,N; for space groups Pnma and P2,/c.

Formula LiNdP,N; [a'a])
Formula mass /g - mol™ 387.13 x
Crystal system / space group orthorhombic, Pnma (no. 62) monoclinic, P2,/c (no. 14) 2
Lattice parameters / A, ° a=8.733300(85) a=8.73336(8) E
b =7.883310(85) b=7.88341(8) <
¢=9.091160(97) ¢=9.09117(8)
B =89.99759(88)
Cell volume / A® 625.902(11) 625.915(11)
Formula units per cell Z 4
X-ray density /g -cm™ 4.108
Linear absorption coefficient / cm™ 728.61

Radiation Cu-Ka, (A = 154.059 pm)
Monochromator Ge(111)

Diffractometer Stoe StadiP

Detector MYTHEN 1K

20-range/° 5-92.420

Temperature /K 298 (2)

Data points 5829

Number of observed reflections 294 536
Number of parameters 70 91
Constraints 0 0

Program used
Structure refinement

Profile function

TOPAS Academic
Rietveld-Method

fundamental parameters model

Background function shifted Chebychev

Rup 0.02766 0.02655
Rexo 0.01956 0.01952
R, 0.01963 0.01880
Reragq 0.01984 0.01461
X 1.414 1.360
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B.6 Detailed Rietveld plot
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Figure B.2. Rietveld refinement of LiINdP,Ng in space group Pnma (no. 62). Observed (black circ-

les) and calculated (red line) powder diffraction pattern of LiNdP,Ns. The theoretical reflection posi-

tions (black vertical bars) and the difference plot (gray line) are displayed below the refinement. The

heightened scattering background may stem from the glass capillary or an amorphous side phase.
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B.7 Additional information on the structure

The P-N bond lengths within the two PN, tetrahedra (Figure 2.2) (1.63 to 1.66 A) coincide with the
value range found in other nitridophosphates."*'’ The N-P1-N angles varying from 104.6-112.4° are
close to the regular tetrahedral angle of 109.5°. The P2 centered tetrahedra with angles ranging from
100.9 to 117.0° are more distorted, which may be caused by an edge-sharing with the NdN, polyhe-
dron. For olivines it was shown that edge-sharing of tetrahedra and cation polyhedra can cause a cat-
ion size dependent distortion.” This distortion is attributed to bond angles, which are more flexible
than bond lengths and follow the cation size change. Comparably, BaAl,Si,O; exhibits less distorted
(Si/AD)O, tetrahedra™’ than LiNdP,N; due to the larger ionic radius of Ba (r(Ba*") = 1.38 A, r(Nd*>)
~14A).

The aforementioned paracelsian crystallizes in the maximal non-isomorphic subgroup P2,/a (no.
14) of Pnma with a pseudo-orthorhombic metric.”" A structure with space group P2,/a may emulate
Pnma through merohedral twinning. To rule out such pseudo-orthorhombic metric in LiNdP,Nj,
X-ray diffraction with Cu-Ka, radiation was carried out on a powdered sample. The recorded data
(Figure B.3) reveals no obvious peak separation at high angles. An artificial monoclinic structure
model with space group P2,/a (no. 14) was created by symmetry reduction. The fit of this model to the
data by the Rietveld method gave further indication of an orthorhombic metric since the monoclinic
angle 3 converged towards 90° and the isotropic thermal parameters could not be refined freely.

The paracelsian structure type is closely related to the feldspar type, which is an important class of
rock-forming minerals. The feldspar structure can be obtained from paracelsian by a 90° rotation of
the double crankshaft chains. Detailed information regarding structure similarity can be found in

literature.*"**
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B.8 Detailed high-angle Rietveld plot
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Figure B.3. Rietveld refinement of LiINdP,Ng in space group Pnma (no. 62) in the range of 20 = 60-
93.5°
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B.8 Detailed high-angle Rietveld plot

APPENDIX B

> D

Figure B.4. Double Crankshaft chain running along [010]. Two orange and blue tetrahedra form the
four-membered rings visible in projection on the (010) plane.
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B.9 Comparison of paracelsian-type BaAl,Si,O; and LiNdP,N;

Table B.8. Fractional coordinates of atom sits in (a) paracelsian-type BaAl,Si,0:°" and (b) LiNdP,N;
are compared.

Wyckoff Atom Atom Displacement
X y z X y z
position BaAl,Si,0;’ LiNdP,N,° |u| / pm
4c Ba1l 0.8973 1/4 0.4123 | Nd1 0.9121 1/4 0.4143 0.1305
8d (ALSI)1 0.7283 0.9337 0.5827 | P1 0.7293 0.9404 0.5823 0.0536
8d (ALSi)2 0.935 0.0646 0.8039 | P2 0.9305 0.0623 0.8086 0.0608
4c o1 0.9933 1/4 0.827 | N1 0.9798 1/4 0.8608 0.3290
4c 02 0.209 1/4 0.412 | N2 0.1977 1/4 0.4181 0.1132
8d 03 0.693 0.998 0.4117 | N3 0.6969 0.0237 0.4209 0.2217
8d 04 0.575 0.9354 0.6875 | N4 0.5775 0.9335 0.6853 0.0332
8d 05 0.8713 0.046 0.638 | N5 0.8708 0.0586 0.6395 0.1003

a) lattice parameters: a =9.02, b =8.47,¢=9.50 A, B =90.0°"", b) lattice parameters: a = 8.7305, b = 7.8783, c = 9.0881 A
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B.10 Temperature dependent powder X-ray diffraction

B.10 Temperature dependent powder X-ray diffraction
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Figure B.5. Temperature dependent powder X-ray diffractogram of LiNdP,Ns.
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B.11 FTIR spectrum

100

—_—

95

Transmission / %

90

85
4000 3000 2000 1000
-1
Wavenumber v/cm ———

Figure B.6. FTIR spectrum of LiNdP,Ng
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B.12 Details on the magnetic characterization of LiNdP,Ng

B.12 Details on the magnetic characterization of LiNdP,N,

The susceptibility data obtained from the magnetization of the sample at varying temperatures and
a constant magnetic field strength of 20 kOe is displayed in Figure 2.4. The data is plotted as ¥, vs.
Tin red and y,, ' vs. T in blue. Examination of the data reveals no magnetic ordering in the range of
300 to 1.8 K. The data follows the expected trend for paramagnetic substances, which is an increase
in magnetic susceptibility at lower temperatures. The effective magnetic moment was calculated from
the slope of the black regression line in the ., vs. T plot. The linear regression was fit to the data
in the temperature range of 300 to 50 K since Curie’s law is only valid for higher temperatures. The
regression line can be described by the following equation.

The standard deviations are given in parentheses. The experimental effective magnetic moment ¢
was calculated to be 3.815 p, which is close to the theoretical value of 3.618 p;. The Curie temperature
O can be calculated from the ordinate axis intercept at 2.20. The abscissa intercept ® is at —4.00 K.
This is close to the theoretical value for paramagnetic compounds of 0 K. The difference in y.s and ©
may be attributed to measurement accuracy. Moreover, additional magnetic contributions may stem
from an amorphous phase which can be seen in the Rietveld plot in Figure B.2. Susceptibility mea-
surements carried out at lower field strengths (Figure B.7) reveal no visible change in the magnetic
behavior, thus paramagnetism is the only form of magnetism present in the sample.

Field-dependent measurements at 1.8 and 300 K (Figure B.8) are in agreement with these results.
The magnetization follows the characteristic wave-shape at low temperatures.

A zero-field-cooled, field-cooled experiment conducted at 30 Oe (Figure B.9) shows no magnetic

ordering phenomena.
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Figure B.7. Susceptibility measurements of LiNdP,N; carried out at 0.1, 1, 5, 10 and 20 kOe.
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Figure B.8. Field dependent magnetization measurement of LiNdP,N; carried out at 1.8 and 300 K.
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Figure B.9. Field-cooled, Zero-field-cooled magnetization measurement of LiINdP,N; carried out at
30 Oe.
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B.13 Light-microscopy of a LiNdP,N; sample

Figure B.10. Light-microscope image of a representative LiNdP,Ng sample.
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C.1 bex-La,P;N,

C.1

Tables

bex‘La2P3N7

Table C.1. Crystallographic information on bex-La,P,N,.

Formula

La,P:N,

Formula mass /g - mol™

Crystal system, space group

468.80

monoclinic, C2/c (no. 15)

a=7.8414(8)
(Y
. b=10.3698(10) X
Lattice parameters /A, ° Fa)
c=17.8214(8) 2
L
B=111.116(4) a
Cell volume / A° 593.27(10) <
Formula units per cell Z 4
Calculated density /g-cm™ 5.248(1)
F(000) 832
Absorption coefficient u/ cm™ 14.946

Radiation Mo-Ka, (A =70.9300 pm)
Monochromator Ge(111)

Diffractometer Stoe StadiP

Detector MYTHEN 1K

20-range /° 2-56

Temperature / K 297(2)

Data points 3618

Number of observed reflections 750

Number of parameters 61

Constraints 0

Program used

Structure refinement

TOPAS Academic
Rietveld method

Profile function Fundamental parameters model
Shifted Chebychev

0.0404

Background function

R Bragg

Table C.2. Sites, positions and isotropic displacement parameters of bex-La,P,N;, standard devia-
tions in parentheses.

Atom Wyckoff site X y z U../A*> Occupancy
La1l 8f 0.2289(4) 0.0421(3) 0.4810(4) 0.0088(9) 1
P1 4e 0 0.7377(19) 1/4 0.009(4) 1
P2 8f 0.123(2)  0.2728(12) 0.146(2) 0.016(3) 1
N1 4e 0 0.342(4) 1/4 0.0063 1
N2 8f 0.473(5) 0.150(4) 0.074(5) 0.0063 1
N3 8f 0.319(5) 0.340(4) 0.238(5) 0.0063 1
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Table C.3. Bond lengths (A) occurring in bex-La,P,N;, standard deviations in parentheses.

La1-N4 2.56(4) La1-N1 2.677(19) P2-N1 1.64(2)
La1-N4 2.58(4) La1-N3 2.66(4) P2-N3 1.60(4)
La1l-N2 2.76(4) P1-N2 1.60(4) P2-N4 1.60(3)
La1-N2 2.68(4) P1-N3 1.75(4) P2-N2 1.80(4)
La1-N4 2.51(4) P1-N2 1.60(4)
La1-N3 2.64(4) P1-N3 1.75(4)

Table C.4. Bond angles (°) occurring in bex-La,P,N,, standard deviations in parentheses.

N-P-N P-N-P
N2-P1-N3 116.5(19) N1-P2-N3 103.2(18) P2-N1-P2 128(3)
N2-P1-N2 111(2) N1-P2-N4 112(2) P1-N2-P2 117(3)
N2-P1-N3 104.4(19) N1-P2-N2 99.3(17) P1-N3-P2 113(2)
N2-P1-N3 104(2) N3-P2-N4 120(2)

N3-P1-N3 105(2) N2-P2-N3 104(2)
N2-P1-N3 116.3(19) N2-P2-N4 116(2)

Rietveld Plot
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o
)
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Figure C.1. Rietveld plot of bex-La,P;N,. Measured data is plotted as small black crosses, calculated
model as the red line, difference plot as the blue line on the bottom; theoretical Bragg positions are
located as vertical bars above the Rietveld plot. The difference profile shows an unidentified bypro-
duct.
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C.2 bex-La,P;N,

c.2 bex‘ce2P3N7

Tables

Table C.5. Crystallographic information on bex-Ce,P,N,.

Formula

Ce,P:N,

Crystal system

monoclinic

Space group C2/c (no. 15)

Cell parameters /A, ° a=7.8008(16) %)
b=10.265(2) x
c=17.7868(16) 2
B=111.08(3) E

Cell Volume / A® 581.8(2) <g

Formula units per unit cell Z 4

Formula mass / g-mol™ 471.22

Calculated density / g-cm™ 5.380

Absorption coefficient u/ mm”™ 16.203

Diffractometer Stoe IPDS 1

Radiation Mo-K, (A=71.073 pm)
Temperature \ K 293(2)

F(000) 840

Orange\° 3.741<6<32519
Total no. of reflections 4345

Independent reflections 1051

Refined parameters 56

Goodness of fit 1.204

Rints Rsigma

R, (all data), R, [F?> 20(F)]
WR, (all data), wR, [F* > 26(F?)]
DPrross Dowin / €A

0.0263, 0.0172
0.0226, 0.0189
0.0417,0.0410
1.201,-2.125

Table C.6. Sites, positions and isotropic displacement parameters of bex-Ce,P,N,, standard devia-
tions in parentheses.

Atom Wyckoff Symbol X y z U../A*> Occupancy
Cel 8f 0.22642(2) 0.04233(2) 0.47871(2) 0.00589(6) 1
P1 4e 0 0.74318(10) 1/4  0.00496(17) 1
P2 8f 0.11411(9) 0.27395(8) 0.13412(10) 0.00485(12) 1
N1 4e 0 0.3475(4) 1/4 0.0078(6) 1
N2 8f 0.1069(3) 0.1198(3) 0.1349(3) 0.0064(4) 1
N3 8f 0.3235(3) 0.3387(2) 0.2295(3) 0.0059(4) 1
N4 8f 0.4716(3) 0.1505(2) 0.0697(3) 0.0061(4) 1
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Table C.7. Anisotropic displacement parameters occurring in bex-Ce,P,N;, standard deviations in

parentheses.
Atom U,/ A? U,/ A Us; /A U,/ A? U,/ R? Uy /A
Cel 0.00642(8)  0.00570(8)  0.00557(8) -0.00015(5)  0.00218(6) -0.00010(5)
P1 0.0050(4) 0.0055(4) 0.0039(4) 0 0.0011(3) 0
P2 0.0052(3) 0.0050(3) 0.0042(3)  -0.0002(2) 0.0015(2) 0.0000(2)
N1 0.0105(13)  0.0066(15)  0.0079(13) 0  0.0054(12) 0
N2 0.0076(9)  0.0052(10) 0.0063(9)  —0.0004(8) 0.0024(7) 0.0000(8)
N3 0.0054(9)  0.0048(10) 0.0075(9)  —0.0001(8) 0.0024(8) 0.0000(7)
N4 0.0083(9)  0.0058(10) 0.0037(9)  —0.0002(8) 0.0017(7) 0.0006(7)

Table C.8. Bond lengths (A) occurring in bex-Ce,P,N,, standard deviations in parentheses.

