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1 Introduction

Understanding the composition of the Earth and other planets has been a goal for many

generations of scientists. e rapid advances in analytical techniques during the 20th cen-

tury allowed geoscientists and chemists to describe the physical and chemical processes

in rocks and create a detailed model of Earth’s interior (Figure 1.1). Earth’s crust, which

extends from the surface to depths of 50–100 km[1] is the only part of Earth’s interior that

is experimentally accessible. It is characterized by a large variety of minerals and chemical

elements which have separated from the lower layers due to chemical incompatibility.[2] It

is therefore rich in elements that are comparatively rare on a cosmological scale, and has

thus fueled the technical progress of humanity for millenia.

In contrast, Earth’smantle, separated from the crust by theMohorovičić discontinuity,[3]

is presumed to be more homogenous in its composition. e depth combined with the ex-

treme pressures and temperatures have precluded any direct sampling experiments to date.

Consequently, most information about the mantle is based onmaterial that has been trans-

ported to the surface combined with seismic investigations, which limits knowledge of the

deeper layers. Assuming that due to their similar formation processes the overall compo-

sition of the Earth and other rocky planets of the inner solar system is similar to that of

chondritic meteorites, the chemical composition of themantle can be roughly inferred.[4,5]

Its overall composition is best described by the hypothetical mineral pyrolite, which has

been established by Ringwood.[6,7]

Current evidence suggests that silicates make up most of Earth’s crust and mantle.[8]

eyhave therefore been the principal target of geochemical research. Due to the immense

temperatures and pressures inside the Earth, their behavior at these extreme conditions

are of particular importance. In many cases the involved minerals undergo chemical reac-
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Figure 1.1: Schematic structure of the Earth (adapted from [1]).

tions or phase transitions. is process, called metamorphosis, leads to the formation of

metamorphic rocks. Many advances in past decades, particularly the development of high-

pressure techniques, both hydraulic large volume presses[9,10] and diamond anvil cells,[11]

combined with new advanced X-ray techniques allowed unprecedented insights into the

behavior of minerals at high pressures.[12]

Most of the silicon in the mantle is believed to be contained in silicates. At the compar-

atively low pressures of the upper mantle (< 410 km depth; p < 14 GPa) it is believed to be

composed of mostly olivine ((Mg,Fe)2SiO4), garnet ((Mg,Fe,Ca)2Al3(SiO4)3), orthopyrox-

ene ((Mg,Ca)SiO3) and clinopyroxene ((Mg,Fe)SiO3).[13] e higher pressure at increasing

depth allows orthopyroxene and clinopyroxene to transform into garnet by incorporation

of Mg and Si into the octahedral sites.[14,15] At a depth of approximately 410 km, the be-

ginning of the transition zone, olivine undergoes a phase transformation to wadsleyite,

which is indicated by a pronounced seismic discontinuity.[16] Wadsleyite further trans-

forms to the spinel-type ringwoodite at pressures above 17.5GPa, corresponding to a depth
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of about 520 km.[17] Below a depth of 660 km at pressures exceeding 23 GPa, the boundary

of the lower mantle, ringwoodite and garnet both break down, forming rock-salt struc-

tured ferropericlase ((Mg,Fe)O),[18] magnesium silicate perovskite ((Mg,Fe,Al)(Si,Al)O3)

and calcium silicate perovskite (CaSiO3).[19,20] Due to the fact that silicon changes from

a fourfold to a sixfold coordination, this transformation results in a large difference in

densities, leading to a further seismic discontinuity. Recent evidence suggests that silicate

perovskite undergoes another phase transition at the extreme conditions close to the core-

mantle boundary (> 2600 km depth; p > 125 GPa),[21] forming a post-perovskite phase in

the process. is phase forms a layered structure composed of alternating layers of edge-

and corner-sharing SiO6 octahedra and Mg2+ ions.[22,23] is process might also explain

the seismic D″ discontinuity, which is found about 200 km above the core-mantle bound-

ary.[24]

While SiO2 itself is not believed to be a major component of the mantle, quartz is con-

sidered to be be one of the most abundant minerals in the crust, being only surpassed by

the feldspar group.[25] Due to its geological significance as well as industrial importance,

extensive research has been performed on its properties and transformations. Since the

phase diagram of SiO2 (Figure 1.2a) is well known, it is possible to draw conclusions on the

geological history of rocks by examining the silica crystallites. e high-pressure phases

coesite[26–28] and stishovite,[29,30] for example, can be used as indicators for rocks having

undergone ultrahigh-pressuremetamorphism either by subduction or impact events.[31–33]

Similarly, seifertite, an α-PbO2-structured polymorph of SiO2, has been found in heavily

shocked martian and lunar meteorites.[34–36] In recent years, further high-pressure phases

of SiO2 have been discovered by synthetic chemists. ese include a post-quartz[37] as

well as a pyrite-type[38,39] modification. Recent theoretical investigations predict the exis-

tence of further phases at even higher pressures, such as cotunnite-type (PbCl2-structured)

as well as Fe2P-type polymorphs.[40,41] While the pressures necessary to synthesize these
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phases exceed even those prevalent in Earth’s lower mantle, these findings might still be

relevant in understanding the interior of larger terrestial exoplanets and gas giants.[42]

Phosphorus is the 12th most abundant element on Earth. Most of Earth’s phosphorus

is, however, assumed to be accumulated in the core (3500 µg/g), whereas its abundance in

the mantle and crust is relatively low (90 µg/g).[43] Being a building block of DNA, RNA

and ATP, it is an essential nutrient for all life. is makes it particularly suited for use in

fertilizers, for which up to 90 % of all mined phosphorus is used. erefore, systematic

investigations into the phosphorus containing minerals and related phases are of great rel-

evance. Phosphate containing rocks, particularly phosphorite, which is mainly composed

of the mineral apatite, are mined extensively.[44,45] Approximately 220 million metric tons

of phosphate rock were produced in 2014 worldwide.[46] While this represents only 0.32

% of the global reserves as estimated by the United States Geological Survey, a steady in-

crease in demand will lead to depletion of the conventional phosphorus sources by 2150.

Uncertainty about the true amount of phosphorus rock that can be extracted reliably leads

to concerns that peak phosphorus will be reached as soon as 2035.[47,48] Understanding the

geological properties of phosphate containing minerals is therefore of extreme economic

importance, since it could allow the discovery of new sources of phosphorus.

Another factor that contributed to renewed interest in the solid-state chemistry of phos-

phorus compounds is its similarity to silicon. Both elements form mostly covalent bonds

to O and N and occur in tetrahedral coordination almost exclusively at ambient pressure.

Substituting Si with P in conjunction with another element leads to phases that are isoelec-

tronic to silicates. Particularly compounds that are isoelectronic to SiO2, such as BPO4,[49]

AlPO4,[50] GaPO4,[50] BeSO4[51,52] and PON[53] have attracted interest. eir properties

closely resemble that of silica and any insights into their chemical and physical behavior

can also partially be transferred to SiO2. However, since phosphates are of minor geolog-

ical importance, their high-pressure chemistry has not yet been exhaustively investigated.

Pellicer-Porres et al. reported on a CaCl2-like modification, which was synthesized in a
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laser-heated diamond anvil cell at 76 GPa.[54] is is the only report of hexacoordinate

phosphorus in any polymeric inorganic structure to date.

In the light of this lack of knowledge about phosphates at higher pressures, further re-

search into these and related materials seems reasonable. Pseudobinary and multinary

phosphorus nitrides and oxonitrides in particular show great promise for such investiga-

tions. Due to the fact that Si and O can be substituted by the isosteric atom combination

P–N, they are closely related to silicates. is similarity can be further expanded if the sub-

stitution of O2– by the isosteric NH2– is considered. e compounds PON and PN(NH) are

therefore extremely similar to silica SiO2.[55] Both adopt the β-cristobalite structure,[56–58]

which occurs in a high-temperature polymorph of SiO2, at ambient conditions. Despite

their chemical similarity, marked differences in the behavior of these three compounds

emerge at high-pressure conditions (Figure 1.2b). While SiO2 transforms to coesite[26–28]

at first and to stishovite[29,30] at significantly higher pressures, PON assumes α-quartz[59]

and moganite-type structures.[60] PN(NH) on the other hand transforms to a distortion

variant of the β-cristobalite structure above 6 GPa but shows no indication of further trans-

formations up to 18 GPa.[61]
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Figure 1.2: Phase diagrams of SiO2 (a) and PON (b). Adapted fromMüller[62] andMarchand
et al.,[56] respectively.
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Other (oxo)nitridophosphates display a variety of structure types that is comparable

to that of silicates. Low degrees of condensation are found in the ortho-nitridophosphate

Li7PN4,[63,64] which contains the isolated PN 7–
4 ion. It can formally be derived from imi-

dophosphoric triamide P(NH)(NH2)3 by sevenfold deprotonation. Mg2PN3, Ca2PN3[65,66],

Zn2PN3[67] and the oxonitridophosphate Li2PO2N[68] correspond to a degree of conden-

sation κ = ⅓, which makes them very similar to single chain inosilicates like pyroxenes.

e same degree of condensation is also represented by the cyclo-nitridotriphosphate

Li12P3N9,[69] which can be considered to be related to the cyclotrisilicates in the benitoite-

group.[70] While there are no examples of silicate-analogous layered (oxo)nitridophos-

phates, the compound Li10P4N10 shares the same degree of condensation of ⁄. However,

instead of a layered structure that could be expected for this composition, Li10P4N10 is

composed of isolated complex P4O10-like P4N 10–
10 ions (Figure 1.3a).[71]

e degree of condensation κ = ½, which is representative of framework silicates and ze-

olites is found in a range of nitridophosphates and oxonitridophosphates. Structurally sim-

ple compounds include the aforementioned PON and PN(NH),[57,58] as well as the ternary

phases LiPN2,[72] NaPN2,[73] and CuPN2,[74] all of which crystallize in the β-cristobalite

structure. e alkaline earth nitridophosphates CaP2N4
[75] and SrP2N4

[76] adopt a mega-

calsilite type structure which is also found in CdP2N4.[77] BeP2N4 crystallizes in a vari-

ant of the phenakite structure.[78] However, due to the different occupation of the cation

positions, it should be considered a framework nitride (κ = ½), whereas phenakite itself

(Be2SiO4, κ = ¼) is classified as an ortho-silicate.[79] e lower density types of framework

silicates also have nitridophosphate counterparts. NPO (Li12–xHx–y+z[P12OyN24–y]Xz (X =

Cl, Br)),[80,81] NPT (Ba19P36O6+xN66–xCl8+x (x ≈ 4.54))[82] and Ba3P5N10X:Eu2+ (X = Cl, Br,

I)[83] represent zeolites with κ = ½, a substance class that is mostly populated by alumosil-

icates. P4N4(NH)4(NH3)[84] is similar to clathrasils,[85] a class of framwork silicates with

inaccessible pores, the most prominent member of which is melanophlogite.[86]
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a b

dc

Figure 1.3: Unique nitridophosphate substructures of different dimensionality. a: isolated
P4N 10–

10 ion in Li10P4N10 (0D); b: P12N17O 9–
9 columns in Ba6P12N17O9Br3 (1D); c: corru-

gated P3N5O2– layers in SrP3N5O (2D); d: interpenetrating interrupted P6O3N 6–
10 networks in

CaMg2P6O3N10 (3D).