Cel-N2 2.436(2) P1-N4 1.643(2) N1-Cel 2.6559(18)
Cel1-N2 2.554(2) P1-N4 1.643(2) N1-Cel 2.6559(18)
Cel-N3 2.587(3) P1-N3 1.651(2) N2-Cel 2.436(2)
Cel1-N2 2.622(3) P1-N3 1.651(2) N2-Cel 2.554(2)
Cel-N1 2.6559(18) P2-N2 1.583(3) N3-P1 1.651(2)
Cel1-N4 2.665(2) P2-N1 1.6595(19) N3-Cel 2.587(3)
Cel-N3 2.728(2) P2-N3 1.670(2) N3-Cel 2.728(2)
Cel1-N4 2.750(2) P2-N4 1.674(2) N4-P1 1.643(2)
Ce1-P2 3.2703(9) P2-Cel 3.2703(9) N4-P2 1.674(2)
Ce1-P2 3.3905(11) P2-Ce1 3.3905(11) N4-Cel 2.665(2)
Ce1-P2 3.3963(10) P2-Cel 3.3963(10) N4-Cel 2.750(2)
Cel1-Cel 3.7664(8) N1-P2 1.6596(19)

Table C.9. Bond angles (°) occurring in bex-Ce,P,N,, standard deviations in parentheses.

N-P-N P-N-P
N4-P1-N4 109.28(18) N2-P2-N1 115.18(15) P2-N1-P2 125.9(2)
N4-P1-N3  106.14(12) N2-P2-N3 115.25(13) P1-N3-P2 117.06(15)
N4-P1-N3 114.18(12) N1-P2-N3 101.96(11) P1-N4-P2 115.29(15)
N4-P1-N3 114.18(12) N2-P2-N4 117.62(13)
N4-P1-N3 106.14(12) N1-P2-N4 101.28(12)
N3-P1-N3 107.11(18) N3-P2-N4 103.33(12)
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C.2 bex-Ce,P;N,

Rietveld Plot
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Figure C.2. Rietveld plot of bex-Ce,P;N,. Measured data is plotted as small black crosses, calculated
model as the red ling, difference plot as the blue line on the bottom; theoretical Bragg positions are
located as vertical bars of respective phase color above the Rietveld plot.
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Table C.10. Crystallographic information for the Rietveld refinement of bex-Ce,P,N;.

Formula

Ce,P;N,

Formula mass /g - mol™

Crystal system / space group

Lattice parameters / A, °

Cell volume / A?

Formula units per cell Z
Calculated density /g -cm™
F(000)

Absorption coefficientu /cm™
Radiation

Monochromator
Diffractometer

Detector

20-range/°

Temperature /K

Data points

Number of observed reflections
Number of parameters
Constraints

Program used

Structure refinement
Profile function
Background function

pr

Rew

471.22

monoclinic, C2/c (no. 15)
a=7.81724(8)
b=10.26970(9)
c=17.79472(7)
B=111.1896(6)
583.457(10)

4

5.365

832

16.157

Mo-Ka, (A =70.9300 pm)
Ge(111)

Stoe StadiP

MYTHEN 1K

2-56

297(2)

3618

736

65

0

TOPAS Academic
Rietveld method
Fundamental parameters model
Shifted Chebychev
0.04951

0.02214

0.03335

0.01530

2.236
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C.3 bex-Pr,PsN,

c.3 beX'Pr2P3N7

Tables

Table C.11. Sites, positions and isotropic displacement parameters of bex-Pr,P,N,, standard devia-
tions in parentheses.

Atom Wyckoff Symbol x y z U../A*> Occupancy
Pr1 8f 0.22579(2) 0.04123(2) 0.47877(2) 0.00412(3) 1
P1 4e 0 0.74283(6) 1/4 0.00278(9) 1 v
P2 8f 0.11384(6)  0.27433(4)  0.13422(6)  0.00310(7) 1 <
N1 4e 0 0.34835(19) 1/4 0.0047(3) 1 E
N2 8f 0.4723(2) 0.14938(13) 0.07005(19)  0.00430(19) 1 a
N3 8f 0.32359(19) 0.33926(14) 0.2294(2) 0.00432(19) 1 é
N4 8f 0.1063(2) 0.12017(14) 0.1350(2) 0.0052(2) 1

Table C.12. Anisotropic displacement parameters occurring in bex-Pr,P,N,, standard deviations in

parentheses.
Atom U, I R U,/ R U,/ R U,/ R U/ R U,/ R
Pr1 0.00426(5) 0.00386(5) 0.00430(5) -0.00007(2) 0.00163(3) -0.00008(2)
P1 0.00284(19) 0.0034(2) 0.00215(19) 0 0.00103(16) 0
P2 0.00313(14) 0.00334(14) 0.00290(14)  —0.00003(11) 0.00120(12)  —0.00014(11)
N1 0.0061(7) 0.0039(7) 0.0054(7) 0 0.0038(6) 0
N2 0.0059(5) 0.0041(5) 0.0027(4) -0.0001(4) 0.0012(4) 0.0004(4)
N3 0.0027(4) 0.0044(5) 0.0052(5) -0.0003(4) 0.0007(4) 0.0002(4)
N4 0.0059(5) 0.0040(5) 0.0062(5) -0.0003(4) 0.0026(4) 0.0000(4)

Table C.13. Bond lengths (A) occurring in bex-Pr,P,N;, standard deviations in parentheses.

Pr1-N4 2.4274(14) Pr1-Pr1  3.7515(2) N1-P2 1.6594(10)
Pr1-N4 2.5455(15) P1-N2 1.6430(14) N1-Pr1 2.6501(9)

Pr1-N3 2.5652(14) P1-N3 1.6525(14) N2-P1 1.6430(14)
Pr1-N4 2.6192(15) P1-N3 1.6525(14) N2-P2 1.6761(14)
Pr1-N2 2.6467(14) P2-N4 1.5770(15) N2-Pr1  2.6467(14)
Pr1-N1 2.6501(9) P2-N1 1.6594(10) N2-Pr1  2.7503(14)
Pr1-N3 2.7260(14) P2-N3 1.6691(14) N3-P1 1.6525(14)
Pr1-N2 2.7503(14) P2-N2 1.6761(14) N3-Pr1  2.5652(14)
Pr1-P2 3.2527(4) P2-Pr1  3.2527(4) N3-Pr1  2.7260(14)
Pr1-P2 3.3836(4) P2-Pr1  3.3835(4) N4-Pr1  2.4274(14)
Pr1-P2 3.3942(4) P2-Pr1  3.3942(4) N4-Pr1  2.5455(15)
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Table C.14. Bond angles (°) occurring in bex-Pr,P,N,, standard deviations in parentheses.

N-P-N P-N-P
N2-P1-N2 108.89(10) N4-P2-N1 115.17(8) P2-N1-P2 125.74(13)
N2-P1-N3 106.07(7) N4-P2-N3 115.31(8) P1-N2-P2 114.88(8)
N2-P1-N3 114.64(7) N1-P2-N3 102.10(6) P1-N3-P2 116.97(9)
N2-P1-N3 114.64(7) N4-P2-N2 117.78(8)
N2-P1-N3 106.07(7) N1-P2-N2 101.15(6)
N3-P1-N3 106.76(10) N3-P2-N2 103.07(7)
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Figure C.3. Rietveld plot of bex-Pr,P;N,. Measured data is plotted as small black crosses, calculated
model as the red line, difference plot as the blue line on the bottom; theoretical Bragg positions are
located as vertical bars of respective phase color above the Rietveld plot. LiPN, is unreacted starting
material. The byproduct Pr(PO;)O can be traced back to side reactions with the boron nitride crucib-
le, which slowly hydrolyses in air to boric acid.
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C.3 bex-Pr,PsN,

Table C.15. Crystallographic information on the Rietveld refinement of bex-Pr,P,N,.

Formula

Pr,P:N,

Formula mass /g - mol™
Crystal system / space group

Lattice parameters / A, °

Cell volume / A?

Formula units per cell Z
Calculated density /g - cm™
F(000)

Absorption coefficientu/cm™
Radiation

Monochromator
Diffractometer

Detector

20-range/°

Temperature / K

Data points

Number of observed reflections
Number of parameters
Constraints

Program used

Structure refinement

Profile function

Background function

pr

Rew

472.80
monoclinic, C2/c (no. 15)
a=7.79638(16)
b=10.2156(2)
c=17.77530(15)
B=111.2965(12)
576.97(2)

4

5.443

848

17.448

Mo-Ka, (A =70.9300 pm)
Ge(111)

Stoe StadiP
MYTHEN 1K
2-56

297(2)

3618

728

91

0

TOPAS Academic
Rietveld method

Fundamental parameters model

Shifted Chebychev
0.12186

0.10117

0.08076

0.02789

1.204
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Infrared Spectroscopy
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Figure C.4. IR spectrum of bex-Pr,PsN;obtained in ATR geometry.
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Figure C.5. Temperature Programmed PXRD of a bex-Pr,P;N;, sample.
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C.3 bex-Pr,PsN,

EDX

Table C.16. EDX measurement on a single crystal of bex-Pr,P,N,.

Atom Theory/at-% Experiment/at-%
Pr 16.7 20
P 25 26

58.3 52
(o) 0 0

AprPENDIX C
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C.4 mcm-Pr,P;N,

Tables

Table C.17. Crystallographic information on mcm-Pr,P,N,.

Table C.18. Sites, positions and isotropic displacement parameters of mcm-Pr,P,N,, standard devi-

Formula

Pr,P:N;

Formula mass /g - mol™
Crystal system / space group

Lattice parameters / A

Cell volume / A?

Formula units per cell Z
Calculated density /g -cm™
F(000)

Absorption coefficient u/ cm™
Radiation

Monochromator
Diffractometer

Detector

20-range /°

Temperature / K

Data points

Number of observed reflections
Number of parameters
Constraints

Program used

Structure refinement

Profile function

Background function

R Bragg

472.80

tetragonal, P121m (no.113)
a=7.4915(7)
¢=5.1880(7)

291.16(8)

2

5.393(1)

440

17.288

Mo-Ka, (A =70.9300 pm)
Ge(111)

Stoe StadiP

MYTHEN 1K

2-56

297(2)

3618

249

40

0

TOPAS Academic
Rietveld method
Fundamental parameters model
Shifted Chebychev
0.025056

ations in parentheses.

Atom Wyckoff Symbol X y z U..,/A*> Occupancy
Pr1 4e 0.1652(5) 0.6652(5) 0.506(2) 0.0017 1
P1 4e 0.6386(18) 0.1386(18) 0.946(8) 0.0101 1
P2 2a 0 0 0 0.0051 1
N1 2c 0 1/2 0.17(2) 0.0118 1
N2 4e 0.646(8) 0.146(8) 0.25(2) 0.0132 1
N3 8f 0.078(13) 0.165(4) 0.186(6) 0.0043 1
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C.4 mcm-Pr,P;N,

Table C.19. Bond lengths (A) occurring in bex-Pr,P,N;, standard deviations in parentheses.

Pr1-N1
Pr1-N2
Pr1-N3
Pr1-Pr1
Pr1-N3
Pr1-P1

2.47(7)
2.66(7)
2.50(8)
3.501(5)
2.77(7)
3.09(3)

Pr1-N2
Pr1-N3
Pr1-N3
P1-N2
P1-N1

P1-N3
P1-N3
P2-N3
P2-N3
P2-N3
P2-N3

1.69(4

)
)
)
1.67(4)
1.67(4)

)

Table C.20. Bond angles (°) occurring in mcm-Pr,P,N,, standard deviations in parentheses.

N-P-N P-N-P
N1-P1-N2 115(4) N3-P2-N3 109(4) P1-N1-P1 135(7)
N2-P1-N3 113(3) N3-P2-N3 109.6(18) P1-N3-P2 120(2)
N2-P1-N3  113(3) N3-P2-N3 109(4)
N1-P1-N3 104(4) N3-P2-N3 109(4)
N1-P1-N3  104(4) N3-P2-N3 109.6(19)
N3-P1-N3 108(4) N3-P2-N3 109(4)
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Rietveld Plot
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Figure C.6. Rietveld plot of mcm-Pr,P;N,. Measured data is plotted as small black crosses, calcula-
ted model as the red line, difference plot as the blue line on the bottom; theoretical Bragg positions
are located as vertical bars of respective phase color above the Rietveld plot. An yet unidentified
byproduct complicates structure refinement. A preliminary hexagonal unit cell (a = 11.153(3) A c=
13.881(1) A) was indexed from the difference plot but. Structure solution was not possible since the
phase only occurred as a minor side phase.
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C.5 mem-Nd,P;N,

c.5 mcm'Nd2P3N7

Tables

Table C.21. Crystallographic information on mcm-Nd,P;N,.

Table C.22. Sites, positions and isotropic displacement parameters of mcm-Nd,P,N,, standard de-

Formula

Nd,P:N,

Formula mass /g - mol™
Crystal system, space group

Lattice parameters / A

Cell volume / A?

Formula units per cell Z
Calculated density /g -cm™
F(000)

Absorption coefficientu /cm™
Radiation

Monochromator
Diffractometer

Detector

20-range/°

Temperature /K

Data points

Number of observed reflections

Number of parameters
Constraints

Program used
Structure refinement
Profile function

Background function

R Bragg

479.46

tetragonal, P221m (no.113)
a=7.4642(3)
¢=5.1654(3)

287.78(3)

2

5.53295(59)

444

18.603

Mo-Ka, (A =70.9300 pm)
Ge(111)

Stoe StadiP

MYTHEN 1K

2-56

297(2)

3618

242

56

0

TOPAS Academic
Rietveld method
Fundamental parameters model
Shifted Chebychev
0.036074

viations in parentheses.

Atom Wyckoff Symbol b'¢ y z U.,/A*> Occupancy
Nd1 4e 0.1630(2) 0.6630(2) 0.5089(11) 0.0039(8) 1
P1 4e 0.6430(11) 0.1430(11) 0.967(4) 0.012(4) 1
P2 2a 0 0 0 0.007(4) 1
N1 2c 0 1/2 0.180(10) 0.0063 1
N2 4e 0.643(4) 0.143(4) 0.272(6) 0.0063 1
N3 8f 0.083(3) 0.153(4) 0.185(5) 0.0063 1
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Table C.23. Bond lengths (A) occurring in mem-Nd,P,N,, standard deviations in parentheses.

Nd1-N1 2.42(4) Nd1-N2 2.39(3) P1-N3 1.77(3)
Nd1-N2 2.55(3) Nd1-N2  2.55(3) P1-N3 1.77(3)
Nd1-N3 2.48(2) Nd1-N3 2.83(3) P2-N3 1.61(3)
Nd1-Nd1 3.441(2) Nd1-N3  2.48(2) P2-N3 1.61(3)
Nd1-N3 2.84(3) P1-N2 1.58(4) P2-N3 1.61(3)
Nd1-P1 3.129(17) P1-N1  1.69(3) P2-N3 1.61(3)

Table C.24. Bond angles (°) occurring in mcm-Nd,P,N;, standard deviations in parentheses.

N-P-N P-N-P

N3-P2-N3  110.6( P1-N1-P1 127(3)
6) N3-P2-N3 107.3(1 P1-N3-P2 116.3(16)
6) N3-P2-N3 110.6(1
5) N3-P2-N3 110.6(
5) (
4) (

N1-P1-N2 117(2)
N2-P1-N3 116.3(1
N2-P1-N3 116.3(1
N1-P1-N3  100.6(
N1-P1-N3  100.6(1
N3-P1-N3 103.8(1

N3-P2-N3 107.3
N3-P2-N3 110.6(1
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C.5 mem-Nd,P;N,

Rietveld Plot
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Figure C.7. Rietveld plot of mcm-Nd,P;N,. Measured data is plotted as small black crosses, calcula-
ted model as the red line, difference plot as the blue line on the bottom; theoretical Bragg positions
are located as vertical bars of respective phase color above the Rietveld plot. The oxygen containing
side product might form due to a side reaction with the boron nitride crucible, which slowly hydro-
lyses to boric acid in air.
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Co6 mcm'sm2P3N7

Tables

Table C.25. Crystallographic information on mcm-Sm,P,N,.

Formula

Sm,P;N,

Formula mass /g - mol™
Crystal system, space group

Lattice parameters / A

491.69

tetragonal, P221m (no.113)
a=7.42914(9)
¢=5.11099(9)

Cell volume / A’ 282.086(10)
Formula units per cell Z 2
Calculated density /g -cm™ 5.78883
F(000) 448
Absorption coefficient u/ cm™ 21.389
Radiation Mo-Ka, (A =70.9300 pm)
Monochromator Ge(111)
Diffractometer Stoe StadiP
Detector MYTHEN 1K
20-range/° 2-56
Temperature /K 297(2)

Data points 3618
Number of observed reflections 242
Number of parameters 54

Constraints

Program used
Structure refinement
Profile function
Background function

RBragg

1

TOPAS Academic

Rietveld method

Fundamental parameters model
Shifted Chebychev

0.01747

Table C.26. Sites, positions and isotropic displacement parameters of mcm-Sm,P,N,, standard de-

viations in parentheses.

Atom Wyckoff Symbol X y z U,/ A? Occupancy
Sm1 4e 0.16259(11)  0.66259(11) 0.5080(5) 0.0035(4) 1
P1 4e 0.6415(5) 0.1415(5) 0.9703(18) 0.0051(16) 1
P2 2a 0 0 0 0.0041(16) 1
N1 2c 0 1/2 0.180(5) 0.002(2) 1
N2 4e 0.6410(18) 0.1410(18) 0.277(3) 0.002(2) 1
N3 8f 0.0802(17)  0.1651(19) 0.186(2) 0.002(2) 1




C.6 mcm-Sm,P;N,

Table C.27. Bond lengths (A) occurring in mem-Sm,P,N,, standard deviations in parentheses.

Sm1-N1 2.393(18) Sm1-N2 2.377(14) P1-N3 1.704(14)
Sm1-N2 2.514(14) Sm1-N2 2.514(14) P1-N3 1.704(14)
Sm1-N3 2.473(12) Sm1-N3  2.757(12) P2-N3 1.662(13)
Sm1-Sm1 3.4165(12) Sm1-N3 2.473(12) P2-N3 1.662(13)
Sm1-N3 2.757(12) P1-N2 1.568(18) P2-N3 1.662(13)
Sm1-P1  3.134(8) P1-N1 1.673(13) P2-N3 1.662(13)

Table C.28. Bond angles (°) occurring in mcm-Sm,P,N,, standard deviations in parentheses. (O

N-P-N P-N-P E

N1-P1-N2 117.1(10) N3-P2-N3 109.1(6) P1-N1-P1 125.4(16) E

N2-P1-N3 117.9(7) N3-P2-N3 110.2(6) P1-N3-P2 116.7(7 &

N2-P1-N3 117.9(7) N3-P2-N3 109.1(6) <
N1-P1-N3 98.5(7) N3-P2-N3 109.1(6)
N1-P1-N3 98.5(7) N3-P2-N3 110.2(6)
N3-P1-N3 103.5(7) N3-P2-N3 109.1(6)
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Rietveld Plot
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Figure C.8. Rietveld plot of mcm-Sm,P;N,. Measured data is plotted as small black crosses, calcula-
ted model as the red line, difference plot as the blue line on the bottom; theoretical Bragg positions
are located as vertical bars of respective phase color above the Rietveld plot. The oxygen containing
side product might form due to a side reaction with the boron nitride crucible, which slowly hydro-
lyses to boric acid in air.
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C.7 mcm-Eu,P;N;

c.7 mcm'EU2P3N7

Tables

Table C.29. Crystallographic information on mcm-Eu,P,N,.

Formula Eu,P;N,
Formula mass /g - mol™ 494.90
Crystal system, space group tetragonal, PZLm (no. 113)
Lattice parameters / A a=7.4173(6)
¢c=5.0899(4)
Cell volume / A® 280.02(7)
Formula units per cell Z 2
Calculated density / g - cm™ 5.86948
F(000) 452
Absorption coefficient p/cm™ 22.975

Radiation
Monochromator
Diffractometer
Detector

20-range /°
Temperature / K

Data points

Number of observed reflections
Number of parameters
Constraints

Program used

Structure refinement

Profile function
Background function

R Bragg

Mo-Ka, (A =70.9300 pm)
Ge(111)

Stoe StadiP

MYTHEN 1K

2-56

297(2)

3618

238

54

0

TOPAS Academic
Rietveld method
Fundamental parameters
model

Shifted Chebychev
0.03536

Table C.30. Sites, positions and isotropic displacement parameters of mcm-Eu,P,N,, standard de-

viations in parentheses.

AprpPenDIX C

Atom Wyckoff Symbol X y z U../A*> Occupancy
Eul 4e 0.1624(2) 0.6624(2) 0.5080(12) 0.0080(8) 1
P1 4e 0.6436(12) 0.1436(12) 0.963(4) 0.016(4) 1
P2 2a 0 0 0 0.018(4) 1
N1 2c 0 1/2 0.153(10) 0.002(5) 1
N2 4e 0.631(4) 0.131(4) 0.272(7) 0.002(5) 1
N3 8f 0.067(4) 0.172(4) 0.189(5) 0.002(5) 1
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Table C.31. Bond lengths (A) occurring in mem-Eu,P,N,, standard deviations in parentheses.

Eul-N1 2.48(4) Eu1-N3  2.65(3) P1-N3 1.67(3)
Eul-Eul 3.931(2) Eul-N2 2.48(3) P2-N3 1.67(3)
Eu1-P1 3.304(17) Eu1-N3 2.65(3) P2-N3 1.67(3)
Eul-N2 2.46(3) Eu1-N3 2.53(3) P2-N3 1.67(3)
Eul-N3 2.53(3) P1-N2 1.58(4)
Eul-Eul 3.407(2) P1-N1  1.62(2)

Table C.32. Bond angles (°) occurring in mcm-Eu,P,N,, standard deviations in parentheses.

N-P-N P-N-P
N1-P1-N2 107(2) N3-P2-N3 109.3(14) P1-N1-P1 137(3)
N2-P1-N3 119.3(16) N3-P2-N3 109.8(13) P1-N3-P2 117.3(16)
N2-P1-N3 119.3(16) N3-P2-N3 109.3(14)
N1-P1-N3 98.4(16) N3-P2-N3 109.3(14)
N1-P1-N3 98.4(16) N3-P2-N3 109.8(13)
N3-P1-N3 110.0(17) N3-P2-N3 109.3(14)

Rietveld Plot
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Figure C.9. Rietveld plot of mcm-Eu,P;N,. Measured data is plotted as small black crosses, calcula-
ted model as the red line, difference plot as the blue line on the bottom; theoretical Bragg positions
are located as vertical bars of respective phase color above the Rietveld plot. EuF, can form since the
reaction conditions are highly reductive due to the presence of nitride.
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C.8 mecm-Ho,P;N,

c.8 mcm'H°2P3N7

Tables

Table C.33. Sites, positions and isotropic displacement parameters of mcm-Ho,P,N,, standard de-
viations in parentheses.

Atom Wyckoff Symbol X y z U../A* Occupancy

Ho1 4e 0.16107(2) 0.66107(2) 0.50948(7) 0.00446(6) 1

P1 2a 0 0 0 0.0034(3) 1 9]
P2 4e 0.64200(13)  0.14200(14) 0.9678(3) 0.0033(3) 1 <
N1 2c 0 1/2 0.1730(15) 0.0053(12) 1 E
N2 4e 0.6425(5) 0.1425(5) 0.2820(10) 0.0051(9) 1 a
N3 8f 0.0830(5) 0.1643(5) 0.1886(7) 0.0053(6) 1 é

Table C.34. Anisotropic displacement parameters occurring in mem-Ho,P,N;, standard deviations
in parentheses.

Atom U, /A U,/ A? U /A2 U,/ A U/ A2 U,/ A?
Ho1 0.00420(6)  0.00420(6) 0.00497(10) -0.00029(9) -0.00029(9)  -0.00088(8)
P1 0.0030(4) 0.0030(4) 0.0042(7) 0 0 0
P2 0.0031(3) 0.0031(3) 0.0038(7)  -0.0002(4)  -0.0002(4) 0.0002(4)
N1 0.0041(18)  0.0041(18) 0.008(3) 0 0 0.003(3)
N2 0.0052(14)  0.0052(14) 0.005(2) -0.0011(12) -0.0011(12)  -0.0002(19)
N3 0.0078(15)  0.0033(13)  0.0046(14)  0.0003(14)  -0.0005(11)  -0.0020(13)

Table C.35. Bond lengths (A) occurring in mem-Ho,P,N,, standard deviations in parentheses.

Ho1-N2
Ho1-N1
Ho1-N3
Ho1-N3
Ho1-N2
Ho1-N2
Ho1-N3
Ho1-N3
Ho1-P2
Ho1-P2
Ho1-P2

2.339(5)
2.375(5)
2.414(4)
2.414(4)
2.469(4)
2.469(4)
2.729(4)
2.729(4)
3.0738(14)
3.2688(15)
3.2688(15)

Hol1-Ho1
P1-N3
P1-N3
P1-N3
P1-N3
P2-N2
P2-N1
P2-N3
P2-N3

P2-Ho1
P2-Ho1

3.3526(5)
1.651(4)
1.651(4)
1.651(4)
1.651(4)
1.570(5)
1.637(4)
1.683(4)
1.683(4)
3.0738(14)

3.2688(15)

P2-Ho1
N1-P2
N1-P2

N1-Ho1
N2-P2

N2-Ho1

N2-Ho1

N2-Ho1
N3-P2

N3-Ho1
N3-Ho1

3.2688(15)
1.637(4)

)
)
)
)
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Table C.36. Bond angles (°) occurring in mcm-Ho,P,N,, standard deviations in parentheses.

N-P-N P-N-P
N3-P1-N3 109.05(13) N2-P2-N1 115.7(3) P2-N1-P2 129.1(5)
N3-P1-N3 110.3(3) N2-P2-N3 117.59(17) P1-N3-P2 116.8(2)
N3-P1-N3 109.05(13) N1-P2-N3 100.1(2)
N3-P1-N3 109.05(13) N2-P2-N3 117.59(17)
N3-P1-N3 110.3(3) N1-P2-N3 100.1(2)
N3-P1-N3 109.05(13) N3-P2-N3 102.8(3)
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Figure C.10. Rietveld plot of mcm-Ho,P;N,. Measured data is plotted as small black crosses, calcula-
ted model as the red line, difference plot as the blue line on the bottom; theoretical Bragg positions
are located as vertical bars of respective phase color above the Rietveld plot.
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C.8 mecm-Ho,P;N,

Table C.37. Crystallographic information on the Rietveld refinement of mcm-Ho,P,N,.