What separates nitridophosphates from silicates, however, is the higher maximum de-

gree of condensation afforded by the higher charge of N3– compared to O2–. Combined

with the higher structural flexibility of N3–, which readily assumes three- and fourfold co-

ordination,[87] this leads to a wide range of crystal structures that could not be realized in

silica-based compounds. e maximum degree of condensation is realized in the parent

compound P3N5 with a κ of ⁄. Its high-pressure polymorph γ-P3N5 noticeably contains

phosphorus both in tetrahedral as well as in quadratic pyramidal coordination.[88,89] Fur-

ther frameworks with very high degrees of condensation are formed by the compounds

MP4N7 (M = H, Na, K, Rb, Cs)[90–92] andM3P6N11 (M = Na, K, Rb, Cs).[93–95]
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Furthermore, combination of N3– with O2– or the isoelectronic NH2– allows for a wide

range of unique structure types with unexpected dimensionality. While the degree of con-

densation of one-dimensional silicates ranges from ⅓ (e.g. wollastonite CaSiO3)[96] to ⁄

(e.g. agrellite NaCa2Si4O10F),[97] the column-type nitridophosphate Ba6P12N17O9Br3[98]

(Figure 1.3b) is much more condensed (κ = ⁄ ≈ 0.46). Similarly, the layered oxonitri-

dophosphates Sr3P6O6N8
[99] and Ba3P6O6N8

[100] (κ = ⁄ ≈ 0.43) exhibit a degree of conden-

sation between those of classical layered silicates and framework structures. SrP3N5O[101]

(Figure 1.3c) as well as the imidonitridopohsphates MgH4P6N11 and CaH4P6N11[102] even

exhibit a degree of condensation of ½, which is normally found in framework silicates. e

structural diversity of phosphorus oxonitrides is also evident in the interrupted framework

compoundsH3P8O8N9 (κ = ⁄)[103] andCaMg2P6O3N10 (κ = ⁄),[104]which are comprised

of both all-side vertex sharing Q4- as well as only threefold-linking Q3 tetrahedra. Interest-

ingly, CaMg2P6O3N10 features two independent P6O3N 6–
10 networks, which are interpene-

trating (Figure 1.3d).

emultitude of possible crystal structures, which has been illustrated above, allows for

(oxo)nitridophosphates to display many properties that could allow technical application.

Nitridic zeolites like NPO and NPT could potentially be used in industrial applications

dominated by silica based zeolites such as gas separation or catalysis, whereas alkaline earth

nitridophosphates, such as Ba3P5N10X:Eu2+ (X = Cl, Br, I) and MP2N4 (M=Ca,Sr,Ba)[75]

have already been shown to be capable luminescent materials. e high lithium ion con-

ductivity of some oxonitridophosphates, such as Li2PO2N or LiPON,[105] which is already

commercially used as an electrolyte in thin film cells,[106] makes them promising materi-

als for the construction of next generation solid-state lithium-ion batteries. Possible high-

pressure phases of phosphorus nitrides, particularly those containing hexacoordinate phos-

phorus, might display useful mechanical properties, particularly high hardness and bulk

modulus. Similar behavior has been observed for SiO2
[107–109] and Si3N4,[110–112] the high-



References 9

pressure polymorphs of which are considered to be among the hardest oxides and nitrides,

respectively.

e main objectives of this thesis were the synthesis and structural characterization of

high-pressure phases of nitridophosphates as well as new lithium oxonitridophosphates.

is includes establishing suitable reaction conditions in both the pressure and the tem-

perature regime. e emphasis of the synthetic parts lies on the establishment of new

synthesis pathways to phases that are otherwise not readily accessible. is includes devel-

oping new synthetic strategies such as high-temperature deprotonation syntheses, the use

of amorphous precursor compounds or in situ synthesis of high-pressure phases. Several

methods are used in conjunction to identify and structurally characterize the compounds.

X-ray diffraction on powders and single crystals is used as the main means of structure de-

termination. It is supplemented by 31P, 1H and 7LiMASNMR as well as FTIR spectroscopy

in order to offset the inherent limitations of the method. One of the aims of this thesis is

also the comparison of the newly determined crystal structures to other neworwell-known

structure types. To this end, topological analyses were carried out and structural relations

established. Furthermore, DFT calculations are used to determine the stability regions of

different phases.
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Abstract

Restructuring: An unprecedented framework structuremade up of tetrahedra has been discovered

in a novel high-pressure polymorph of the phosphorus oxonitride PON by treating a single-source

precursor at 12 GPa and 1250 °C. It is the first polymorph of PON that does not crystallize in a

structure type known from SiO2.
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2.1 Introduction with Results and Discussion

Compounds exhibitingAB2-type tetrahedral network structures are versatilematerials and

of great technical importance. First of all microporous zeolites are known for their out-

standing absorption properties and catalytic behavior and are therefore extensively used

in industrial, agricultural, and laboratory environments.[1] However, the importance of

dense AB2-networks should not be underestimated. SiO2 and to a minor extent GaPO4

are applied in piezoelectric devices, such as pressure sensors and microbalances,[2] while

quartz-like compounds in general, including phosphates like AlPO4 and BPO4, can also

be used for second-harmonic generation (SHG) purposes.[3,4] Due to the variety of ap-

plications, widespread research into novel AB2-type structures was conducted, including

the prediction of more than two million unique prospective crystal structures for zeo-

lites.[5,6] However, only a minute subset of possible structures has been realized to date.

In this search for new structure types we have directed our attention to the system P-O-N,

which is isoelectronic to silica. e inclusion of nitrogen provides additional structural

flexibility which theoretically opens up an even wider range of possibly structure types.

e few known compounds in this system include the first nitridic zeolites NPO[7,8] and

Ba19P36O6+xN66–xCl8+x (x ≈ 4.54)[9] as well as the nitridic clathrate P4N4(NH)4(NH3)[10]

and the polymorphs of PON exhibiting cristobalite-,[11] quartz-,[12] and moganite-type[13]

structures. Glassy compounds in the system Li-Ca-P-N also exhibit desirable properties,

such as a high hardness and refractive index.[14,15] e great potential for novel structure

types in this system is offset by difficulties in preparation, such as thermal decomposition,

low reactivity, and a low degree of crystallinity. In order to circumvent the mentioned

problems we developed a novel synthetic approach, utilizing an amorphous single-source

precursor. Here, we report on a new high-pressure phase of phosphorus oxonitride PON.

Since this is the fourth known polymorph of PON, we propose the name δ-PON. Unlike

the quartz and moganite polymorphs, it is not directly accessible by treating cristobalite-
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type PON at high-pressure/high-temperature conditions. is hints at the possibility of

δ-PON being thermodynamically metastable at these conditions. Instead we prepared δ-

PON by carrying out the final thermal condensation step of an amorphous phosphorus

oxonitride imide under high pressure employing the multianvil technique.[16–20] e start-

ing material was subjected to a temperature around 1350 °C at 12 GPa for 120 min in a

Walker-type module. e product could be obtained as a hard, colorless solid.

20 30 40 50 60 70 80 90

Intensity

2θ / °

Figure 2.1: Observed (crosses) and calculated (gray line) powder diffraction pattern of δ-PON
as well as position of Bragg reflections (vertical lines) and difference profile (dark gray line).

e crystal structure of δ-PON was elucidated ab initio with X-ray powder diffraction

data in space group P21/c (no. 14).[21] Final refinement was carried out employing the Ri-

etveld method (Figure 2.1). Energy dispersive X-ray spectroscopy showed the presence of

P, O and N, while no other elements were detected. e product was further characterized

using FTIR and solid-state NMR spectroscopy.

e crystal structure of δ-PON exhibits a three-dimensional network composed of all-

side vertex sharing P(O,N)4 tetrahedra representing an unprecedented topology (Figure

2.2). e arrangement of the tetrahedra is characterized of condensed 4-, 6- and 8-rings

which is expressed by the cycle class sequence according to Klee[22,23] (Table S5). e com-
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parison with the cycle class sequences of the other polymorphs shows that δ-PON is not

topologically equivalent to any of the known phases. e arrangement of P(O,N)4 tetra-

hedra into 4- and 6-rings is reminiscent to that of moganite PON but due to the differ-

ence in framework topologies no crystallographic group-subgroup relation between the

two phases is existent. One type of the two crystallographically independent 4-rings forms

ladder-like chains along [010] (Figure 2.3), which are surrounded by 6-rings. e topology

of this framework (Figure 2.3) indicated by the vertex symbol (416283)(416481)(42638)2

(determined by the TOPOS Soware)[24,25] is different from those of all other PON poly-

morphs and has not been found in any other known compound as yet. erefore δ-PON

can be considered a truly novel structure type and correspondingly supplements the few

knownAB2-structure types. However a SiO2-modificationwith the same topology in space

group 𝐴𝑒𝑎2 has been predicted and can be found in the Predicted Crystallography Open

Database (PCOD; entry 3102887).[26]

Figure 2.2: Crystal structure of δ-PON. View along [010] (P: light grey; O/N: black).

P–(O,N) bond lengths vary between 152 and 165 pm, with their variance and the mean

bond length being slightly larger than in the other known polymorphs of PON.e bond-
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ing angles at the bridging atoms range from 128 to 147° which is comparable to other

PON phases. Deviations from the regular tetrahedral angle vary slightly with values be-

tween 104 and 118°. Detailed information on bond lengths and angles can be found in

the supporting information (Tables S3 & S4). e electrostatic plausibility of the crystal

structure was assessed using the MAPLE (Madelung part of lattice energy) concept.[27,28]

e partial MAPLE values of the atomic sites (O/N = 4460 – 4778, P = 13941 – 14878 kJ

mol−1) as well as the overall MAPLE-value (23809 kJ mol−1) are in good agreement with

those calculated for the other PON polymorphs. Notably, the partial MAPLE values of

the anion sites are between the literature values for nitrogen (4600 – 6000 kJ mol−1) and

oxygen (2400 – 2800 kJ mol−1)[29] giving a strong indication for anion disorder.

Figure 2.3: Topological representation of the crystal structure of δ-PON. Right: section from
the crystal structure showing the ladder-like arrangement of 4-rings.

Since neutron diffraction studies on the known polymorphs of PON by Marchand

et. al. did not show any evidence for O/N-order, we assume similar disorder in δ-PON.

To corroborate this hypothesis δ-PON was characterized further by recording a 31P solid-

state NMR spectrum. e chemical shi of δiso = −32.1 ppm is close to those found for

cristobalite-PON (δiso = −26.3 ppm), see spectrum in the supplementary information) and

H3P8O8N9 (δiso =−31.9 ppm).[30] As expected for a phase with statistical O/N-distribution,
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the FWHM of the signal is so high that the four individual signals expected for the four

crystallographically distinct P-atoms cannot be resolved. To rule out the possibility of δ-

PON being in fact a phosphorus oxonitride imide, the absence of stoichiometric amounts

of hydrogen was confirmed by 1H solid-state NMR spectroscopy as well as FTIR spec-

troscopy.