Formula

Ho,P:N,

Formula mass /g - mol™
Crystal system, space group

Lattice parameters / A

Cell volume / A?

Formula units per cell Z
Calculated density /g -cm™
F(000)

Absorption coefficientu/cm™
Radiation

Monochromator
Diffractometer

Detector

20-range /°

Temperature / K

Data points

Number of observed reflections
Number of parameters
Constraints

Program used

Structure refinement

Profile function

Background function

pr

Recs

R,

p

R Bragg

XZ

520.84

tetragonal, P221m (no.113)
a=17.35935(6)
¢c=4.99757(5)

270.669(7)

2

6.391

456

29.828

Mo-Ka, (A =70.9300 pm)
Ge(111)

Stoe StadiP

MYTHEN 1K

2-76

297(2)

4878

474

50

0

TOPAS Academic
Rietveld method
Fundamental parameters model
Shifted Chebychev
0.06258
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2.578
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Infrared Spectroscopy

Transmission / %

100 T

90 [~

70 —

4000 3000 2000 1000
Wavenumber /cm

Figure C.11. IR spectrum of mcm-Ho,P;N; obtained in ATR Geometry.

High-temperature X-ray powder diffraction
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Figure C.12. Temperature Programmed PXRD of a mcm-Ho,P;N; sample.
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C.8 mecm-Ho,P;N,

EDX

Table C.38. EDX measurement on a single crystal of mcm-Ho,P;N,.

Atom Theory/at-% Experiment/at-%
Pr 16.7 17
P 25 22

58.3 57
(o) 0 5

AprPENDIX C

259



Appendix C - Supporting Information for Chapter 3

Cog mcm'Yb2P3N7

Tables

Table C.39. Crystallographic information on mecm-Yb,P,N,.

Formula

Yb,P:N,

Formula mass /g - mol™
Crystal system, space group

Lattice parameters / A

537.06

tetragonal, P221m (no. 113)
a=17.32442(7)

¢ =4.94453(5)

Cell volume / A’ 265.260(8)
Formula units per cell Z 2
Calculated density /g - cm™ 6.7239(1)
F(000) 460
Absorption coefficient u/ cm™ 35.865

Radiation Mo-Ka, (A =70.9300 pm)
Monochromator Ge(111)
Diffractometer Stoe StadiP
Detector MYTHEN 1K
20-range/° 2-76
Temperature / K 297(2)

Data points 4958

Number of observed reflections 483

Number of parameters 68

Constraints 0

Program used TOPAS Academic

Structure refinement

Profile function

Rietveld method

Fundamental parameters model

Background function Shifted Chebychev
Rup 0.02561

Rep 0.02312

R, 0.02561

Réragg 0.00927

X 1.699
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C.9 mcm-Yb,P;N,

Table C.40. Sites, positions and isotropic displacement parameters of mecm-Yb,P,N,, standard de-
viations in parentheses.

Atom Wyckoff Symbol X y z U/ A?  Occupancy
Yb1 4e 0.16073(4)  0.66073(4) 0.51060(15) 0.00889(12) 1
P1 4e 0.6427(2) 0.1427(2) 0.9659(6) 0.0080(5) 1
P2 2a 0 0 0 0.0086(6) 1
N1 2c 0 1/2 0.178(2) 0.007(3) 1
N2 4e 0.6427(7) 0.1427(7) 0.2840(12) 0.0071(18) 1
N3 8f 0.0831(7) 0.1648(7) 0.1933(9) 0.0049(10) 1

Table C.41. Bond lengths (A) occurring in mem-Yb,P,N,, standard deviations in parentheses.

Yb1-N1 2.340(7)
Yb1-N2 2.447(5)
Yb1-N3 2.380(5)
Yb1-Yb1 3.3298(4)
Yb1-N3  2.699(5)

Yb1-N2 2.447(5)
Yb1-N3 2.699(5)
Yb1-N3 2.380(5)

P1-N3 1.673(5)
P2-N3 1.656(5)
P2-N3 1.656(5)
)
)

AprPENDIX C

P2-N3 1.656(5
P2-N3 1.656(5

P1-N1 1.641(5)

Table C.42. Bond angles (°) occurring in mcm-Yb,P,N,, standard deviations in parentheses.

Yb1-N2 2.324(5)

P1-N3

(

(

(
P1-N2 1.573(7)

(

(

1.673(5)

N-P-N P-N-P
N1-P1-N2 115.7(4) N3-P2-N3 109.5(2) P1-N1-P1 128.6(6)
N2-P1-N3 118.1(3) N3-P2-N3 109.5(2) P1-N3-P2 116.0(3)
N2-P1-N3  118.1(3) N3-P2-N3 109.5(2)
N1-P1-N3 99.6(3) N3-P2-N3 109.5(2)
N1-P1-N3 99.6(3) N3-P2-N3 109.5(2)
N3-P1-N3 102.6(3) N3-P2-N3 109.5(2)
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Rietveld Plot
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Figure C.13. Rietveld plot of mcm-Yb,P;N,. Measured data is plotted as small black crosses, calcula-
ted model as the red line, difference plot as the blue line on the bottom; theoretical Bragg positions
are located as vertical bars of respective phase color above the Rietveld plot. YbPO, might form due
to a side reaction with the boron nitride crucible, which slowly hydrolyzes to boric acid in air.
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C.10 Rietveld Refinement of a mcm/bex-Pr,PsN; phase mixture

C.10 Rietveld Refinement of a mcm/bex-Pr,P;N, phase mixture
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Figure C.14. Rietveld plot of mcm-and bex-Pr,P;N,. Measured data is plotted as small black crosses,
calculated model as the red line, difference plot as the blue line on the bottom; theoretical Bragg
positions are located as vertical bars of respective phase color above the Rietveld plot.
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D.1 Chemical analysis table containing EDX and ICP data

D.1 Chemical analysis table containing EDX and ICP data

Table D.1. Table of chemical analysis by EDX and ICP of a Ho;[PN,]JO sample.

EDX Ho / at-% P /at-% O/ at-% N/ at-% Li/at-%
Measured 24 9 19 48 -
Theory 33 11 11 44 -
ICP-OES Ho / mol/g P /mol/g O /mol/g N/ mol/g Li/mol/g

2922 0.977 - - 9.222
Ratio: 2.993 1 - - 9.447
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D.2 Additional crystallographic information on Ho;[PN,]O

Table D.2. Anisotropic displacement parameters in Ho;[PN,]O, standard deviation in parenthesis.

Atom U, /A U,/ A? U/ A? U,/ A? U/ A2 U/ A?
Ho1 0.0122(4) 0.0122(4) 0.0111(5) 0 0 0
Ho2 0.0090(4)  0.0090(4)  0.0081(4) 0 0  -0.0005(2)
P1 0.0092(11)  0.0092(11)  0.0024(16) 0 0 0
01 0.006(3) 0.006(3) 0.081(10) 0 0 0.000(5)
N1 0.0070(18)  0.0070(18) 0.009(3)  -0.005(2) 0.003(4)  -0.005(2)

Table D.3. Atomic distances in Ho;[PN,]O, standard deviation in parenthesis.

P1-N1 1.642(4)
Ho1l-N1 2.673(4)
Ho2-N1 2.569(4)
Ho2-N1 2.295(4)
Ho1-01 2.6393(1)
Ho2-01 2.3465(6)

Ho2-Ho2  3.3184(9)

Table D.4. Important bond angles occurring in Hos[PN,]O, standard deviation in parenthesis.

N-P-N Ho-0O-Ho
N1-P1-N1 100.3(2) Ho2-01-Ho2 90.00(2)
N1-P1-N1 114.26(19) Ho2-01-Ho2 180
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D.3 Maple calculations

D.3 Maple calculations

Table D.5. MAPLE calculations of Ho;[PN,]O and the formal division in its constituents.

Ho* /kJmol” P /kIlmol" N*/klmol' 0O*/kJmol™ Total / kJ-mol™

Ho,[PN,]O 4432.6830 15419.0034 5265.4558 1973.2635 51933.4162
HoN!" 4482.9252 - 4482.9252 - 8964.1394
Ho,P;N,” 4794.8200 14873.2235 5909.9533 - 95437.7488
Ho,0,” 4462.2020 - - 2114.2871 15275.7332
Sum S =5xHoN + 1x Ho,0; + 1xHo,P;N; = 155534.179 kJxmol™
3x Ho,[PN,]O = 155800.2486 kJxmol™

Deviation - - - - 0.171 %
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D.4 Rietveld refinement of Ho;[PN,]JO at 123 K
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Figure D.1. Rietveld refinement of data from a Ho;[PN,]O sample, collected at 123 K.
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D.4 Rietveld Refinement of Ho;[PN,JO at 123 K

Table D.6. Crystallographic data table of low temperature Rietveld refinement on Ho;[PN,]O.

Formula

Ho;[PN,]O

Formula weight / g-mol™
Crystal system / space group
Lattice parameters / A

Cell volume / A?

Formula units per cell Z
X-ray density / g-cm™
Abs. coefficient/ mm™
Radiation
Monochromator
Diffractometer
Detector

F(000)

20-range/°
Temperature /K

Data points

Number of observed reflections
Number of parameters
Constraints

Program used
Structure refinement
Profile function
Background function
pr

Rexw

R

p

RBragg
2

X

597.80

tetragonal, /4/mcm (no. 140)
a=6.34898(3)
c=10.55186(8)

425.340(5)

4

9.35(1)

55.504

Mo-Ka, (A =70.9300 pm)
Ge(111)

Stoe StadiP

MYTHEN 1K

1008

2-75

123(2)

4824

325

50

0

TOPAS Academic V4
Rietveld-Method
fundamental parameters model
shifted Chebychev with 18 polynomials
0.05008

0.03318

0.03502

0.01009

1.509
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E.1 Infrared spectroscopy

E.1 Infrared spectroscopy
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Figure E.1. FTIR spectrum of Ce,_o5,LisP1gN35_1501 5,
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E.2 High-Temperature Powder XRD
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Figure E.2. Top view of high-temperature powder X-ray diffraction patterns of Ce,_¢s5,LisP15N35_01 5,
LiPN, was present as a side phase (main reflection at 26 = 10.5° marked by an arrow), which decom-
posed at around 800 °C.
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E.3 Details of Rietveld refinement

E.3 Details of Rietveld refinement

Table E.1. Crystallographic data for the Rietveld refinement of Ce,_y5,LisP15N35_1501 5, (X = 0.72).

Crystal Data
Formula

Crystal system, space group
Lattice parameters / A

Cell volume / A®

Formula units per cell Z

Data Collection
Radiation
Monochromator
Diffractometer
Detector
20-range /°
Temperature /K
Data points

Number of observed reflections

Refinement

Number of parameters
Constraints

Program used
Structure refinement
Profile function
Background function
pr

Rew

R

P

RBragg

CeyosxLisP1gNss_ 15015 (X = 0.72)
hexagonal, P6;/m (no. 173)
a=13.92153(9)

c=28.12855(6)

1364.32(2)

2

Mo-Ka, (A =0.7093 A)
Ge(111)

Stoe StadiP
MYTHEN 1K

2-76

297(2)

4958

2706

108

0

TOPAS Academic V4.1

Rietveld-Method

fundamental parameters model

shifted Chebychev polynomial with 14 terms
0.041

0.008

0.028

0.015
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E.4 Additional Crystallographic data for Ce, ¢ 5,Li;P1sN3s_1.5015,

Table E.2. Anisotropic displacement parameters of Ce,_qs,LisP1sN3s_; 5,015, (x = 0.72), standard devi-
ations in parentheses, based on single crystal analysis.

Atom U, /A2 U,/ A? Us; /A2 U,/ A? U/ A2 Uy / A2
Cel 0.01017(8) 0.00809(8) 0.00726(8) 0 0 0.00421(5)
Ce2 0.00781(16)  0.00781(16) 0.0450(4) 0 0 0.00391(8)
P1 0.00742(18)  0.00627(18) 0.0091(2)  0.00069(15)  0.00075(15)  0.00311(15)
P2 0.00599(18)  0.00650(18)  0.00609(19)  -0.00031(14)  -0.00003(14)  0.00339(15)
P3 0.00678(18)  0.00669(18)  0.00579(19)  0.00005(14)  0.00007(14)  0.00334(15)
N1 0.0053(6) 0.0053(6) 0.0092(11) 0 0 0.0026(3)
N2 0.0095(9) 0.0074(9) 0.0066(9) 0 0 0.0038(7)
N3 0.0120(7) 0.0087(6) 0.0084(7) 0.0012(5) 0.0036(5) 0.0058(5)
N4 0.0129(10) 0.0092(9) 0.0107(9) 0 0 0.0048(8)
04 0.0129(10) 0.0092(9) 0.0107(9) 0 0 0.0048(8)
N5 0.0076(6) 0.0073(6) 0.0132(7) -0.0026(5) 0.0003(5) 0.0032(5)
N6 0.0259(13) 0.0160(11) 0.0069(10) 0 0 0.0157(10)
N7 0.0283(10) 0.0102(7) 0.0204(9) 0.0072(7) 0.0141(8) 0.0120(7)
N8 0.0403(14) 0.084(2) 0.0196(10) 0.0256(13) 0.0169(10) 0.0546(16)
Li1 0.020(3) 0.011(2) 0.033(3) 0 0 0.008(2)

Table E.3. Bond lengths (A) in Ce,_5,LisP1gNss_; 5015, standard deviations in parentheses.

Cel P1
Ce1-N7 2.5394(19) P1-N7 1.6059(19)
Cel-N3 2.6069(17) P1-N8 1.614(2)
Cel-N6 2.727(3) P1-N8 1.615(2)
Ce1-N5 2.7315(17) P1-N4 1.6544(12)
Cel1-N5 2.8592(18)
Ce1-P2 3.3358(5) P2
Ce1-P3 3.3784(5) P2-N5 1.6053(17)
P2-N2 1.6078(12)
Ce2 P2-N3 1.6103(18)
Ce2-N4 2.665(2) P2-N1 1.6988(5)
Ce2-N8 2.792(3)
P3
Li1 P3-N7 1.611(2)
Li1T-N2 2.093(6) P3-N6 1.6197(11)
Li1T-N6 2.279(7) P3-N3 1.6243(17)
Li1-N8 2.260(6) P3-N5 1.6509(17)
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E.4 Additional Crystallographic data for Ce, g5,LisP1gN35_1.501.5¢

Table E.4. Selected bond angles (in °) in Ce,_o5,LisP1gN35_1 501 5, standard deviations in parentheses.

N-P1-N N-P2-N N-P3-N P-N-P
N7-P1-N8 109.15(16) N5-P2-N2 112.84(11) N7-P3-N6 109.89(13) P2-N1-P2 120
N7-P1-N8 113.38(15) N5-P2-N3 108.54(9) N7-P3-N3 116.14(10) P2-N2-P2 124.58(15)
N8-P1-N8 111.2(2) N2-P2-N3 110.23(10) N6-P3-N3 111.74(11) P2-N3-P3 117.30(10)
N7-P1-N4 106.59(11) N5-P2-N1 107.09(7) N7-P3-N5 99.14(9) P1-N4-P1 127.33(15)
N8-P1-N4 109.34(11) N2-P2-N1 109.91(12) N6-P3-N5 107.36(12) P2-N5-P3  129.06(11)
N8-P1-N4 106.96(12) N3-P2-N1 108.07(10) N3-P3-N5 111.62(9) P3-N6-P3 134.80(17)

P1-N7-P3 138.41(13)
P1-N8-P1 133.67(16)
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E.5 MAPLE and BVS

Madelung part of the lattice energy (MAPLE) calculations were carried out with MAPLE based on
an idealized structure model of Ce,Li;PsN;;, as not fully occupied atom positions cannot be taken
into account. To evaluate the calculated values, Ce,Li;P,sN;; was formally decomposed into 4 CeN, 3

LiPN,, and 5 y-P;N;."~

Table E.5. MAPLE calculations for Ce,Li;P;gN;s.

Compound Multiplicator MAPLE /kJ-mol”  MAPLE -Multiplicator/ kJ-mol™
CeN 4 8686.1263 34744.5052
LiPN, 3 28084.5637 84253.6911
PsNs 5 76829.8841 384149421
2 503147.617
Ce,LizPgN5s 1 508459.308 508840.538
Deviation / % 1.13%

Table E.6. Partial MAPLE values for Ce,Li;P;sNss. Typical values: N>~ 5000-6000 kJ/mol™", 0> 2000-
2800 kJ/mol ™" ¥

Atom Partial MAPLE / kJ-mol™

Cel 4473
Ce2 3318
P1 15533
P2 14458
P3 15434
N1 7674
N2 6384
N3 6227
N4 5851
N5 6151
N6 5948
N7 5931
N8 6206
Li1 881
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E.5 MAPLE and BVS

Table E.7. Bond-valence sums for Ce,_qs,LisP1gN35_1501 5,

Atom Cel Ce2 Li1 P1 P2 P3 N1
BVS 244 1.93 0.86 5.0 493 4.94 3.09
Occupancy |1 0.64 1 1 1 1 1
Atom N2 N3 N4 o4 N5 N6 N7
BVS 2.83 2.86 2.57 2.13 2.87 2.88 3.01
Occupancy |1 1 0.44 0.56 1 1 1
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E.6 Difference Fourier Maps

Atom sites N6, N7 and N8 have strongly (Figure 5.3, 5.4 and 5.6) prolate displacement parameters,
potentially caused by symmetry elements of the space group P6,/m, which do not apply for the local
structure. The ellipsoids might be explained by two independent N atoms that have slightly different
x and y coordinates and are mapped onto each other by the mirror plane perpendicular to c. To falsify
this suggested lower symmetry for the average long-range ordered structure, the structure refinement
was repeated by systematically removing symmetry elements down to space group P1 under conside-
ration of all relevant twin laws. Omission of the inversion center and the mirror plane perpendicular
to [001] (in the £2 subgroup P6;, no. 173) theoretically suffices for crystallographic splitting of the N8
site. Difference Fourier maps calculated in P6; revealed a mirror- and centrosymmetric electron den-

sity (Figure E.3, E.4), indicating that the N8 position is best described with P6,/m symmetry.
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E.6 Difference Fourier Maps

Difference Fourier maps in P6,

AprPENDIX E

Figure E.3. Difference Fourier maps (F,ps—Fca) calculated for a structure model in space group P6;,

in which the atom positions of the inter-tetrahedra-bridging N were deleted. The top image shows
the Fo,—Fc.c map of the unit cell, positive electron density in yellow, negative in blue. A plane (-1.5 1
0) is highlighted in blue. The 2D contour F,,.—F, plot through this plane is presented in the bottom
part. It runs through the N8 atom positions. F,,—F., maps were calculated with VESTA.”!
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Difference Fourier maps in P6;/m

Figure E.4. Difference Fourier maps (Fops—F.) calculated for a structure model in space group

P6s/m, in which the atom positions of the inter-tetrahedra bridging N were deleted. The top image
shows the F,.,.—F.,c map of the unit cell, positive electron density in yellow, negative in blue. A plane
(=1.5 1 0) is highlighted in blue. The 2D contour F,,,—F,. plot through this plane is presented in the
bottom part. It runs through the N8 atom positions. Fo,.—F...c maps were calculated with VESTA.”
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E.7 Network topology

E.7 Network topology

Vertex Symbol
The vertex symbol of the PN net of Ce, 5,Li;PsN35 50,5, was calculated with TOPOS with ring
sizes up to 12, larger ring sizes were neglected and the corresponding angle marked with an asterisk."”
P1: (6.6,.6.6,.6,.6,)
P2:(3.3.3.4.4.6.6.6.*.*
P3: (3.6,.6.6.6.6)
The framework’s fundamental building units are essential rings of size 3 to 6, and no 10-membered
rings are listed in the point as might contrarily be suggested by the structure’s projection along [001]
(Figure 5.3); vertex symbols only list the shortest rings and their number contained in the respective

angle."®

Tiling
All six tiles occurring in the maximum symmetry embedding of the PN net of Ce, 5,Li;P1sNss 15,05,

are presented along with their wireframe representation and face symbol as well as their volume occu-

pation in the real crystal structure (Figure E.5). Data calculated with TOPOS, tiles drawn with 3dt.'*”

Table E.8. Face symbols and volume of the tiles shown in Figure E.5.

Tile Face Symbol  Volume/A®

a [6°.107] 147.9
b (324 10.6
c [6°] 17.0
d [6°] 62.1
e [34.67] 17.8
f [3%67] 59.6
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(b)
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Figure E.5. Tiles occurring in Ce,_o5,LisP15Nss 15015, face symbols and volume given in Table E.8.
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E.8 Coordination polyhedra

E.8 Coordination polyhedra

Li2 coordination

The pentagonal pyramid belongs to the class of Johnson solids, polyhedra that are not transitive on
its faces, edges and vertices but constitute regular polygons."®' It is classified as Johnson solid JJ, with
vertex symbol (3.5)5(3°) and Cs, symmetry in Schonflies notation. According to site symmetry ..
of the Lil position, distortions in the LiN4 polyhedron removed the five-fold rotation axis, which
is in any case non-crystallographic, but maintained one vertical mirror plane. Common Li—N bond
lengths range from 2.0 to 2.4 A (e. g. NdLiP,N; d(Li-N) = 1.96 to 2.17 A, B;Ca,LiN; d(Li-N) =
2.22 A).”'"' The values found here reveal a large distance variation (d(Li-N) = 2.09-2.80, d(Li—N)
=2.41 A) leading to an effective coordination number of 3.6. Hence, the coordination might better
be represented by a tetrahedron. However, the prolate Li atom displacement, which shows a dis-
placement towards the remote N7 (d(Lil-N7) = 2.747(4) A), is illustrated by the distortion of the

pentagonal pyramid.

Ce1 coordination

Cel resides inside the ten-membered-ring channels and is coordinated in an irregular CeN, poly-
hedron, which is not one of the Johnson solids. A mathematically devised holohedral polygon with
regular polygon faces, therefore, cannot be constructed. Through determination of faces based on
shortest N-N distances, the face symbol could be [3”.4°.5], describing the polyhedron as an arrange-
ment of 4 N below and 5 N above Cel (depicted in Figure 5.6b). The corresponding vertex symbol
is (3°.4),(3%.4%),(3.4.5),(3°.5);. The Cel-N distances in the range of d(Cel-N) = 2.54-2.93 A coinci-
de well with values of Ba,Cu[Si,0;]-type Ce,P;N; with d(Ce-N) = 2.44-2.75 A" The coordination

number in Ce,P;N; is CN = 8, hence the bond lengths are slightly shorter.

Ce2 coordination

Ce2, which is not fully occupied (s.o.f. = 0.635), resides in the six-membered-ring channels and is co-
ordinated by nine N atoms arranged after Johnson solid J;;, a triaugmented triangular prism (Figure
5.6¢).""! J5, belongs to the class of deltahedra, polyhedra constructed solely by equilateral triangles. Its

vertex symbol is therefore (3);(3°)s and its holohedral symmetry group is D5, which is a crystallogra-
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phic point group denoted m2 in Hermann-Mauguin notation. While space group P6,/mmc, the ma-
ximal symmetry group of the net, features am2 Wyckoff position, its 2 subgroup P6,/m does not and
Ce2 is located on a -fold symmetry axis in P6,/m. Hence, symmetry of the triaugmented triangular
prism surrounding Ce2 is reduced. Though two equilateral triangles comprise the triangular prism,
which preserve the horizontal mirror plane and inversion center, the capping N4 atoms are not cen-
tered above the rectangular faces of the prism, thus eliminating the mirror plane and 2-fold rotation
perpendicular to the main rotation axis. The symmetry group is thus C;, in Schonflies notation. Two

Ce2-N bond distances are found, d(Ce2-N4) = 2.656 A and d(Ce2-N8) = 2.792 A.
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E9 TEM

Table E.9. TEM EDX of Ce,_ys,LizP1gN35_1 505, (x = 0.72) in atom% (standard deviations), mean va-
lues based on 9 measurement points each. All experiments showed more O than theoretically pre-
dicted. This might be due to hydrolysis of the surface. The experimental values, however, are to be
understood in relation between the two domains.

average value

mean value of domains mean value of domains

Edge
from model with low O content with higher O content
N (K) 60.9 53(4) 52(1)
0 (K) 1.0 2(1) 5(1)
P (K) 31.8 39(5) 36(3)
Ce(L) 6.4 6(1) 7(2)
(a) SAED nanodiffraction
<010>* ............
<100>*
(b)
s 2 P
""" . ; Ty TR
e & 2050588 =
<010>* % .. . T 2T T
- - -
<001>* N

Figure E.6. Electron diffraction along [001] (a) and [100] (b), both SAED (left) and nanodiffraction
(right) whole pattern symmetry in accordance to space group P6;/m derived from X-ray data.
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Figure E.7. Reciprocal lattice sections (see also Figure E.12, E.13) reconstructed from single crystal
X-ray diffraction data (left) compared to SAED patterns along special directions from different crys-
tallites (middle) with corresponding simulations (right) based on single crystal X-ray data, all each
unit cell highlighted in red.
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1100]" * *

2 " p "

b EDX P(K)
overlay

Figure E.8. Fourier filtered STEM-HAADF images (a-c) including structure projection as overlay (P
atoms in orange, Ce1 atoms in green, Ce2 atoms in light green) and drift corrected EDX mappings
(d) both with atomic resolution viewed along zone axis [100], [001] and [120], bright contrasts cor-
respond to Ce, darker ones to P.
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Figure E.9. Top: Experimental unfiltered STEM-HAADF image along [001] showing Ce2 atom co-
lumns with varying intensity (some marked by red arrows). Bottom: Same figure, visually enhanced
by interpolating brightness over four pixels, followed by extrapolation of bright areas over nine pi-
xels (with Photoshop).
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(a) T Tt (b) AR .. SWE
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Figure E.10. SAED patterns along [120] (a) and [121] (b) zone axis containing superstructure re-
flections, pattern indexed with the average structure model (red), supercell highlighted in green.
Unfiltered STEM-HAADF image (c) along [120] with corresponding Fourier transform (d) showing
superstructure reflections (green arrows) similar to those in SAED above based on different Ce2 po-
sitions. STEM-HAADF image (e) along [120] with corresponding Fourier transform (e) of a domain
without superstructure, superstructure reflections are missing (red arrows) and no different Ce2 po-
sitions can be observed.
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Figure E.11. (a) EELS spectrum of Ce,_g5,Li3P15N35_1501 5 (x = 0.72), red arrows represent positions of
the Ce**-M, and Ce*"-M, edges. (b) Reference EELS spectra of CeF; and CeO, from Arai et al."” Blue
and red dotted lines illustrate different Ms/M, ratios in correspondence to Ce** and Ce*.