With δ-PON we have found the first polymorph of PON which does not crystallize in

a structure type known from SiO2. is novel AB2 structure type had only been predicted

theoretically so far. With the high-pressure high-temperature condensation of a newly

developed amorphous phosphorus oxonitride imide precursor, a powerful synthetic ap-

proach towards new high-pressure phases of PON has been established. is could possi-

bly lead to further high-pressure polymorphs of PON, allowing a structural diversity ap-

proaching that of SiO2. is promising synthesis approach could also be applied to many

other systems, possibly facilitating the discovery of a range of novel networks with interest-

ing properties. e high-pressure approach in combination with the inclusion of nitrogen

in the framework allows an even wider range of possible frameworks, even including triply

coordinated nitrogen atoms or edge-sharing tetrahedra.[31] Even the synthesis of stishovite-

like polymorphs with interesting materials properties showing higher coordination num-

bers of P may be possible.
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Abstract

e chemical and physical properties of phosphorus oxonitride (PON) closely resemble those of

silica, to which it is isosteric. A new high-pressure phase of PON is reported herein. is poly-

morph, synthesized by using the multianvil technique, crystallizes in the coesite structure. is

represents the first occurrence of this very dense network structure outside of SiO2. Phase-pure

coesite PON (coe-PON) can be synthesized in bulk at pressures above 15 GPa. is compound was

thoroughly characterized by means of powder X-ray diffraction, DFT calculations, and FTIR and

MAS NMR spectroscopy, as well as temperature-dependent diffraction. ese results represent a

major step towards the exploration of the phase diagram of PON at very high pressures and the

possible synthesis of a stishovite-type PON containing hexacoordinate phosphorus.
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3.1 Introduction with Results and Discussion

Owing to its unique properties, silica (SiO2) has been of great interest for physicists,

chemists, and geoscientists for many decades. is is partly due to its properties and

the resultant applications, such as nonlinear optical properties[1] or piezoelectricity,[2]

but it is also to a large extent due to the wide variety of crystal structures found for this

material.[3] With SiO2 being the parent compound of the major components of the crust

and mantle of the Earth,[4–6] precise knowledge of the phase diagram of silica leads to a

detailed understanding of many geological processes. e high-pressure polymorph co-

esite was artificially synthesized[7] and studied in detail[8,9] before it was first discovered

in nature as a product of meteorite impacts.[10] Subsequent investigations showed that the

presence of coesite in rocks can serve as an indicator of the material having undergone

ultrahigh-pressure metamorphism.[11–13] is enables a detailed understanding of the ge-

ological history of these rocks. Similarly, the polymorphs stable at even higher pressures,

namely stishovite[14,15] and seifertite,[16,17] can be used as indicators of previous impact

events. Stishovite has additionally drawn particular interest because of remarkable me-

chanical properties. It held the record for the hardest oxide[18] until it was surpassed by

cotunnite-type TiO2 in 2001.[19]

In order to gain amore detailed understanding of the high-pressure behavior of silica re-

lated phases we have investigated the phase diagramof phosphorus oxonitride PON,which

is isosteric to SiO2
[20] and its analogues PN(NH)[21] and AlPO4.[22] Owing to the similar

ionic radii (Si4+: 26 pm, P5+: 17 pm; O2–: 135 pm, N3–: 146 pm)[23] some of the poly-

morphs exhibited by silica can also be found in PON. At ambient pressure PON adopts

a β-cristobalite-type structure and has no known high-temperature polymorphs.[24] e

high-pressure phases include quartz-[25] and moganite-type polymorphs.[26] In the case

of silica, moganite has only been found in microscopic quantities in nature, whereas it is

synthetically accessible in bulk quantities for PON. Recently, we were able to synthesize an-
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other polymorph of phosphorus oxonitride that crystallizes in a unique structure type that

had not been observed in any other compound before.[27] is indicates that the diversity

of possible structure types for PON could possibly even exceed that for SiO2. A particular

factor that could extend the range of possible AB2-structures in PON is the fact that the

nitride ion is able to connect more than two neighboring P(O,N)4 tetrahedra.[28] Notable

examples that contain triply bridging nitrogen are α- and β-HP4N7,[29–31] P4N6O[32] as well

as the layered oxonitridophosphate Sr3P6O6N8.[33]
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Figure 3.1: Observed (crosses) and calculated (light gray line) powder diffraction pattern of
coe-PONaswell as difference profile (dark gray line). Black vertical bars represent the positions
of Bragg reflections.

Herein, we report the discovery of a new polymorph of PON that crystallizes in the

coesite structure type, for which we propose the name coesite PON or coe-PON. is

high-pressure phase was synthesized in a modified Walker-type multianvil assembly.

e starting material cristobalite-type PON was treated at 15.5 GPa and approximately

1300 °C for 60 min. e product could then be isolated as a colorless crystalline solid.

Energy-dispersive X-ray (EDX) spectroscopy was used to establish the absence of any
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elements other than P, O, and N. e crystal structure was elucidated from powder X-

ray diffraction data.[34] Structure solution was performed by using the charge-flipping

algorithm.[35–37] Both structure solution and Rietveld refinement were carried out by

using TOPAS-Academic 4.1.[38] Rietveld refinement also showed no signs of any amor-

phous or crystalline side phases (Figure 3.1). e unit cell of coe-PON (a = 6.95903(8),

b = 12.0610(2), c = 6.96821(8) Å, β = 120.0348(7)°) displays remarkable lattice pseudosym-

metry, appearing hexagonal at first glance. e symmetry of the structure itself, however,

is monoclinic, a fact that has similarly been observed for coesite SiO2.[9]

e crystal structure (Figure 3.2) closely resembles that of coesite. e compound is

composed of a three-dimensional network of all-side vertex-sharing P(O,N)4 tetrahedra.

As with the other known polymorphs of PON, there was no indication of any order-

ing of the anion positions. We thus assume a statistical disorder of the anions. In the

case of cristobalite PON, this was confirmed by neutron diffraction experiments.[39] e

topological identity of the networks of coesite SiO2 and PON is also illustrated by topo-

logical analysis with TOPOS.[40,41] Both compounds are described by the point symbol

(42.6.82.9)(42.63.8).

According to the nomenclature established by Liebau, the crystal structure of coe-

PON can be described as loop-branched dreier single chains that are interconnected

to form a three-dimensional network. is leads to a loop-branched dreier framework

{lB,3∞}[³P4(O,N)8] similar to that found in feldspars.[42]

e P–(O,N) bond lengths are in the range of 154 to 164 pm (Figure 3.3). A similarly

large variance in the interatomic distances has been observed in δ-PON.[27] e P(O,N)4

tetrahedra are slightly distorted, but to a lesser degree than those in δ-PON.eP–(O,N)–P

angles aroundmost of the anion sites range from 137 to 147° and are therefore very similar

to those found in coesite SiO2. e angle P1–(O,N)1–P1, however, exhibits an intrigu-

ing value of 180°. Since this same angle occurs in coesite SiO2 as well and differs greatly

from the value of 140° for a strain-free Si–O–Si bond, it has been discussed in detail by
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Figure 3.2: Crystal structure of coe-PON in polyhedral representation. View along [101]. One
fundamental chain is highlighted in orange.

Figure 3.3: Atomic arrangement and bond lengths in coe-PON. Bond lengths are denoted in
pm.
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Liebau.[42] He came to the conclusion that this angle is not an artifact caused by the fact

that the bridging atom resides on an inversion center but is intrinsic to the crystal struc-

ture. In order to show the same for coe-PON, we also performed the structure solution

in the noncentrosymmetric space group Cc. is did not lead to a significant deviation

of this angle from 180°, thus indicating that the structural model in space group C2/c is

correct. Another possible cause of an apparent angle of 180° could be static or dynamic

disorder of the bridging atom around the crystallographic site. Such an effect, which can

also be described as a coupled rotation of the involved tetrahedra, has been discussed for

β-cristobalite.[43] is would, however, lead to a significantly increased displacement pa-

rameter for the anion site. Since the 𝐵𝑒𝑞 value for (O,N)1 is similar to those of the other

anion sites, this phenomenon is unlikely for coe-PON.

In order to quantify the similarity between the crystal structures of coesite SiO2 and

coesite PON, the two were compared by using the COMPSTRU program of the Bilbao

Crystallographic Server.[44] e calculated arithmetic mean of the distance between equiv-

alent atomic sites amounts to just 4.4 pm. is leads to a measure of similarity[45] (Δ) of

0.014, thus indicating that the two crystal structures are in fact very closely related.

DFT calculations were employed to validate our experimental findings. Owing to the

statistical O/N disorder, energy-volume curves were calculated for all six chemically rea-

sonable arrangements of O and N. For comparison, the energy-volume curves for cristo-

balite PONwith the lowest energy O/N arrangements were also determined. Details of the

calculations and ordered structural models can be found in the Supporting Information.

e corresponding enthalpy–pressure diagram (Figure B.7 in the Supporting Information)

shows that coesite PON is expected to bemore stable than the ambient pressure polymorph

above 7.5–10.5 GPa, which is in good agreement with the pressure of 15.5 GPa used in the

synthesis. e predicted bulk modulus for coe-PON is in the range of 151 to 170 GPa.

ehigh-pressure high-temperature conditions used for the synthesis, combined knowl-

edge of the phase diagram of closely related SiO2, strongly suggest that coe-PON is a high-
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Figure 3.4: Temperature dependent powder X-ray diffraction data for coe-PON in air. e
transformation to cristobalite PON starts at 750 °C.

pressure phase of phosphorus oxonitride and therefore metastable at ambient pressure. In

order to corroborate this hypothesis, we performed temperature-dependent powder X-ray

diffraction up to 1000 °C.e results (Figure 3.4) show that at ambient pressures, coe-PON

transforms back into the cristobalite polymorph above 750 °C. is result indicates that

temperatures above 700 °C are needed to initiate reconstructive transformations in phos-

phorus oxonitride, which is consistent with our laboratory experience. At 975 °C, the first

signs of thermal decomposition can be observed.