292



E9TEM

Off-axis EELS spectra do not suggest the presence of Ce'" in Ce,_y5,Li;PsN3s_,5,0, 5, (Figure E.11).
They show relative to the zero loss peak the Ce-M; and Ce-M, edges at 881.6 eV and 899.4 eV energy
loss, respectively. These positions of the Ce signals are very close to typical values for Ce’*(M; at 882.0
eV, M, at 899.7 eV) in Ce,Zr,O; or CeO,. The Ce"" peaks occur at lightly increased energy loss. The
M; to M, ratio is nearly one with the M; edge showing more intensity than the M, edge. This is in ac-
cordance with the higher Ms/M, ratio of Ce’* compared to the lower Ms/M, ratio of Ce*" known from

the literature. The more asymmetrically shaped M, edge compared to the M; is also characteristic for

Ce3+ [12,13,14]

Ce2 Displacement Measurement

Position deviation of the Ce2 atoms along [001] of 0.3(1) A is the mean value of 10 directly measu-
red distances from a representative STEM-HAADF micrograph (cf. Figure 5.10). In order to deter-
mine the maximum distance between two deflected Ce2 atoms (atoms A and C in Figure 5.10), in a
first step the centers of gravity of the Ce2 atoms and a horizontal neutral axis perpendicular to [001]
were defined. The distance of 0.3(1) A is then the sum of the deviations of the centers of gravities of

two Ce2 atoms (one above and one below) from the neutral axis in [001] direction.
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E.10 Synchrotron Data

Supercell model refinement procedure

Data were integrated (see Experimental section) with the supercell parameters and absorption cor-
rected with SADABS in Laue class 6/m."* Two hkI-files were manually generated for the use with two
scale factors; one hkl-file contained the average structure reflections and one contained the super-
structure reflections (—h+k = 3n are average structure reflections).

Initially, only the z coordinates of all Ce2 atoms within the supercell model were refined (with
JANA2006)" on the superstructure reflections, neglecting all symmetry restrictions (P1 symmetry).
The other atom sites were kept fixed, which is feasible because the superstructure reflections carry
information on the Ce2 distortion only and because the average structure is already well-established.
The average structure scale factor was refined prior to including the satellite reflections and was kept
constant for the following refinement steps since both scale factors were highly correlated. The scale
factor of the superstructure reflections was set to the average structure scale factor and kept constant
since it is to 100 % correlated to the Ce2 atom dislocation. The refinement converged in an R-value of
~ 30 %. The refined Ce2 displacement of 0.1 A corresponds to the minimal value since in this scena-
rio the whole crystal would be modulated. The satellite reflection scale factor scales linearly with the
displacement parameters; as the satellite reflection scale factor decreased to a fraction of the average
structure scale factor the displacement gets larger (= 0.1 A at same scale factor, = 0.3 A at one third of
the average structure scale factor). Since the real superstructure reflection scale factor is unknown the
accurate displacement cannot be determined.

A subsequent refinement was carried out in which all atoms were refined, but symmetry restrictions
were applied. Those restrained the symmetry to P6,/m for all non-Ce2 atoms and additional transla-

tional symmetry was added to treat the unit cell enlargement.

Reconstructed reciprocal lattice planes
The following reciprocal lattice planes are once shown as originally calculated (with linear intensity

[17]

scaling) with the program Crysalis'” and once visually enhanced by conversion to gray-scale and

optimization of the tonal correction with Adobe Photoshop.
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Figure E.12. Top to bottom: hk2, hk4 and hk6 planes.
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Figure E.13. hhlplane. Visual enhancement (as stated above) reveals superstructure reflections for
every lattice plane hkl with | = 2n, except for the hk0 plane.

oo ° ° o® o® o o S L = o 4 Y t oe ° 0 e o®
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0 { 2. - % 0 oo o

®oo 0 o @0 S ®eo o o ®o

° %0 @ e o ° ®o

Figure E.14. Results of the superstructure refinement: Ce2 atoms related by symmetry highlighted

by the same color. Bottom: viewed along <110>, Ce2 displacement is highlighted by green lines
perpendicular [001], N and Li atoms were not displayed for clarity.
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Structure Description in (3+2)D superspace

Lattice, symmetry and modulation vectors
Since the superstructure refinement revealed P6; symmetry for the displaced Ce2 atoms, the super-
space group P6;(a, B, 0)0(—a—p, a,0)0 was chosen for the (3+2)D modulation description. The diffrac-
tion pattern was indexed based on the basic cell with two modulation vectors q, = (1/3, 1/3, 0) and q,
=(-2/3, 1/3, 0) (Figure 5.11). The diftraction vector then is:

h = ha* + kb*+ Ic*+ mq, + nq,
It is apparent that due to the commensurateness of the superstructure an unambiguous indexing is
not possible as one satellite is shared by three basic structure reflections. This might be regarded as
merohedry in 5D but does not impede structure refinement as the reflections were treated as overlap-
ped."” Hence, a set of three symmetry-equivalent modulation waves is obtained with directions q;,
q. and the linear combination q, + q,. Since the indexing is ambiguous, the maximum satellite order
of the reflections hklmn was set to m = n = 1. To retain the same satellite order for reflections of the
symmetry equivalent direction q, + q,, the order o is defined as

0="% (|m| + |n| + |n-m|)
Concluding from the superstructure refinement described above, a purely z-polarized modulation
function u®? (x,, xs) is considered for the displacement of Ce2. Following Fourier’s theorem, any
wave-like function can be expanded in a basis of periodic sine and cosine functions.

U (X X5) = 202 [Ape-sin(2me-m-x4 + 27m-n-x5) + B,,-cos(2m-m-x4 + 2m-n-x5)]
Here, x4 = ¢-r + t and x5 = q-r + u, in which r is the position of the Ce2 atom in unit cell L = [;x + Ly
+ I,z and phase shifts t and u denote the distance to physical space.

Of the six amplitudes A, By, Aq, Boi» Ajy, and By, only two, e.g. A, and B,, have to be determined
since the others are related by symmetry. The number of parameters to describe the commensurately

modulated structure is two and therefore one less than in the supercell refinement.
Refinement
For the refinement in P6;(a, B, 0)0(—a—p, ,0)0, the basic structure model was first transformed to P6;.

For all non-modulated atoms, however, the inversion center and mirror plane were manually rein-
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troduced by setting local symmetry restrictions. All atomic positions and anisotropic displacement
parameters were refined. The amplitudes A,, and B,, were refined to a significance of 0.004370(15)
and 0.00223(3), respectively. The x3-x4 and x3-x5 E,,, Fourier maps are shown in Figure E.15. In this
refinement, the scale factor of the average structure and the satellite reflection scale factor were assu-
med to be equal. Therefore, the resulting Ce2 displacement is the minimal value, as for the supercell
refinement, since this assumes that the whole crystal is modulated. The site occupancy factors of Ce2
cannot be refined since they are also to 100 % correlated with the scale factor. From TEM EDX data
(Table E.10) we inferred that the superstructure domains contain very little oxygen that might just
stem from surface hydrolysis. Hence, modulated domains with a fully occupied Ce2 are fathomable,

in which local structure has sum formula Ce,Li;P;cNy,.

Superspace Symmetry Discussion

Both the supercell and superspace refinement yielded the same qualitative result and little uncertainty
remains about the superstructure. However, in the superspace description, another interpretation of
the modulation is possible, since the modulation vectors q;, q,, and q,+q, are commensurate. In fact,
the chosen Bravais class P6/m(a, 3, 0)(—a—p, a,0) does not contain the full symmetry of the observed
lattice. Since a = B = 1/3, the actual Bravais class should be P6/mmm (a, a, 0)(-2a, a,0). However, no
incommensurate (3+2)D superspace group within this class is compatible with the superstructure.

The case that all components of the wave vectors in (3+2)D dimensions are commensurate can
result in a (3+1)D modulation; for those special wave-vectors, van Smaalen derived additional com-
mensurate (3+1)D Bravais-classes.""” Bravais-class P6/mmm(1/3, 1/3, 0) fits the present problem and
therefore the modulation could also be described in an adequate (3+1)D superspace group with q =
(1/3,1/3,0).

The commensurate (3+1)D superspace groups are not tabulated, but all space groups in 4D have
been derived and are in principle accessible via the program CARAT (including 5D and 6D space
groups).” ) However, the deduction of (3+1)D spacegroups with the program is not straightforward
so that we rather established it ourselves. Since the superstructure symmetry is known from previ-
ous analysis and a superspace group is determined by the arithmetic crystal class and translational

components, one can formulate the commensurate (3+1)D superspace group P65(1/3 1/3 0)0 with
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non-lattice generator (x,-X,, X, X;+1/2, X,). As can be verified by visual inspection of Figure 5.12 and
D.14, this superspace group describes the structure as well as the (3+2)D group. The (3+1)D group
also resolves the indexing ambiguities since for satellite order o = 1, all reflections are then unique.

The modulation is then described by one wave triplicated by space group symmetry.
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Figure E.15. F,,, maps of the Ce2 position (blue line) in superspace. Top: x3 vs. x4; bottom: x3 vs. x5
map. Black lines indicate the electron density profile.
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F.1 Rietveld refinement

F.1 Rietveld refinement
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Figure F.1. Rietveld refinement of LiPr,P,N,O;. Experimental data as black crosses, Rietveld fitin red,
difference plot in blue. Positions of Bragg-reflections marked by black vertical drop lines.
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Table F.1. Crystallographic data for the Rietveld refinement of LiPr,P,N,O;.

Crystal Data
Formula
Crystal system, space group

Lattice parameters / A, °

Cell volume / A®

Formula units per cell Z

Data Collection
Radiation
Monochromator
Diffractometer
Detector
20-range /°
Temperature /K
Data points

Number of observed reflections

Refinement

Number of parameters
Program used
Structure refinement
Profile function
Background function
pr

Res

R

p
RBragg

GoF

LiPr,P,N,0;

monoclinic, P2,/c (no. 14)
a=4.9617(3)

b =7.8600(4)
¢=10.1065(6)
B=91.646(3)

393.98(4)

2

Mo-Ka, (A =0.7093 A)
Ge(111)

Stoe StadiP

MYTHEN 1K

2-60

297(2)

3886

1193

103
TOPAS Academic V4.1
Rietveld-Method

fundamental parameters model

shifted Chebychev polynomial (14 terms)

0.116
0.028
0.057
0.020
2.692
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F.2 Infrared spectroscopy

F.2 Infrared spectroscopy
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Figure F.2. FTIR spectrum of LiPr,P,N,O; obtained in ATR geometry.
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F.3 Crystallographic tables

Table F.2. Anisotropic displacement parameters occurring in LiPr,P,N,O;. Sites N1/01 and N5/05
are shared positions.

Atom U, /R U,/ R Us;/ A? Uy A2 U/ R U,/ R
Pr1 0.00797(4) 0.00867(3) 0.00665(3) —0.00017(2) 0.00137(2) —-0.00110(2)
P1 0.00719(13) 0.00526(12) 0.00433(12) 0.00044(9) 0.00053(10) 0.00044(10)
P2 0.00736(13) 0.00603(13) 0.00535(12)  —0.00023(9) 0.00092(10) —0.00023(10)
01 0.0100(4) 0.0084(4) 0.0082(4) 0.0000(3) —0.0013(3) —0.0028(3)
N1 0.0100(4) 0.0084(4) 0.0082(4) 0.0000(3) —0.0013(3) —0.0028(3)
N2 0.0095(5) 0.0061(4) 0.0098(4) —0.0008(3) 0.0032(3) 0.0000(3)
N3 0.0107(5) 0.0091(4) 0.0072(4) 0.0025(3) 0.0034(3) 0.0033(4)
N4 0.0081(4) 0.0094(4) 0.0063(4) 0.0019(3) 0.0005(3) 0.0013(3)
05 0.0097(4) 0.0105(4) 0.0083(4) —0.0002(3) —0.0004(3) —0.0009(3)
N5 0.0097(4) 0.0105(4) 0.0083(4) —0.0002(3) —0.0004(3) —0.0009(3)
Li1 0.016(2) 0.034(3) 0.013(2) 0.000(2) —0.0028(17) —0.007(2)
Table F.3. Bond lengths [A] occurring in LiPr,P,N,0s.
Pr1-(N/O) P1-(N/O)
Pr1-N1/01 2.4556(14) P1-N1/01 1.5579(13)
Pr1-N1/01 2.4895(13) P1-N2 1.6323(13)
Pr1-N2 2.5128(15) P1-N3 1.6312(14)
Pr1-N3 2.5321(14) P1-N4 1.6449(14)
Pr1-N4 2.6520(14)
Pr1-N4 2.7251(15) P2-(N/O)
Pr1-N5/05 2.4820(13) P2-N2 1.6441(14)
Pr1-N5/05 2.6013(14) P2-N3 1.6529(14)
P2-N4 1.6679(13)
Li1-(N/O) P2-N5/05 1.5610(14)

Li1-N5/05 2.1586(14)
Li1-N2 2.2219(15)
Li1-N3  2.4349(15)
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Table F.4. Angles [°] occurring in LiPr,P,N,O;.

(N/O)-P1-(N/O) P-N-P
N1/01-P1-N3 110.08(7) P1-N2-P2 124.89(9)
N1/01-P1-N2 106.10(7) P1-N3-P2 119.55(8)

N3-P1-N2 112.22(7) P1-N4-P2 117.99(8)
N1/01-P1-N4 111.78(7)

N3-P1-N4 107.71(7)

N2-P1-N4 109.01(7)

(N/O)-P2-(N/O)
N5/05-P2-N2  114.67(7)
N5/05-P2-N3  112.27(7)

N2-P2-N3 107.73(8)
N5/05-P2-N4 113.64(7)
N2-P2-N4 102.13(7)
N3-P2-N4 105.51(7)
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F.4 Electrostatics

Bond valence sums (BVS)

Table F.5. Bond valence sums calculated with VaList for the anions of the LiPr,P,N,O; structure mo-
del.™ Atom positions, which might partially be occupied by oxygen, are marked with green color.