In order to corroborate the results of the structure solution, a 31P MAS NMR spectrum

was acquired (Figure B.1). e spectrum shows two rather broad peaks at −48 and−66 ppm

that can be attributed to the two crystallographic P sites. ebroad signals can be explained

by statistical O/N disorder. is leads to a range of distinct local environments around the

P nuclei. Since the NMR signal is an average over all of the P sites in the sample, this leads

to a broadening of the NMR signals. A similar effect has been observed in the case of δ-
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PON.[27] In order to rule out the presence of NH groups in the sample, which could in

theory replace the isoelectronic O2–, an FTIR spectrum of the sample was collected (Fig-

ure B.2). It showed no signs of the characteristic N–H vibrations around 3000 cm−1, which

is a strong indication of the absence of hydrogen in the sample.

e discovery of coe-PON provides new insight into the high-pressure chemistry of

phosphorus oxonitride. Previous investigations up to a pressure of 70 GPa with diamond

anvil cells at room temperature showed no reconstructive transformations to new high-

pressure phases,[46] while experiments in laser-heated diamond anvil cells at 20 GPa led

to the formation of the already known moganite PON. e new results presented herein

show that it is indeed possible to obtain further high-pressure phases of PON through

a combined high-temperature high-pressure approach by using the multianvil technique.

e formation of a coesite-type phase shows that the similarity between SiO2 and PON

extends to higher pressures. However, the pressure needed for the transformation of PON

(15.5 GPa) is significantly higher than that for SiO2 (3.5 GPa).[7] It is plausible that this sim-

ilarity could extend to the extreme pressure phases known for silica. Stishovite-type PON

containing hexacoordinate phosphorusmight thus be accessible, albeit at even higher pres-

sures than for stishovite SiO2. e possibility of synthesizing and recovering compounds

containing pentacoordinate phosphorus has already been shown for the closely related sys-

tems P3N5[47,48] and P4N6(NH).[49]
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Abstract

A new polymorph of phosphorus nitride imide HP4N7 has been synthesized under high-pressure/

high-temperature conditions from P3N5 and NH4Cl at 6 GPa and temperatures between 800 and

1300 °C. Its crystal structure was elucidated using single crystal X-ray diffraction data. β-HP4N7

(space group C2/c, no. 15, Z = 4, a = 12.873(2) Å, b = 4.6587(4) Å, c = 8.3222(8) Å, β = 102.351(3)°,

𝑅1 = 0.0485, 𝑤𝑅2 = 0.1083) crystallizes in a new framework structure type that is made up of

all-side vertex-sharing PN4 tetrahedra. e topology of the network is represented by the point

symbol (32.42.52.63.7)(34.44.54.63), and it has not been identified in other compounds so far.

Structural differences between the two polymorphs of HP4N7 as well as the topological relationship

to the recently discovered high-pressure polymorph β-HPN2 are discussed. Additionally, FTIR and

solid-state NMR spectroscopy are used to corroborate the results of the structure determination.
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4.1 Introduction

Compounds that comprise tetrahedral framework structures are of high interest both from

a scientific point of view as well as concerning their broad technical applicability. Archetyp-

ical tetrahedral framework structures are formed by silicates and related compounds like

alumosilicates or alumophosphates.[1–3] Prominent applications of such materials include

sorption and catalysis in the case of zeolites[4] as well as opticalmaterials and piezoelectrics,

particularly in the case of quartz.[5] Properties of these functionalmaterials are intrinsically

facilitated by their respective crystal structures. Accordingly, the discovery of new tetrahe-

dral framework structures both with new topologies or new elemental compositions is an

important issue for material scientists.[5]

e emerging interest in nitridosilicates during the last few years can in part be at-

tributed to their broad structural variety as well as their high chemical and thermal stability.

e latter qualities stem from the inclusion of the nitride ion N3–, which in nitridosilicates

can link up to four tetrahedral centers as opposed to two in the case of oxosilicates.[6] Un-

doubtedly, this structural variability expands greatly the range of possible crystal structures

and furthermore allows higher degrees of condensation than would be possible in oxosili-

cates. In recent years we could show that the substance class of (oxo)nitridophosphates

rivals even the structural diversity of nitridosilicates. Silica analogous phosphorus ox-

onitride PON forms a high-pressure polymorph the structure of which was predicted for

SiO2 but has never been observed.[7] Other representatives in this system include porous

compounds such as the first nitridic zeolites NPO[8,9] and NPT[10] as well as the clathrate

P4N4(NH)4(NH3).[11] Glassy compounds in the system Li-Ca-P-N have displayed remark-

able values for hardness and refractive index.[12,13] Existing applications of phosphorus ni-

trides like PON and HPN2 are mainly in the field of flame retardation.[14,15] eoretically

predicted cubic BeP2N4 is expected to show superior mechanical properties,[16] possibly

making it a suitable material for high performance tools. As these examples show, further
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research on new nitridophosphate frameworks is likely to lead to the discovery of novel

compounds exhibiting interesting properties.

e synthesis of nitridophosphates can be markedly facilitated by the use of high-

pressure techniques. On the one hand this approach allows suppression of thermal de-

composition of the products which occurs typically at high temperatures necessary for

synthesis. On the other hand – according to the pressure-coordination rule[17] – very

high pressures allow access to structures featuring higher coordination numbers,[18] one

of themost prominent examples being themineral stishovite.[19] In the case of phosphorus

nitrides a higher coordination number of phosphorus has been realized in γ-P3N5, where

two thirds of the P atoms are coordinated by nitrogen in the form of a square pyramid.[20,21]

An increase in coordination number oen leads to a significantly increased hardness, mak-

ing such type of compounds interesting for material scientists.[18] In this contribution we

demonstrate the high structural flexibility of nitridophosphate frameworks by characteriz-

ing an entirely new topology realized in a high-pressure polymorph of phosphorus nitride

imide β-HP4N7.

4.2 Experimental Section

4.2.1 Synthesis of P3N5

P3N5was obtained by reaction of P4S10with dry ammonia gas according to the literature.[22]

P4S10 (8.0 g, 36 mmol, 99 %, Sigma-Aldrich) was placed inside an open ended silica glass

tube (length 30 cm) which was inserted into a silica glass flow tube. e reactant was

saturated with streaming dry ammonia (99.98%, Air Liquide) for 4 h at room temperature

and subsequently heated to 850 °C for 8 h. Aer cooling the brown reaction product was

washed subsequently with deionized water, ethanol and acetone.
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4.2.2 Synthesis of β-HP4N7

β-HP4N7was synthesized under high-pressure/high-temperature conditions in amodified

Walker-type multianvil assembly using a 1000 t hydraulic press (Voggenreiter, Mainleus,

Germany). P3N5 (48 mg, 0.295 mmol) and NH4Cl (4 mg, 0.075 mmol, 99.5 %, Sigma-

Aldrich) were thoroughly ground in an agate mortar, tightly packed into a cylindrical

boron nitride crucible (Henze, Kempten, Germany) and centered in a 18/11 MgO octa-

hedron. A detailed description of the assembly can be found in the literature.[23–27] e

sample was compressed between eight truncated tungsten carbide cubes (Hawedia, Mark-

lkofen, Germany) to a pressure of 6 GPa at room temperature during 164 min. It was

subsequently heated to 800 °C during 15 min, held at this temperature for 240 min and

cooled to room temperature during 30 min. Finally, it was decompressed during 600 min.

Aer isolation and grinding the sample was obtained as a light gray air-stable powder. Ex-

cess NH4Clwas removed bywashing the sample with deionizedwater, ethanol and acetone.

Single crystals suitable for X-ray diffraction were obtained by heating the reaction mixture

to 1300 °C within 15 min, holding the temperature for 60 min and cooling within 15 min.

4.2.3 Spectroscopic Analysis

e chemical composition of the sample was established by energy dispersive X-ray spec-

troscopy using a JSM 6500F scanning electron microscope (Jeol) with an Oxford Instru-

ments 7418 Si/Li EDX detector. FTIR spectra were collected employing KBr disks with

the use of an IFS 66 v/S spectrometer (Bruker). Solid-state MAS NMR experiments were

carried out on an Avance III spectrometer (Bruker) at a field strength of 11.7 T with a

2.5 mm probe at a spinning rate of 20 KHz. 1H and 31P chemical shi values are refer-

enced to 0.1% TMS in CDCl3 (Sigma Aldrich) as an external reference. Diffuse reflectance

UV-Vis spectroscopy was carried out on a Cary 500 spectrometer (Varian) equipped with

a praying mantis diffuse reflectance accessory.
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4.2.4 Crystal Structure Analysis

Single crystal X-ray diffraction analysis was carried out on a Bruker D8 Quest diffractome-

ter equipped with a microfocus X-ray source (Mo-Kα radiation) at 140 K. A crystal of

the size 0.035 × 0.065 × 0.070 mm was chosen from the coarsely ground sample under

paraffin oil. e crystal structure was solved ab initio using the charge-flipping algorithm

as implemented in the program Superflip.[28–30] Subsequent full-matrix least squares re-

finement was carried on 𝐹 2 out using SHELXL-97.[31] e position of the hydrogen site

was extracted from difference fourier maps. e N–H distance was restrained to 0.9 Å.

Due to the low absorption coefficient and the very small crystal size no absorption cor-

rection was applied. Powder X-ray diffraction data was collected in parafocusing Debye-

Scherrer geometry on a Stadi P diffractometer (Stoe, Darmstadt, Germany) using Ge(111)-

monochromated Cu-Kα1 radiation and a linear position sensitive detector. e ground

sample was enclosed in a glass capillary (diameter 0.3 mm). Rietveld refinement was car-

ried out using TOPAS-Academic 4.[32] e peak shape was modeled using the fundamen-

tal parameters approach (direct convolution of source emission profiles, axial instrument

contributions and crystallite size and microstrain effects).[33,34]

4.3 Results and Discussion

4.3.1 Synthesis

As previously reported the synthesis of phase pure α-HP4N7was accomplishedwith the use

of the moisture sensitive molecular precursor (NH2)2P(S)NP(NH2)3.[35,36] Under ambient

pressure the simple reaction between phosphorus nitride and ammonium chloride (Eq.

4.1) does not yield a pure product.

4 P3N5 + NH4Cl → 3 HP4N7 + HCl (4.1)
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However, at high pressures this reaction proceeds cleanly and yields pure samples of

β-HP4N7. is high pressure polymorph can be synthesized in a multianvil assembly at

pressures between 5 and 8 GPa at temperatures ranging from 750 to 1400 °C. Purest sam-

ples have been obtained at 750 °C with constant heating for 240 min. Higher reaction

temperatures lead to the formation of significant amounts of side phases but promote crys-

tal growth. erefore single crystals for structure determination were grown at 1300 °C,

whereas bulk samples were synthesized at 800 °C.e purpose of using NH4Cl in this syn-

thesis is twofold. Primarily, it acts as reactant and H+-donor. However, recently we have

demonstrated that NH4Cl functions as an effective mineralizer for the synthesis of nitri-

dophosphates.[37] With this synthetic approach the product is obtained in form of a gray

sintered pellet that yields a light gray air stable powder aer grinding. Single crystals of

β-HP4N7 form colorless platelets. An atomic ratio of P:N = 4:6.9 was determined by energy

dispersive X-ray (EDX) analysis, which is in good agreement with the sum formula HP4N7.

Oxygen was only detectable in trace amounts in the sample.

4.3.2 Crystal Structure of β-HP4N7

ecrystal structure of β-HP4N7was determined from single crystal X-ray diffraction data.

e reflections were indexed with a monoclinic unit cell (a = 12.873(2), b = 4.6587(4), c =

8.3222(8) Å, β = 102.351(3)°).[38] Structure solution was performed assuming space group

C2/c (15), as indicated by the systematic absences. All heavy atom positions were deter-

mined during structure solution. e position of the hydrogen atom was unequivocally

localized from difference Fourier maps during structure refinement. e single crystallo-

graphic hydrogen atom site leads to two adjacent positions in the unit cell coupled by an

inversion center. eir respective distances indicate a mutual exclusive occupation, repre-

sented by a fixed occupation factor of 0.5 during structure refinement. Due to the small

diffraction contribution of hydrogen it cannot be decided whether a symmetry reduction

(loss of centrosymmetry towards Cc) leading to an ordered structure model with respect
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Table 4.1: Crystallographic data and details of the structure refinement for β-HP4N7.

formula β-HP4N7

crystal size / mm3 0.035 × 0.065 × 0.070
molar mass / g ∙ mol−1 222.96
crystal system monoclinic
space group C2/c (no. 15)
T / K 140(2)
radiation, λ /pm Mo-Kα, 71.073
a / Å 12.873(2)
b / Å 4.6587(4)
c / Å 8.3222(8)
β / ° 102.351(3)
V / Å3 487.55(8)
Z 4
calculated density / g ∙ cm−3 3.037
absorption coefficient / mm−1 1.459
measured reflections 8803
independent reflections 1218
observed reflections 909
refined parameters 55
GOF 1.046

final R indices [I > 2s(I)]
𝑅1 = 0.0485
𝑤𝑅2 = 0.0984 [a]

final R indices (all data) 𝑅1 = 0.0769
𝑤𝑅2 = 0.1083 [a]

[a] 𝑤 = 1/[𝜎2(𝐹 2
𝑜 ) + (0.0458 𝑃)2 + 2.3837 𝑃],with 𝑃 = (𝐹 2

𝑜 + 2𝐹 2
𝑐 ) / 3
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Table 4.2: Atomic coordinates and isotropic equivalent displacement parameters for β-HP4N7.

atom Wyckoff symbol x y z Uiso / Å2 occupancy

P1 8𝑓 0.18029(5) 0.2114(2) 0.22415(7) 0.0038(2) 1
P2 8𝑓 0.10496(5) 0.3067(2) −0.13583(7) 0.0041(2) 1
N1 4𝑒 0 0.1987(6) −¼ 0.0063(7) 1
N2 8𝑓 0.1025(2) 0.1964(4) 0.0467(3) 0.0061(5) 1
N3 8𝑓 0.1384(2) 0.3666(4) 0.3650(2) 0.0051(4) 1
N4 8𝑓 0.2947(2) 0.3702(4) 0.2069(2) 0.0049(4) 1
H1 8𝑓 0.051(4) 0.065(11) 0.035(9) 0.01(2) 0.5

Table 4.3: Selected interatomic distances / Å and angles / ° in β-HP4N7.

P1–N2 1.599(2) P2–N1–P2 142.2(2)
P1–N3 1.568(2) P1–N2–P2 136.2(2)
P1–N4 1.682(2) P1–N3–P2 125.3(2)
P1–N4’ 1.697(2) P1–N4–P1 119.3(2)
P2–N1 1.560(2) P1–N4–P2 123.3(2)
P2–N2 1.610(2) P1–N4–P2’ 117.3(2)
P2–N3 1.581(2)
P2–N4 1.739(2)
N2–H1 0.89(5)
N2⋯H1 2.29(5)

to the hydrogen atoms is required. Crystallographic data for β-HP4N7 are summarized in

Table 4.1. Details on the atomic positions as well as selected bond lengths and angles are

listed in Tables 4.2 and 4.3, respectively.

e crystal structure of β-HP4N7 (Figure 4.1) consists of a three-dimensional network

of all-side vertex-sharing PN4 tetrahedra. In contrast to the ambient pressure modification

there are no edge-sharing tetrahedra. e framework is characterized by the existence of

3-, 4- and 5-rings. e six-membered rings are large enough to provide space for the single
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Figure 4.1: Crystal structure of β-HP4N7 in polyhedral representation (P1: light green, P2:
dark green, N: blue, H: white).

hydrogen atom, which is covalently bound to half of the nitrogen atoms pointing into the

ring.

Figure 4.2: Atomic arrangement of P, N, H and bond lengths in β-HP4N7. Displacement ellip-
soids are displayed at the 90 % probability level.



46 4 A High-Pressure Polymorph of HP4N7 Representing a New Framework Topology

Figure 4.2 illustrates the coordination of the atoms in β-HP4N7. Both P atoms are coordi-

nated tetrahedrally by nitrogen, with bond angles P–N–P 103.7(1)–120.8(2)° slightly devi-

ating from the regular tetrahedral angle. e N bridges are linking either two or three PN4

tetrahedra, respectively. e position of the H atoms is corroborated by the fact that P–N

bonds around the protonated N2 are significantly longer than those of the unprotonated

N1 and N3. Bond lengths around the triply coordinating N4 are even larger ranging from

1.682(2) to 1.739(2) Å, which is consistent with the values observed in other nitridophos-

phates such as α-HP4N7 orMP4N7 (M =Na, K, Rb, Cs).[39] e bond angles around N4 are

very close to 120°, which is indicative of an almost regular trigonal planar coordination.

In contrast to α-HP4N7 no edge sharing of tetrahedra occurs in this framework. Neverthe-

less, the phase transition leads to an increase in density of 6.0 %. erefore, the increase of

density due to the tilting of the tetrahedra offsets the loss of shared tetrahedra edges and

leads to an overall higher density of β-HP4N7. is difference in densities stabilizes this

crystal structure at high pressures.

Figure 4.3: Topological relation between β-HPN2 (le) and β-HP4N7 (right). Only P atoms
(black spheres) are displayed for clarity. Each connecting line represents a P–N–P bond. New
bonds formed by formal condensation are indicated by dashed lines.

In order to characterize the framework topology of the network the point symbol

(32.42.52.63.7) (34.44.54.63) was calculated by the program TOPOS.[40,41] is network

topology is distinct from that of β-HP4N7, the isosteric P4N6O,[42] as well as the related
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nitridophosphatesMP4N7 (M =Na, K, Rb, Cs)[39] and has in fact not been observed in any

compound so far. e change in topology also indicates that the transition from α-HP4N7

to β-HP4N7 is reconstructive. It has been illustrated in the past that the structure of am-

bient pressure HP4N7 can be derived from the structure of less condensed β-HPN2. is

process involves formal release of NH3 and the simultaneous formation of new P–N–P

linkages. Analogously, Figure 4.3 illustrates the formal topotactic condensation of the

recently discovered high-pressure polymorph β-HPN2 leading to β-HP4N7. e dashed

lines indicate new connections formed during this process. During condensation half of

the six-membered rings are preserved, while the other half forms the 3- and 4-rings due

to additional linkages.

In order to confirm the electrostatic consistency of the crystal structure lattice energy

calculations were performed using the MAPLE (Madelung part of lattice energy) so-

ware.[43,44] Both the overall as well as the partialMAPLE values for β-HP4N7, listed in Table

4.4, are in good agreement with those of the ambient pressure polymorph. e small dif-

ference of 0.3 % between both polymorphs confirms that the crystal structure of β-HP4N7

described here is electrostatically valid. All the partial MAPLE values for the atomic sites

also fall in the range described in the literature.[6]

Table 4.4: Results of MAPLE calculations for α-HP4N7 and β-HP4N7. All values are in kJ ∙
mol−1.

MAPLE Value α-HP4N7 β-HP4N7

overall 104636 104316
P atoms 15691–17079 16054–16814
N[2] atoms 5050–5679 4980–5498
N[3] atoms 6047–6163 6215
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Figure 4.4: Observed (crosses) and calculated (red line) powder diffraction pattern of β-HP4N7
as well as position of Bragg reflections (black: β-HP4N7; green: BN) and difference profile (blue
line).

4.3.3 Powder X-Ray Diffraction and Rietveld Refinement

In order to determine the bulk composition of the sample and evaluate the possible pres-

ence of side phases a powder diffraction pattern was collected. Rietveld refinement was

performed using the TOPAS-Academic package. e powder pattern and resulting differ-

ence curves are displayed in Figure 4.5. e refinement shows that the sample is composed

of 89 % of β-HP4N7 and 11 % of the crucible material BN. A few weak reflections could

not be attributed to any known phase. eir position does not correspond to any possi-

ble superstructure of β-HP4N7. erefore these peaks are likely due to small amounts of

an unknown impurity. e refinement also confirms the structure determined by single

crystal structure analysis. Further details on the Rietveld refinement can be found in the

supporting information. In order to ascertain the thermodynamic stability of β-HP4N7,

high temperature powder X-ray diffraction was performed. No phase transition could be

determined up to the maximum temperature of 800 °C. is could suggest that β-HP4N7
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could be the thermodynamically stable phase at ambient pressure. However, due to the

large difference in densities, it is more likely that phase transition to the ambient pressure

phase is kinetically hindered below 800 °C.

4.3.4 Spectroscopic Methods
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Figure 4.5: FTIR spectrum of β-HP4N7.

Due to the fact that HP4N7 and P4N6O are isoelectronic X-ray diffraction is insufficient

to prove the identity of the title compound. In order to unequivocally determine the pres-

ence of hydrogen in the sample FTIR and solid-state NMR spectroscopy was performed.

As expected, the FTIR spectrum of β-HP4N7 (Figure 4.4) bears a strong similarity to that of

β-HP4N7. e strong N–H stretching band at 3000 cm−1 shows that the sample contains

significant amounts of imidic hydrogen (N-H groups). Further bands at 1050–1500 cm−1

and 600–1000 cm−1 correspond to P=N–P and P–NH–P asymmetric stretching modes,

respectively.[35,36,45] Additional indication of the presence of stoichiometric amounts of

hydrogen can be obtained from the 1H solid-state NMR spectrum shown in Figure C.1 in

the supporting information.
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Figure 4.6: 31P MAS NMR spectrum of β-HP4N7. Rotational sidebands are marked with as-
terisks.

Information about the local chemical environments of the P atoms can be derived from

the 31P solid-state NMR spectrum, which is displayed in Figure 4.6. e sample exhibits

four distinct signals, which correspond to four different atomic environments. is seems

to be contradictory with the fact that the single crystal structure only shows two distinct P

sites. However, this discrepancy can be explained by the nature of the H atom. Since only

one of the two adjacent hydrogen sites can be occupied simultaneously, inversion symme-

try is violated locally and the P sites split into four distinct atomic environments. Due to

the extremely small influence of the hydrogen atom on the total electron density the effect

of this phenomenon is not detectable using X-ray crystallography. e chemical shis of

the signals (−11.8 ppm, −18.4 ppm, −24.6 ppm, −32.5 ppm) are close to the shi reported

for β-HP4N7 and fall into the range expected for highly condensed nitridophosphates.

In order to gain insight into the gray color of the sample the band gap of the sample was

investigated using diffuse reflectance UV-VIS spectroscopy. e Tauc plot (Figure C.1)

shows that the band gap of β-HP4N7 is higher than 4.5 eV. us the color of the sample is

not intrinsic, but rather due to small amounts of a dark impurity.
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4.4 Conclusion

A new polymorph of phosphorus nitride imide HP4N7 has been synthesized by reaction

of P3N5 and NH4Cl at high-pressure high-temperature conditions. We were able to thor-

oughly characterize the compound by means of single crystal X-ray diffraction, FTIR and

solid-state NMR spectroscopy. e compound crystallizes in an entirely new structure

type with a framework topology that has not been observed so far. is structure consists

of a three-dimensional framework of all-side vertex-sharing PN4 tetrahedra. We could

show that this structure can be derived from that of the high-pressure phase of HPN2 by

formal topotactic condensation. Considering the variety of different polymorphs in the

closely related phosphorus oxonitride PON, the discovery of a phase transition in HP4N7

at moderate pressures could be indicative of the existence of further polymorphs at higher

pressures. e structural flexibility displayed by HP4N7 makes it an interesting candidate

for high-pressure synthesis of potential phases containing five- or sixfold coordinated phos-

phorus.
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Abstract

Coordination numbers higher than usual are oen associated with superior mechanical properties.