Atom N1 01 N2 02 N3 03 N4 04 N5 05
BVS 254 2.029 3.076 242 2933 2315 2.859 2273 2611 2.058
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F.4 Electrostatics

Charge distribution (CHARDI) calculations

CHARDI calculations were performed with VESTA, following the theory of Hoppe et al.”* Table E.6
contains the CHARDI values for each cation, Prl, Lil, P1, and P2. The CHARDI values for N1/0O1
and N5/0O5 show a lower Q value than the other N positions. This might indicate a mixed occupancy

of O and N on this position, in accordance with the findings of BVS.

Table F.6. CHARDI values calculated for each of the cations. With Aq as the fraction of the charge
received by the ion, Q the total charge received by the ion, and q the formal charge.

Cation/Atom site Aq Q q

Pr1

N5/05 0.332 -2.581 -2.25

N1/01 0.467 -2.431 -2.25

N2 0.413 -2.965 -3

N4 0.288 -2.709 -3

N4 0.228 -2.709 -3

N1/01 0.435 -2.431 -2.25

N5/05 0.442 -2.581 -2.25

N3 0.395 -2.813 -3

Pri 2.92 3

Li1

N2 0.188 -2.965 -3 t
N5/05 0.22 -2.581 -2.25 E
N3 0.091 -2.813 -3 E
N2 0.188 -2.965 -3 é
N5/05 0.22 -2.581 -2.25

N3 0.091 -2.813 -3

Li1 0.96 1

P1

N1/01 1.529 -2.431 -2.25

N2 1.175 -2.965 -3

N3 1.18 -2.813 -3

N4 1.116 -2.709 -3

P1 5.098 5

P2

N5/05 1.587 -2.581 -2.25
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F.5 High-temperature X-ray powder diffraction
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Figure F.3. Temperature-dependent powder diffraction pattern. Data collected in steps of 20 °C up
to 1000 °C in air. Orange-bordered area highlights the main reflection of LiPr,P,N,O; (left peak) and
Pr,0; (right peak).”” The Pr,0; intensity is first observed at ca 500 °C. Diffractograms in the range of
820 °C to 860 °C have weaker intensity, which is due to a measurement artifact.
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G.1 Experimental

G.1 Experimental

P;N;. P;N; is starting material for the synthesis of LiPN, and was prepared by ammonolysis (NH;, Air
Liquide 5.0) of phosphorus pentasulfide P,S,, (Sigma-Aldrich, 99.99 %) in a tube furnace lined with a
fused silica tube.”" Prior to the reaction, a fused silica boat was dried at 1000 °C in a dynamic vacuum
maintained at < 10~ mbar for 4 h. The fused silica boat was loaded with P,S,, in an Ar counterflow,
after which the tubing and the P,S,, was saturated with ammonia gas for 4 h. The reaction was con-
ducted at 850 °C with temperature ramps of 5 °C/min while a constant flow of ammonia was maintai-
ned. The residual ammonia was purged with ammonia and the product was obtained after step wise
washing with water/ethanol/acetone in form of an orange powder. The product was characterized by

PXRD and IR.

LiPN,. LiPN, was prepared by reaction of P;N; with a 1.2 times excess of Li;N (94 %, Rockwood
Lithium, Langelsheim, Germany) in a Ta crucible residing in a sealed fused silica ampoule.”’ The
starting materials were thoroughly mixed and ground under the inert conditions of a glovebox with
concentrations of O, and H,O < 1 ppm. The sealed of ampoule was fired at 800 °C with a 90 h dwell
and 5 °C/min temperature ramps. The obtained brownish product was consecutively washed with

water/ethanol/acetone and characterized by IR and PXRD.

Li,O. Li,O was prepared by thermal decarboxylation of Li,CO; (Sigma-Aldrich 99.99 %) under dyna-
mic vacuum conditions at 700 °C. An Ag boat was loaded with Li,CO; and transferred in a fused silica
tube connected to the vacuum/inert gas line.” The Li,CO, was decarboxylated for 72 h or reaction

finish, then stored in the glovebox. The purity of the reaction product was verified by PXRD.

Hf, .P,,Ns; 4,04, (x = 1.84). The title compound was prepared by high-pressure metathesis starting
from stoichiometric amounts of HfCl, (99.9 %, abcr GmbH), LiPN,, and Li,O. The starting materials
were handled under the inert conditions of a glovebox. The reaction conditions of 8 GPa and 1300
°C were achieved with a hydraulic 1000 t press (Voggenreiter, Mainleus, Germany) using the multi-
anvil technique. The multianvil setup resided inside a modified Walker-type module and consisted

of six steel wedges driving the usual octahedron-within-cube setup. The 18/11-size setup comprised
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eight 7-% Co-doped tungsten carbide cubes (Hawedia, Marklkofen, Germany) and a 6-% Cr,0;-
doped MgO octahedron (Ceramic Substrates & Components, Isle of Wight, U.K.). The sample resi-
ded within an h-BN crucible (Henze, Kempten, Germany), while temperature was controlled with a
graphite sleeve resistance-heating assembly. (Schunk Kohlenstofftechnik GmbH, Zolling, Germany).

Additional information regarding high-pressure techniques can be found in the literature.”™

Spectroscopy. Scanning electron microscopy (SEM) with attached energy dispersive X-ray (EDX)
spectroscopy was carried out with a Helios Nanolab G3 Dualbeam UC (FEI, Hillsboro, OR, United
States) equipped with a X-Max 80 SDD detector (Oxford Instruments, Abingdon, United Kingdom).
Samples were coated with carbon and resided on an adhesive conducting carbon foil affixed to a metal
carrier

Infrared spectra were recorded on a Spectrum BX II spectrometer (PerkinElmer Waltham,
MA, United States) with DuraSampler ATR-unit in the range of 650-4500 cm .

A V-650 UV-Vis spectrophotometer (JASCO, Gross-Umstadt, Germany) equipped with a
photomultipler tube detector and a single monochromator with 1200 lines/mm was used for
recording UV-Vis spectra in the range of 240 to 800 nm. A deuterium (240-330 nm) and a
halogen lamp (330-880 nm) was used with a 2 nm resolution and a scan speed of 400 nm/
min controlled by the Spectra Manager II software. Samples were affixed between a fused

silica glass slide and a BaSO,-coated stamp.

Single-Crystal Diffraction. Single-crystal diffraction was carried out on a D8 Quest (Bruker, Billeri-
ca, MA, United States) diffractometer. Cell determination, data reduction, semiempirical absorption
correction (SADABS), and reconstruction of reciprocal lattice planes was performed with the APEX3

[9,10

software.”"”’ Space group determination was based on analysis of systematically absent reflections

7.7 Suitable crys-

with XPREP, structure solution and refinement were carried out with SHELX-9
tals were affixed on MicroMounts (MiTeGen, Ithaca, NY, United States) for the measurement. Crystal
structures and electron density maps were visualized with VESTA."*

Powder X-ray diffraction. PXRD data were collected on a Stadi P diffractometer (Stoe & Cie GmbH,

Darmstadt, Germany) with MYTHEN 1K (Dectris, Baden, Switzerland) in parafocusing Debye-Sher-
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rer geometry. Mo-K,, radiation (A = 0.709300 A) was used, selected by a Ge single-crystal mono-
chromator. Microcrystalline samples were loaded to glass capillaries with 0.3 mm outer and 0.28 mm
inner diameter (Hilgenberg GmbH, Malsfeld, Germany). Diffractograms were recorded in the range
of 20 = 2-76°.

Data was analyzed by Rietveld refinement carried out with TOPAS-Academic V4.1.">"
Peak profiles were modeled by a fundamental parameters approach consisting of a direct
convolution of axial instrument contributions, source emission profile, crystallite size, and
microstrain effects. The background was approximated with a shifted-Chebychev polynom.

High-temperature PXRD was recorded on a Stadi P diffractometer (Stoe & Cie GmbH,
Darmstadt, Germany) in the range of 26 = 2-55° using Mo-K,, radiation (1 = 0.709300 A).
X-ray were detected with an image-plate position-sensitive detector. Diffractograms were

collected in 20 °C steps up to 1000 °C. Samples resided in fused silica capillaries with a 0.5

mm outer and 0.48 inner diameter (Hilgenberg GmbH, Malsfeld, Germany).

Magnetometry. Magnetic susceptibility and isothermal magnetization measurements were conduc-
ted with a Quantum Design PPMS EverCool-II measurement system with a 9 T magnet and a vi-
brating sample magnetometer (VSM). Susceptibility measurements were carried out at a magnetic
field of 1000 Oe in the temperature range between 1.9 and 300 K. Isothermal magnetization curves
were recorded at 1.9 and 300 K with magnetic field strengths up to 50 kOe. Samples were affixed in
plastic capsules (QD-P125E, Quantum Design Inc.). Data were recorded with the program PPMS

MultiVu."”!

Electron energy loss spectroscopy. Energy dispersive X-ray (EDX) spectroscopy and electron ener-
gy loss spectroscopy (EELS) were performed on a Titan Themis at 300 kV. For EDX spectroscopy, a
windowless Super X detector was used. EELS was performed with a Gatan Enfinium spectrometer at
a convergence angle of 16.6 mrad and a collection angle of 44 mrad.

Solid state NMR. 7Li NMR spectra were recorded on a DSX Avance spectrometer (Bruker) at a mag-

netic field of 11.7 T. The samples were loaded into a 2.5 mm rotor made of ZrO,. The rotor was moun-
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ted on a commercial MAS probe (Bruker). Spectra were recorded at a rotation frequency of 20 kHz

and at room temperature. The raw data were analyzed with the device-specific software.
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G.2 Additional information on synthesis

The endmember of Hf, ,P,,Ns, ,,O,, with x = 0 could not be prepared by stoichiometric reaction as
the two heavy atom positions (as discussed later) in the structure always have a Hf deficiency. The
compound seems to have a broad phase stability regarding the amount of Hf offered during reaction.
Crystallographic pure compounds (see Figure G.1) were even obtained after reaction of starting ma-
terials with the element ratio Hf:P:N:O 4:25.6:41.6:9.6, less than half of the Hf needed for a stoichi-
ometric reaction. Rietveld refinement of such powders, however, did not suggest that such an actual
composition; the excess P/N/O might react with the boron nitride crucible or forms an amorphous
byproduct. A certain flexibility in the Hf:N:O ratio is to be expected, but the actual range was not

determined.
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G.3 Powder X-ray diffraction
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Figure G.1. Rietveld refinement of a Hf,_,P,,N;,_4,O., (x = 1.84) sample, datapoints as black crosses,

fit as red line, difference plot as blue line, (A(Mo-K,,;) = 0.709300 A).The background is non-linear but
slightly curved, indicative of an amorphous phase.
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Table G.1. Crystallographic data for the Rietveld refinement of Hfy_,P,,Ns,_4,O., (x = 1.84).

Crystal Data
Formula
Crystal system, space group

Lattice parameters / A

Cell volume / A®

Formula units per cell Z

Data Collection

Radiation

Monochromator
Diffractometer

Detector

20-range/°

Temperature /K

Data points

Number of observed reflec-

tions

Refinement

Number of parameters
Constraints

Program used
Structure refinement

Profile function
Background function

Rup
Rexp
R

P

RBragg

GoF

Hfo_P24Ns;_4,04 (X = 1.84)
Tetragonal, 14,/acd (no. 142, origin choice 2)

a=12.4443(2)
C€=23.7674(4)
3680.6(1)

4

Mo-Ka, (A =0.7093 A)
Ge(111)

Stoe StadiP

MYTHEN 1K

2-76

297(2)

4958

2523

62

0

TOPAS Academic V4.1
Rietveld-Method

fundamental parameters model

shifted Chebychev polynomial with 14

terms
0.052
0.029
0.039
0.017
1.785
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G.4 Scanning Electron Microscopy

8/11/2017 HV WD det | mag B  bias
1:01:15PM 20.00kV 4.2mm ETD 6500x OV

Figure G.2. SEM micrograph of a Hf,_,P54Ns,_4,0,, (x = 1.84) crystal.
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G.5 Crystallographic tables

Table G.2. Crystallographic data for Hfy_,P,,Ns,_4,O., (x = 1.84).

Crystal Data
Formula
Formula mass / g-mol™

Crystal system

Hf716P24N44.640736
2765.32

tetragonal

Space group 14,/acd (no. 142, origin choice 2)
Cell parameters / A a=12.466(1)
€=23.719(2)

Cell volume / A? 3685.7(9)

Formula units per unit cell Z 4

F(000) 4989

Calculated density p / g-cm™ 4.984

Abs. coefficient 4 /mm™ 21.251

Data Collection

Radiation Mo-K,

Temperature / K 293(2)

Orange / deg. 2.879<6<32576

Total no. of reflections 86876

Independent reflections 1684

Absorption correction semiempirical”

Rints Reigma 0.076,0.018

Refinement

Refined parameters 107

Goodness of fit 1.113 )

R, (all data), R, [F°> 25(F)] 0.025,0.021 x

WR, (all data), wR, [F*> 26(F?)] 0.048, 0.046 2

801 Do | €A 139,-1.37 E
<
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Table G.3. Atom position of Hf,_,P,,Ns,_4,0., (x = 1.84).