In this contributionwe report on the synthesis of the high-pressure polymorph of highly condensed

phosphorus nitride imide P4N6(NH) representing a new framework topology. is is the first exam-

ple of phosphorus in trigonal-bipyramidal coordination being observed in an inorganic network

structure. We were able to obtain single crystals and bulk samples of the compound employing

the multi-anvil technique. γ-P4N6(NH) has been thoroughly characterized using X-ray diffraction,

solid-state NMR and FTIR spectroscopy. e synthesis of γ-P4N6(NH) gives new insights into the

coordination chemistry of phosphorus at high pressures. e synthesis of further high-pressure

phases with higher coordination numbers exhibiting intriguing physical properties seems within

reach.
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5.1 Introduction with Results and Discussion

Unusually high coordination numbers of cations, particularly in covalent network struc-

tures, are oen associated with interesting physical properties. e latter include high

density, enhanced bulk modulus, and extraordinary mechanical hardness, all of which

are of particular relevance for engineering applications.[1,2] According to the pressure-

-coordination rule, high coordination numbers are likely to occur in high-pressure poly-

morphs.[3] erefore, explorative high-pressure synthesis is a highly valuable tool for the

discovery of novel materials with intriguing properties.[4] Perhaps one of the most notable

examples of an increase in coordination number at high pressures is observed in the case of

SiO2, which transforms to the six-coordinated stishovite structure type at pressures exceed-

ing 9GPa.[5,6] is phase has long been considered the hardest known oxide[7] and has only

recently been surpassed by cotunnite-type TiO2.[8] Recent investigations show that above

46 GPa silica analogous AlPO4 adopts a CaCl2-like structure containing PO6 octahedra.[9]

Similar phase transformations take place in Earth’s mantle, most prominently in mag-

nesium silicate MgSiO3. High-pressure studies show that this mineral undergoes phase

transitions to perovskite[10] and post-perovskite[11] structures at extreme pressures, both of

which contain hexacoordinated Si atoms. Knowledge of these phase transitions greatly sup-

ports understanding of processes in planetary interiors. Increased coordination numbers

also lead to interesting properties in nitride materials. Cubic boron nitride already enjoys

widespread application as a high-temperature abrasive due to its extreme hardness.[12,13]

Silicon nitride Si3N4 is of high technological importance due to its mechanical and thermal

properties.[14] It can be converted to its cubic high-pressure polymorph γ-Si3N4 at elevated

pressures.[15,16] is high-pressure polymorph crystallizes in a spinel-type structure com-

posed of SiN4 tetrahedra aswell as SiN6 octahedra and displays a remarkably high hardness,

which even surpasses that of stishovite.[17] In the case of phosphorus nitrides an increased

coordination number has to date only been observed in γ-P3N5, which also shows an in-
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creased hardness compared to the ambient pressure phase.[18,19] In the latter compound

chains of edge-sharing quadratic PN5-pyramids are linked by PN4 tetrahedra to form a

three-dimensional network. Even though a trigonal bipyramidal coordination is expected

to be close in energy to a pyramidal one, no example for this coordination type has been

found in inorganic network structures yet. Molecular species displaying this coordination

geometry include PF5,[20,21] P(N3)5[22] as well as phosphazenes.[23] It has also been pro-

posed to occur in the theoretically predicted high-pressure polymorph δ′-P3N5.[24] In this

contribution we report on a new high-pressure polymorph of phosphorus nitride imide

P4N6(NH), which contains phosphorus in trigonal-bipyramidal coordination. To date

only the ambient pressure polymorph α-P4N6(NH)[25,26] as well as the high-pressure phase

β-P4N6(NH),[27] both of which contain only PN4 tetrahedra, have been reported. Since

this is the third reported polymorph of this compound we propose the name γ-P4N6(NH).

We were able to synthesize γ-P4N6(NH) by the reaction of P3N5 and NH4Cl. e start-

ing materials were treated at approximately 1200 °C for 120 min at a pressure of 14 GPa.

e synthesis conditions were achieved using a modifiedWalker-type multianvil assembly

and a 1000 t hydraulic press.[28–32] e product was obtained as an air-stable colorless crys-

talline solid. e product contained crystals large enough to be suitable for single crystal X-

ray diffraction. e formation of single crystals can be attributed to the presence of NH4Cl

acting as a mineralizer during the synthesis. is property has previously been utilized in

the synthesis of the phosphorus nitrides β-HPN2
[33] and β-P4N6(NH).[27] e product was

successively washed with deionized water, ethanol and acetone to remove excess NH4Cl.

e composition of the obtained sample was analyzed using energy-dispersive X-ray

(EDX) spectroscopy. e analysis confirmed the atomic ratio P:N of 4:7 and other than

trace amounts of oxygen showed no signs of other elements being present in the sample.

Details of the EDX results can be found in the supporting information.

e crystal structure of γ-P4N6(NH) was solved from single crystal X-ray diffraction

data in the monoclinic space group C2/c (no. 15) using direct methods.[34] All the heavy
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atom positions could be found during structure solution and were refined anisotropically.

Due to its low scattering power and the small crystal size the H atoms could not be lo-

cated. e crystal structure shows that γ-P4N6(NH) is composed of a three-dimensional

network of PN4 tetrahedra and trigonal PN5 bipyramids (Figure 5.1). e PN5 bipyramids

are connected via shared edges to form infinite strands along [110] and [110]. ese are ar-

ranged in a mesh-like pattern and are mutually interconnected by bowtie-like P2N7 double

tetrahedra.

Figure 5.1: Crystal structure of γ-P4N6(NH). View along [110] (P: light/dark gray; N: white).

e framework topology can be unambiguously described with the point symbol

(32.46.56.6) (34.48.57.62) as determined with the TOPOS soware package.[35,36] Due

to the different coordination numbers of the P atom, the network topology is different

to those of the other polymorphs. erefore the phase transition leading to γ-P4N6(NH)
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is necessarily a reconstructive one. e phase transition is associated with a consider-

able change in the crystal density. e change in density for the transition from β- to

γ-P4N6(NH) results in a much higher difference in densities (18.9 %) than the transition

fromα- to β-P4N6(NH) (5.5%). is behavior is expected due to the change in phosphorus

coordination during the former transition.

Figure 5.2: Coordination polyhedra and bond lengths around the two crystallographically dis-
tinct P atoms; ellipsoids are drawn with a probability factor of 90 %.

e bonds around the tetrahedrally coordinated phosphorus atom (Figure 5.2) vary in

the range between 156 and 169 pmwhich is consistent with the values found in other nitri-

dophosphates. Due to its higher coordination number, the bonds to the threefold coordi-

nated nitrogen atoms N2 andN4 are about 10 pm longer than those to the doubly bridging

nitrogen atoms N1 and N3. Tetrahedral angles (102–111°) show a slight deviation from

the regular value. As would be expected,[37] the bonds around the trigonal bipyramidal

phosphorus show a larger variation, with the axial bonds (182 pm) being markedly longer

than the equatorial ones (163–167 pm). In the equatorial plane the bond to N1 is shorter

than those to the triply coordinated N4 and N2. e equatorial N atoms form an almost

equilateral triangle with no N–P–N angle deviating more than 0.7° from the regular value

of 120°. However, the axial nitrogen ligands display a distinct kink in the N–P–N arrange-

ment, as evidenced by the angle of 170.5(2)°. is effect is presumably caused by the high
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steric demand of this very dense network structure. While the location of the imidic H

atom could not be directly determined from the structure analysis, crystal chemical con-

siderations show that it is likely bound to N1. N2 and N4 already link three P atoms in

a trigonal planar arrangement, thus unlikely representing NH-groups. e bond length

P1–N1 is 2.9 pm longer than that to N3, which is likely due to the proton being bound

to N1. Detailed information on bond lengths and angles can be found in the supporting

information.

In order to verify the electrostatic consistency of the structure model, lattice energy

calculations were performed using the program MAPLE (Madelung part of lattice en-

ergy).[38,39] e overall MAPLE value for γ-P4N6(NH) is in excellent agreement with that

of β-P4N6(NH), differing by less than 0.02 %. e partial MAPLE values of the atomic

sites (P = 17030–16537; N = 4910–5673 kJ mol−1) are in the range found in other nitri-

dophosphates. e MAPLE values for N show a marked difference between N[2] and N[3],

similar to what has been reported in literature.[40] e imidic N1 displays the lowest partial

MAPLE value. e same pattern has been observed in β-P4N6(NH), further corroborating

our hypothesis on the location of the proton.

e accuracy of the structure model as well as the phase purity of the sample has fur-

ther been established by means of Rietveld refinement of the powder pattern (Figure 5.3).

e results corroborate the established crystal structure and show that other than 0.45(4)

weight percent of the crucible material BN, no side phases are present.
31P solid-state NMR spectroscopy (Figure D.1) shows two signals, which can be at-

tributed to the two distinct atomic environments in γ-P4N6(NH).e signal at −17.4 ppm

is in a range typical for tetrahedrally coordinated phosphorus nitrides. e second signal

is at a distinct chemical shi of −103.0 ppm. e only other example of a chemical shi in

this range for phosphorus nitrides has been found in the case of γ-P3N5, where the signal

was attributed to tetragonal pyramidally coordinated phosphorus. us the general trend

seems to be that higher coordination numbers shi the 31P signals significantly towards
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Figure 5.3: Observed (crosses) and calculated (light gray line) powder diffraction pattern of
γ-P4N6(NH) as well as difference profile (dark gray line). Black and grey vertical bars represent
the positions of Bragg reflections of γ-P4N6(NH) and hexagonal BN, respectively.

high fields. In order to gain more insight into the location of the hydrogen atom, a 1H

solid-state NMR spectrum (Figure D.2) was collected. It displays one single sharp peak at

10.6 ppm, corresponding to a single hydrogen site in the crystal structure.

e FTIR spectrum of the sample is reminiscent of that of the other polymorphs, as well

as the less condensed phosphorus nitride imide PNNH.[41] A broad absorption around

3000 cm−1 can be attributed to the N–H valence bond. Additionally, two groups of bands

can be seen below 1500 cm−1. e group in the range 1400–1200 cm−1 is caused by asym-

metric P–N–P stretching modes. e second group between 600 and 1200 cm−1 can be

attributed to symmetric P–N–P stretching modes.

With γ-P4N6(NH), we obtained the first inorganic network structure containing phos-

phorus in trigonal-bipyramidal coordination and the second one with pentacoordinated

phosphorus at all. We were able to thoroughly characterize this compound by means of

single crystal and powder X-ray diffraction as well as solid-state NMR and FTIR spec-

troscopy. e location of the H atom can be inferred with reasonable certainty. is shows
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that in the pressure range attainable with the multianvil technique structures containing

higher coordinated phosphorus are accessible. erefore similar structures of related ni-

tridophosphates like MP4N7
[42] and M3P6N11 (M = Na, K, Rb, Cs)[43–45] should be acces-

sible. Similarly, this gives an indication that silica analogous phosphorus oxonitride PON

could have a high-pressure polymorph containing pentacoordinated phosphorus, poten-

tially representing a newAB2-type net. ese findings could indicate that even compounds

containing hexacoordinated phosphorus could be accessible in macroscopic amounts us-

ing multianvil techniques. Likely candidates are the theoretically predicted δ-P3N5 and

δ′-P3N5[24] as well as spinel type BeP2N4.[46]
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Abstract

Li14(PON3)2Owas synthesized by reaction of phosphoric triamide PO(NH2)3with LiNH2 at 550 °C.

It crystallizes in a trigonal structure (P3 (no. 147), a = 5.6880(5), c = 8.0855(8) Å, V = 226.55(5) Å3,

Z = 1) that can be described as a defect variant of the antifluorite structure type. e crystal struc-

ture was elucidated from X-ray powder diffraction data and corroborated by FTIR and solid-state

NMR spectroscopy. Li14(PON3)2O is composed of non-condensed PON 2–
3 tetrahedra and O2–

ions that are surrounded by tetrahedrally coordinated Li+. is is the first example of an ortho-

oxonitridophosphate.
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6.1 Introduction

Over the past few decades nitridophosphates and oxonitridophosphates gained renewed

interest due to their large structural variability. e parent compounds P3N5,[1,2] PON[3]

and PN(NH)[4] have been mentioned in literature since the 18th century. However, owing

to intrinsic difficulties in crystal growth, their comprehensive structural description was

not possible until the advent of modern powder diffraction techniques.[5–8]

Due to the fact that both PON and PN(NH) are isoelectronic to SiO2,[9] (oxo)nitrido-

phosphates and silicates oen display similar structural features. Many of the well-studied

structures of SiO2 have also been found in PON, such as the cristobalite,[10] quartz[11] and

coesite structure types.[12] Structures comparable to layer and chain silicates are found in

the compounds Sr2P6O6N8
[13] and M2PN3 (M = Ca, Mg, Zn).[14,15] e high structural

flexibility of (oxo)nitridophosphates may partly be caused by the fact that more than two

tetrahedra can be linked by the nitride ion. And it is expressed by remarkable building

blocks such as the star-shaped N(PO3) 6–3 ion[16] or the adamantane analogous P4N 10–
10 ion

in Li10P4N10.[17] However, with Li7PN4 there is only one example of a nitridophosphate

containing isolated tetrahedra.[18] is is in stark contrast with the varied and extensive

range of known ortho-silicates. Presumably, Li+ is specifically capable for stabilization of

highly charged ortho-anions like PN 7–
4 .

Lithium oxonitridophosphates in particular have attracted attention as possible lithium

ion conductors. ey already enjoy application in the form of amorphous LiPON thin

films.[19]Avariety of possible structural candidates for Li2PO2Nhave been predicted on the

basis of ab initio calculations by Holzwarth et al.,[20] which closely resemble those verified

by experiment.[21]

In this contribution we report on the successful preparation of Li14(PON3)2O, the first

ortho-oxonitridophosphate, containing isolated PON 2–
3 tetrahedra besideO2– ions, synthe-

sized using a molecular precursor.
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6.2 Results and Discussion

Nearly phase pure samples of Li14(PON3)2O were obtained by high-temperature reaction

of phosphoric triamide PO(NH2)3 and LiNH2 in evacuated silica glass ampoules. Samples

are microcrystalline, colorless and sensitive to moisture.

Figure 6.1: Crystal structure of Li14(PON3)2O (P: green, O: red, N: blue, Li: white).

e crystal structure of Li14(PON3)2O (Figure 6.1) was elucidated ab initio with the

charge-flipping algorithm using X-ray powder diffraction data (Figure 6.2). e presence

of elements other than Li, P, O and N was ruled out on the basis of energy dispersive X-ray

(EDX) spectroscopy. Rietveld refinement showed only small amounts of an unidentified

side phase. Assignment of the anion positions to O and N in an ordered way was carried

out on the basis of their isotropic displacement parameters. Different distributions lead to

significantly abnormal values, thus giving a strong indication that the structural model is

correct. Additionally, this distribution of O and N leads to an electrically neutral structure

as well as the occurrence of the expected PON 6–
3 ion. e positions of Li+were determined

from difference Fourier maps.
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Table 6.1: Crystal data for Li14(PON3)2O.

formula Li14(PON3)2O

formula mass / g ∙ mol−1 291.16
crystal system / space group trigonal, P3 (no. 147)

lattice parameters / Å
a = 5.6880(5)
c = 8.0855(8)

cell volume / Å3 226.55(5)
formula units per cell Z 1
X-ray density / g ∙ cm−3 2.147
linear absorption coefficient / cm−1 43.39
radiation Cu-Kα1 (λ = 154.059 pm)
monochromator Ge(111)
diffractometer Stoe StadiP
detector 2θ-range / ° 5–110.51
temperature / K 297(2)
data points 7035
number of observed reflections 198
number of parameters 52
constraints 0
program used TOPAS Academic
structure solution charge-flipping
structure refinement Rietveld-Method
profile function fundamental parameters model
background function shied Chebychev
𝑅wp 0.07553
𝑅exp 0.01776
𝑅p 0.04576
𝑅Bragg 0.01539
χ2 4.252
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Figure 6.2: Observed (crosses) and calculated (red line) powder diffraction pattern of
Li14(PON3)2O as well as position of Bragg reflections (green) and difference profile (gray line).
Reflections from an unknown side phase are marked with asterisks.

Table 6.2: Atomic coordinates and isotropic equivalent displacement parameters for
Li14(PON3)2O.

atom Wyckoff symbol x y z Uiso / Å2

P1 2𝑑 ⅓ ⅔ 0.2379(6)(7) 0.0074(6)
O1 1𝑏 ⅓ ⅔ 0.4482(9) 0.029(2)
O2 2𝑑 0 0 ½ 0.044(4)
N1 6𝑔 0.057(2) 0.6919(8) 0.1736(8) 0.023(2)
Li1 6𝑔 0.045(3) 0.636(3) 0.909(2) 0.034(5)
Li2 6𝑔 0.293(3) 0.291(3) 0.411(2) 0.037(4)
Li3 2𝑐 0 0 0.77(1) 0.17(2)
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Li14(PON3)2O crystallizes in the trigonal space group P3 with the lattice parameters a

= 5.6880(5) and c = 8.0855(8) Å. Further crystallographic data are summarized in Table

6.1 and atomic positions and isotropic displacement parameters are given in Table 6.2. e

crystal structure (Figure 6.2) is isotypic to Li14Cr2N8O[22,23] andNa14Mn2O9,[24] albeit with

a different anion arrangement. e crystal structure can be understood as a defect variant

of the antifluorite structure type. O2– and N3– ions are arranged in a slightly distorted

cubic closest packing, while 16/18 of the tetrahedral voids are occupied by P5+ and Li+

respectively. For every tetrahedral void occupied by P, one of the adjacent tetrahedral voids

along [001] is unoccupied. Due to the occurrence of isolated PON 6–
3 tetrahedra as well as

isolated O2– ions, Li14(PON3)2O can be considered a lithium oxonitridophosphate oxide.

As detailed by Rabenau et al., the cubic cell of the antifluorite structure of Li2O can be

transformed to the trigonal cell found in Li14(PON3)2O.[22]

Transforming the unit cell of Li2O in this manner results in a trigonal cell with lattice

parameters a = 5.6510 and c = 7.9917 Å.ese values and consequently the cell volume of

221.01 Å3 are very close to the values found for Li14(PON3)2O (a = 5.6880 and c = 8.0855 Å,

V = 226.55 Å3). e slightly larger cell dimensions of the title compound are presumably

due to the slightly larger ionic radius of N3– (146 pm) compared to O2– (138 pm).[25] e

”isolated” oxygen atom O2 is coordinated by 8 Li atoms in the form of a slightly distorted

cube, whereas, due to the incomplete filling of the tetrahedral voids, O1 and N1 are coordi-

nated in the shape of a cubewith one of its vertices removed. is coordination polyhedron

resembles a strongly distorted capped trigonal bipyramid.

Atomic arrangements and bond lengths in Li14(PON3)2O are displayed in Figure 6.3.

Bond lengths around P are 170.0(9) to O and 172.8(7) pm to N respectively. ese values

are comparable to the value 173.3 pm found in closely related Li7PN4,[18] but significantly

longer than those found in PO(NH2)3,[26] which can be explained by the higher charge of

the PON 2–
3 ion. With values between 107.5(3) and 111.4(3)°, O/N–P–O/N-angles differ

only slightly from the regular tetrahedral angle. Bond lengths around Li differ greatly due
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Figure 6.3: Interatomic distances / pm in Li14(PON3)2O.

to the different properties of the coordinating anions. Distances betweenLi and the isolated

O2 (181–220 pm) and N1(178–227 pm) are shorter than those to O1 (205–231 pm). e

variation of these distances may be due to the more covalent nature of the P–N-bonds and

its small variability in length, which leads to a distortion of the Li(O,N)4 tetrahedra.

In order to prove complete deprotonation of PO(NH2)3 to PON 2–
3 , and the consequential

absence of H as described by the structural model, FTIR spectroscopy was performed. e

spectrum (Figure 6.4) shows only a very weak signal in the region where N–H-vibrations

are expected, which can be explained by surface hydrolysis of the sample. However, the

presence of stoichiometric amounts of hydrogen in the sample seems to be unlikely. P–O

and P–N vibrations are visible in the region between 500 and 1000 cm−1.

Solid-state NMR spectroscopy was used to corroborate the crystal structure model. e
31P NMR spectrum shows a single strong resonance at 44.3 ppm. Small peaks between

25 and 0 ppm are caused by trace amounts of a side phase present in the sample. e
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Figure 6.4: FTIR spectrum of Li14(PON3)2O.
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Figure 6.5: 31P solid-state NMR spectrum of Li14(PON3)2O at 20 kHz MAS. Rotational side-
bands are marked with asterisks.
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single comparatively broad resonance can be attributed to the single crystallographic P

site in the structural model. e large line width might be caused by cross-terms between

the quadrupole interaction of the 14N (I=1) and the dipolar coupling between 14N and 31P,

which are in close proximity. e measured chemical shi is close to that observed for

Li7PN4 (δ = 49.2, 54.6 ppm).[27] is suggests that the range of chemical shis of ortho-

(oxo)nitridophosphates is around 40–60 ppm. e 7Li solid-state NMR spectrum (Figure

E.1 in the supporting information) shows a single broad resonance at a chemical shi of

2.3 ppm that is a superposition of the crystallographically verified three distinct Li sites.