Atom Wyckoff Position a b c U.,/A* Occupancy

Hf1 32g 0.36275(2) 0.04603(2) 0.04216(2) 0.01036(5) 0.881(3)

Hf2 8b 0 1/4 1/8 0.128(11) 0.059(3)

P1 32g 0.26113(7) 0.30245(7) 0.08491(3) 0.00644(18) 1

P2 32g 0.26893(7) 0.14409(7) 0.17049(4) 0.00750(18) 1

P3 32g 0.09255(6) 0.31077(6) 0.00232(3) 0.00656(18) 1

N1 32g 0.0158(2) 0.0920(2) 0.29294(12) 0.0105(5) 0.696(1)

o1 32g 0.0158(2) 0.0920(2) 0.29294(12) 0.0105(5) 0.304(1)

N2 32g 0.1842(2) 0.0568(2) 0.04496(11) 0.0102(5) 0.689(1)

02 32g 0.1842(2) 0.0568(2) 0.04496(11) 0.0102(5) 0.311(1)

N3 32g 0.0173(2) 0.0429(2) 0.11577(13) 0.0156(6) 0.694(1)

03 32g 0.0173(2) 0.0429(2) 0.11577(13) 0.0156(6) 0.306(1)

N4 32g 0.3537(2) 0.0777(2) 0.13186(12) 0.0089(5) 1

N5 32g 0.1709(2) 0.3681(2) 0.04869(12) 0.0080(5) 1

N6 32g 0.1640(2) 0.2891(2) 0.28038(13) 0.0106(5) 1

N7 16d 0 1/4  0.03541(16) 0.0080(7) 1

Table G.4. List of anisotropic displacement parameters of Hf,_,P,,Ns,_4,04, (x = 1.84).

Atom U, /R U,/ R Us;/ A? U,/ A? U/ R U,/ A
Hf1 0.01253(8) 0.00999(8) 0.00857(8) -0.00100(5) 0.00135(5) -0.00237(5)
Hf2 0.178(16) 0.178(16) 0.027(6) 0 0 -0.048(18)
P1 0.0064(3) 0.0078(3) 0.0051(3) -0.0001(3) 0.0000(3) 0.0002(3)
P2 0.0094(4) 0.0070(3) 0.0061(3) 0.0001(3) -0.0005(3) 0.0002(3)
P3 0.0067(3) 0.0075(3) 0.0055(3) -0.0005(3) 0.0004(3) -0.0005(3)
N1 0.0111(12) 0.0102(12) 0.0103(12) 0.0017(9) 0.0014(10) -0.0003(9)
(o) ] 0.0111(12) 0.0102(12) 0.0103(12) 0.0017(9) 0.0014(10) -0.0003(9)
N2 0.0114(12) 0.0116(12) 0.0076(11) 0.0007(9) 0.0021(9) -0.0019(9)
02 0.0114(12) 0.0116(12) 0.0076(11) 0.0007(9) 0.0021(9) -0.0019(9)
N3 0.0175(14) 0.0133(13) 0.0161(14) 0.0047(10) 0.0083(11) 0.0054(11)
03 0.0175(14) 0.0133(13) 0.0161(14) 0.0047(10) 0.0083(11) 0.0054(11)
N4 0.0113(12) 0.0082(11) 0.0072(12) 0.0004(9) -0.0003(9) 0.0007(10)
N5 0.0091(12) 0.0080(11) 0.0068(11) -0.0007(9) -0.0013(9) -0.0002(9)
N6 0.0113(12) 0.0100(12) 0.0105(12) -0.0029(10) -0.0022(10) 0.0028(10)
N7 0.0099(17) 0.0081(16) 0.0060(15) 0 0 -0.0019(13)
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Table G.5. List of interatomic distances occurring in Hf_,P2,Ns,_4,O., (x = 1.84), (Al

Hf1-(N/O) P1-(N/O)
Hf1-N1  2.360(3) P1-N1 1.653(3)
Hf1-N2  2.152(3) P1-N3 1.605(3)
Hf1-N2  2.230(3) P1-N4 1.637(3)
Hf1-N4 2.167(3) P1-N5 1.635(3)
Hf1-N5 2.263(3)

Hf1-N6 2.271(3) P2-(N/O)
Hf1-N6 2.677(3) P2-N2 1.586(3)
P2-N3 1.599(3)

Hf2-(N/O) P2-N4 1.625(3)
Hf2-N3  2.600(3) P2-N6 1.659(3)
Hf2-N3 2.600(3)

Hf2-N3  2.600(3) P3-(N/O)
Hf2-N3  2.600(3) P3-N1 1.652(3)
Hf2-N7 2.125(4) P3-N5 1.635(3)
Hf2-N7 2.125(4) P3-N6 1.643(3)
P3-N7 1.588(2)

Table G.6. List of bond angles occurring in Hfy_P,,Ns,_4,O., (x = 1.84), [deg].

(N/O)-P1-(N/O) (N/O)-P3-(N/O)
N3-P1-N5 111.41(15) N7-P3-N5 108.06(16)
N3-P1-N4 104.41(16) N7-P3-N6 108.17(12)
N5-P1-N4 104.14(15) N5-P3-N6 102.58(15)
N3-P1-N1 114.61(15) N7-P3-N1 113.85(13)
N5-P1-N1  111.15(15) N5-P3-N1 113.25(15)
N4-P1-N1 110.39(15) N6-P3-N1 110.24(15)

(N/O)-P2-(N/O) P-(N/O)-P
N2-P2-N3 114.61(16) P3-N1-P1 113.28(17)
N2-P2-N4 111.41(15) P2-N3-P1 124.33(19)
N3-P2-N4 111.23(15) P2-N4-P1 116.84(18)

(15) )
(16) )
(15)

AprPENDIX G

N2-P2-N6 104.27(1 P1-N5-P3 123.07(18
N3-P2-N6 105.89(1 P3-N6-P2 121.49(18

6
5
5
5
6
N4-P2-N6 108.89(15 P3-N7-P3  120.8(2)
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G.6 EEL and NMR spectroscopy

Prior to the EELS measurements, the sample composition was determined with EDX spectroscopy on
thin samples, which confirms that the majority phase present is the title compound. Additional ma-
terial found mainly contains B, N, and O, which can be attributed to partly hydrolyzed boron nitride.
Thin sample areas of the majority phase show EDX compositions close to Hf 4P sN¢ 4,005 (theory
based on single crystal refinement: Hf; 446P,50N0.53700.080)- The N/O to P ratio is close to the theoretical
value. Since the Hf content may vary because of two not fully occupied Hf positions, the here found

slight changes in the Hf to P and the N to O ratio can be explained.

cps/eV

2.0
1.8 HE
1.6 N

1.4 |

1.2
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0.8
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0.45
0.29
0.03

T
a 6 8 10
keV

Figure G.3. EDX spectrum of the title compound. C and Cu stem from the sample support.

In the areas of the majority phase, as identified by EDX spectroscopy, EEL spectroscopy detected
Hf, P, N, and O, but no experimental evidence was found for Li or other elements (Figures G.4 to G.6).
As discussed in the manuscript, Li might be present in a mixed position with Hf on the Hf2 site. The
maximum Li content, representing a full Li position, would be 2.35 at-%. The Li K-edge (close to 60
eV) is in the low-loss region of the spectrum where strong plasmon excitations might obscure the pre-
sence of small amounts of Li. Having not found evidence for the Li K edge therefore does not exclude
the presence of Li but indicates that Li is either absent or only present at very low concentrations.

Bulk methods to verify the presence of small amounts of Li can be misleading in the present case
as the high-pressure metathesis reaction also produced LiCl in situ. The LiCl might react under the
high-pressure/high-temperature conditions with the boron nitride crucible forming amorphous Li-
containing byproducts. Powder X-ray diffraction revealed a slightly curved background indicative of
an amorphous phase. Traces of Li, however, can be detected with "Li solid state NMR. We performed
magic angle spinning (MAS) solid-state 'Li NMR on two different samples of the compound and

detected signals at a chemical shift of —0.65 and —0.54 ppm (Figure G.7). Since NMR probes the lo-
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cal environment of the observed nuclei, assignment of signals to specific phases is not unequivocal.
However, a qualitative argument may be made as follows. The Li NMR spectra of the compound
exhibit an extensive spinning sideband (SSB) pattern, spanning more than 800 ppm, as can be seen
in Figure G.8. The only possible explanation for this is the existence of a comparatively large quadru-
polar interaction for 'Li, which has spin I=3/2. This partitions the spectrum in a strong and narrow
central-transition (CT) component (as shown in Figure G.7), and widely stretched satellite transition
(ST) components, which appear in the SSB pattern. This can be compared to the spectrum of LiCl (Fi-
gure G.8), where the quadrupolar interaction is absent because of the cubic symmetry (the remaining
small SSBs in this spectrum are most likely due to dipolar couplings). As the quadrupole moment
of the "Li nucleus is small, the presence of a strong quadrupolar coupling reveals that the electronic
environment of the "Li has very low symmetry, as one would expect for amorphous phases. Low sym-
metry environments also occur in crystalline phases, but in these cases one would expect the CT reso-
nance to show a well-defined, canonical powder pattern reflecting the magnitude and the asymmetry
of the quadrupole coupling tensor."® The fact that the two samples of the compound show slightly
different CT line shapes also supports the hypothesis that the "Li NMR signals arise from additional
amorphous phases that emerge in different ratios and/or compositions from the synthesis.
Moreover, the range of observed chemical shifts in "Li NMR is only a few ppm but typical values for
Li nitridophosphates lie in the range of § = 1.6 to 4.9 ppm."** These observations also indicate that
the Li detected here at chemical shifts of —0.54 and —0.65 ppm (Figure G.7) might not be embedded
in a nitridophosphate matrix. As mentioned above, EELS detected areas with element combinations
other than the title compound. Synthesis carried out in large volume presses at such high-pressures
and temperatures, as we have done here, is prone to side reactions, sometimes with the crucible.
Hence it is difficult to prepare high-purity samples with high-pressure metathesis. We cannot rule out
an incorporation of Li in the structure, however, the combination of single-crystal diffraction, EELS,
indicate that either no or only very small amounts of Li are present in the main phase. By solid state
NMR we cannot unambiguously attribute the found "Li signal to a specific phase, only exclude the
incorporation into a highly symmetric crystalline environment. Proving the absence of Li in the main
phase might require neutron scattering experiments, which are, given that the multianvil technique

only produces ca. 30 mg sample per experiment, beyond the scope of this report.
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Figure G.4. EEL spectrum in light blue, background subtracted spectrum dark blue, red line back-
ground. The maximum of the Li K-edge is expected at around 60 eV. The weak peak at around 72 eV
is a multiple of the plasmon excitation around 24 eV.
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Figure G.5. EEL spectrum in light blue, background subtracted spectrum dark blue, red line back-
ground. The background subtracted spectrum shows the L edge of P (onset 132 eV), and the Kedges
of N and O with onset energies of 401 eV and 532 eV.
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Figure G.6. High-loss EEL spectrum in light blue, background subtracted spectrum dark blue, red

line background. The spectrum shows the M, s edge of Hf with an onset of 1662 and 1716 eV.
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Figure G.7. ’Li NMR spectra of two samples of the title compound recorded at room temperature.
Peak maxima at —0.54 (black) and —0.65 (red) ppm.

327

AprPENDIX G




Appendix G — Supporting Information for Chapter 7
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Figure G.8. ’Li NMR spectra of a LiCl reference (left) and the sample (right) recorded at room
temperature. Peak maxima at —0.95 (LiCl reference) and —0.65 (sample) ppm. Spinning sidebands

marked by asterisks.
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G.7 Magnetic measurements

The magnetic properties of a crystallographically pure sample of Hf, ,P,,Ns, ,,O,, (x = 1.84) were
determined by isothermal magnetization measurements at 300 and 1.9 K, respectively, and by a su-
sceptibility measurement in a field of 1000 Oe (Figure G.3). The isothermal magnetization at 300
and 1.9 K indicate a diamagnetic behavior of the sample, the observed magnetic moments are very
small and directed against the applied magnetic field. A small ferromagnetic impurity, however, can
be discerned in the measurements. At 300 K, in the region between 0 and ca. 2000 Oe, an increase in
magnetic moment in observed. This behavior is more clearly visible at 1.9 K, at which temperature the
increase in magnetic moment is extended to 10000 Oe, after which the diamagnetism exceeds and the
magnetic moment begins to decline again. The susceptibility measurement conducted at 1000 Oe is in
the region, in which the ferromagnetic behavior is predominant; it shows a very small magnetization
of the sample. One reason for this odd magnetic behavior of the sample could be a minor ferromagne-
tic impurity, maybe due to the usage of a metallic spatula. The gross of the Hf, ,P,,Ns, ,,O,, (x = 1.84)
sample, however, is diamagnetic, probably stemming from paired core electrons. Hence, these data

indicate the presence of Hf in formal oxidation state +IV within Hf,_,P,,N;, ,,O,, (x = 1.84).
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Figure G.9. Top left: effective magnetic moment per formula unit at 300 K. Top right: effective ma-
gnetic moment per formula unit at 1.9 K. Bottom: molar susceptibility obtained in the temperature

range of 1.9 to 300 K.
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G.8 Infrared spectroscopy

G.8 Infrared spectroscopy
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Figure G.10. Fourier transform infrared spectrum of a Hfy_,P,4Ns,_4,O., (x = 1.84) sample measured
in ATR geometry.
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G.9 Bond valence sums

Table G.7. Bond valence sums calculated with VaList for the anions of the Hf,_,P,4Ns;_4,O4, (x = 1.84)

structure model.”” Atom positions, which might be occupied by oxygen, are marked with green
color.

Atom N1 01 N2 02 N3 03 N4 04
BVS 2.79 2.14 2.78 1.99 2.81 2.20 3.26 244
Atom N5 05 N6 06 N7 o7
BVS 3.03 231 3.08 232 2.86 2.25
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Figure G.11. (a) Planes through a Hf2 electron density distribution. (b) One plane through the Hf2
electron density distribution at 2.9 A from origin. Two large peaks are discernible, highlighted by the
red electron density spikes. Two smaller shoulders in the top left and bottom right are also visible,
leading to a cushion-like electron density distribution. Saturation level 10 % represents 1.5, 100 %
4.5 electrons/a,’ (a, = Bohr radius).
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