6.3 Conclusions

ecrystal structure of Li14(PON3)2Owas successfully elucidated using powder diffraction

data. is is the first example of an ortho-oxonitridophosphate. Due to the chemical simi-

larity to the ortho-nitridophosphate Li7PN4, both compounds share structural similarities

and can both be formally derived from the anti-fluorite structure type of Li2O.e PON 2–

3 ion in this compound can be thought of as the full deprotonation product of phospho-

ric triamide PO(NH2)3. By varying the stoichiometric ratio of LiNH2 and PO(NH2)3, a

wide range of further lithium oxonitridophosphates with varying degrees of condensation

might theoretically be accessible. e synthesis route of high-temperature deprotonation

might thus be applicable for future synthesis of further new oxonitridophosphatematerials.

Since the related compounds Li3N[28] and Li7PN4
[29] show significant lithium-ion conduc-

tivity, further investigations concerning the ionic conductivity of Li14(PON3)2O might be

advisable in the future.
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6.4 Experimental Section

6.4.1 General

All manipulations have been performed under exclusion of oxygen and moisture using

either common air-free techniques in flame-dried glassware attached to a vacuum line or

in an Ar-filled glove box (< 1 ppm O2, < 0.1 ppm H2O, MBRAUN, Garching, Germany).

Silica glass ampoules were sealed under dynamic vacuum using an oxyhydrogen torch.

Phosphoric triamide PO(NH2)3was synthesized from POCl3 and liquid NH3 according to

the procedure described by Koch.[30] 15 mL POCl3 were slowly added to 150 mL of liquid

NH3 at −78 °C. e resulting suspension was further stirred for 1 h and the excess NH3

was evaporated. In order to separate the mixture of PO(NH2)3 and NH4Cl obtained in

the previous step, it was refluxed with an excess of Et2NH in CH2Cl2 until the evolution

of NH3 ceased. Pure PO(NH2)3 was then obtained by filtration from the suspension. e

purity of the product was confirmed by powder X-ray diffraction. For the synthesis of

Li14(PON3)2O PO(NH2)3 (23.8 mg, 0.25 mmol) and LiNH2 (34.4 mg, 1.5 mmol, 95 %,

Sigma-Aldrich) were thoroughly mixed in an agate mortar and filled into an evacuated

silica glass ampoule. It was then placed in the center of a tube furnace. e temperature

was raised to 550 °C at a rate of 15 K/h, held for 24 h and subsequently lowered to room

temperature at 60 K/h. e product was obtained as a colorless, moisture sensitive powder.

6.4.2 Powder X-Ray Diffraction

Powder diffraction was carried out in parafocusing Debye-Scherrer geometry on a StadiP

diffractometer (Stoe, Darmstadt, Germany) using Ge(111)-monochromated CuKα1-radia-

tion and a linear PSD. e sample was enclosed in glass capillary (ø = 0.5 mm). Struc-

ture solution and refinement on powder data were carried out using TOPAS Academic

4.1.[31] Indexing of the powder pattern was achieved using the SVD-Algorithm.[32] Aer

intensity extraction using the Pawley method the structure was solved ab initio using the
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charge flipping algorithm.[33–35] During subsequent Rietveld refinement the peak shapes

were modeled using the fundamental parameters approach (direct convolution of source

emission profiles, axial instrument contributions and crystallite size and microstrain ef-

fects).[36,37] e background was modeled as a Chebychev polynomial. Absorption effects

are corrected by modeling a cylindrical sample with a packing density of 0.7. Preferred

orientation was corrected by spherical harmonics functions of the 4th order.[38] Further

details of the crystal structure investigation can be obtained from the Fachinformations-

ZentrumKarlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: (+49)7247-808-666;

email: crysdata@fiz-karlsruhe.de) on quoting the depository number CSD-428737.

6.4.3 Spectroscopic Methods

FTIR spectroscopywas carried out on an IFS 66 v/S spectrometer (Bruker) using KBr disks.

Solid-state NMR spectra were collected on a Bruker Avance III spectrometer equipped

with an 11.7 T magnet and a 2.5 mmMAS probe at a spinning rate of 20 kHz, using direct

excitation. Chemical shi values are referenced to 0.1% TMS in CDCl3 (Sigma-Aldrich)

as an external reference. Energy dispersive X-ray (EDX) spectroscopy was carried out on a

Jeol JSM-6500F scanning electron microscope equipped with an Oxford Instruments Si/Li

7418 EDX detector.
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7 Summary

An Unprecedented AB2 Tetrahedra Network Structure Type in a

High-Pressure Phase of Phosphorus Oxonitride PON

A new polymorph of the phosphorus oxonitride

PON has been synthesized in a Walker-type multi-

anvil device at 12 GPa and 1250 °C. An amorphous

precursor has been employed as the starting mate-

rial. e crystal structure of the new polymorph δ-

PON (space group P21/c (no. 14), a = 12.2472(2),

b = 4.83618(6), c = 10.8604(2) Å, β = 115.8026(8)°, V = 579.12(2) Å3, Z = 16) is solved

and refined on the basis of X-ray powder diffraction data. It can be described as a three-

dimensional network of vertex-sharing P(O,N)4 tetrahedra. δ-PON has been further char-

acterized by FTIR and solid-state NMR spectroscopy. Topological analysis shows that δ-

PON represents an entirely new AB2-type structure which has not yet been found in any

other compound. Similarity to a predicted polymorph of SiO2 through a common aristo-

type is described.

81
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A High-Pressure Polymorph of Phosphorus Oxonitride PON with

Coesite Structure

A new polymorph of the phospho-

rus oxonitride PON was prepared in a

Walker-type multianvil device by heat-

ing cristobalite-type PON to 1300 °C at

15.5 GPa. coe-PON (a = 6.95903(8), b = 12.0610(2), c = 6.96821(8) Å, β = 120.0348(7)°, V

= 506.33(2) Å3, space group C2/c (no. 15), Z = 16) is thoroughly characterized by X-ray

powder diffraction, FTIR and NMR spectroscopy. Its crystal structure is compared to that

of coesite SiO2 and the unique angle of 180° is discussed in detail. ermodynamic stability,

theoretical transition pressure and bulk modulus are calculated using DFT calculations.

A High-Pressure Polymorph of Phosphorus Nitride Imide HP4N7

Representing a New Framework Topology

In order to investigate the structural behavior of

phosphorus nitrides at high pressure, β-HP4N7, a

new polymorph of the phosphorus nitride imide

P4N6(NH), is investigated. It is prepared by the reac-

tion of P3N5 andNH4Cl between 800 °C and 1300 °C

and 6 GPa in a Walker-type multianvil assembly.

Due to the presence of NH4Cl as a mineralizer, single crystals of β-HP4N7 are accessi-

ble. e crystal structure (space group C2/c, no. 15, a = 12.873(2), b = 4.6587(4), c =

8.3222(8) Å, β = 102.351(3)°, Z = 4) is determined ab initio on the basis of single crystal X-

ray diffraction data. e crystal structure of β-HP4N7 consists of a three-dimensional net-

work of all-side vertex-sharing PN4 tetrahedra. It is shown to be related to that of β-HPN2
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in the same way α-HP4N7 is related to α-HPN2. e compound is further characterized

by FTIR , MAS-NMR and UV-Vis spectroscopy as well as lattice energy calculations and

topological analysis.

Pentacoordinated Phosphorus in a High-Pressure Polymorph of

Phosphorus Nitride Imide P4N6(NH)

With γ-P4N6(NH), the first example of an inorganic network compound containing trig-

onal PN5 bipyramids is described. is compound is accessible from P3N5 and NH4Cl at

14 GPa and 1200 °C using the multianvil technique. Its crystal structure (space group C2/c

(no. 15), a = 6.8018(4), b = 7.2204(5), c = 8.9572(6) Å, β = 111.231(2)°, V = 410.05(5) Å3,

Z = 4) is determined from single crystal X-ray diffraction data. It can be described as a net-

work of perpendicular chains of edge-sharing PN5 bipyramids interlinked by P2N7 double

tetrahedra. is is the first occurence of the structural motif of trigonal PN5 bipyramids

and the second occurence of pentacoordinated P in phosphorus nitrides to date. e com-

pound is further characterized by means of FTIR andMAS-NMR spectroscopy and lattice

energy calculations.
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Li14(PON3)2O – A Non-Condensed Oxonitridophosphate Oxide

Li14(PON3)2O, the first ortho-oxonitrido-

phosphate, is reported on. It was synthe-

sized from LiNH2 and PO(NH2)3 using a

new high-temperature deprotonation ap-

proach in quartz glass ampoules. e crys-

tal structure of Li14(PON3)2O (space group

P3 (no. 147), a= 5.6880(5), c= 8.0855(8)Å,
V = 226.55(5) Å3, Z = 1) is elucidated by powder X-ray diffraction using charge-flipping

and the Rietveld-method. e crystal structure can be described as a defect variant of

the cubic anti-fluorite structure of Li2O and is closely related to those of Li14Cr2N8O and

Na14Mn2O9. e crystal structure model is corroborated by FTIR andMAS NMR spectro-

scopic data.
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8.1 High-Pressure Phases of Phosphorus Nitrides

e results presented in chapters 2 and 3 greatly expand the knowledge of the phase di-

agram of the phosphorus oxonitride PON (Figure 1.2b). Previous results had given no

indication for the existence of further polymorphs other than the ones described in the lit-

erature. ese are the ambient-pressure β-cristobalite-like PON[1] and the high-pressure

phases with α-quartz[2] and moganite[3] structures. All of these were described in detail

by Marchand et al. While attempts were made to synthesize further polymorphs in large

volume presses as well as diamond anvil cells, none are reported on. Experiments in laser-

heated diamond anvil cells showed a gradual amorphization of PON at pressure in excess

of 40 GPa.[4,5]

A new synthetic approach utilizing an amorphous precursor, which has been used for

the preparation of δ-PON (Chapter 2), shows promise in enabling the synthesis of fur-

ther high-pressure polymorphs. In contrast to the classic high-pressure/high-temperature

approach using crystalline starting materials it might be used to access thermodynami-

cally metastable phases due to the lower reaction temperatures needed. e precursor

used in the synthesis of δ-PON, called amorphous PON, has also been successfully used

to synthesize the phosphorus nitride imide H3P8O8N9,[6] which can be considered a step

in the condensation process towards PON. e synthesis of δ-PON might therefore be a

multistage reaction. First H3P8O8N9 is formed as an intermediate product, which then

releases NH3 to form PON. In accordance to Ostwald’s step rule,[7] this synthesis of the

oxonitride in situ under high-pressure conditions should lead to less thermodynamically

stable products. Coesite type PON, on the other hand, was synthesized using crystalline
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cristobalite type PON as a starting material. is shows that even using the conventional

high-pressure/high-temperature approach new phases of PON can be discovered. ere-

fore, both synthesis routes seem promising for the synthesis of further high-pressure poly-

morphs.

Classification of the crystal structures is greatly aided by topological analysis. Oen

simple comparison of the lattice parameters to established crystal structure databases is

an easy way to determine that two compounds are isostructural. However, even small

distortions can lead to differences in symmetry, which can prevent one from discovering

similarities in this simple way. Topological analysis provides a valuable tool to classify crys-

tal structures of extended solids without referring to unit cell or symmetry. e calculated

point symbols are an easyway to establishwhether two crystal structures can be considered

equivalent.[8] In the case of δ-PON, the crystal structure of the compound itself and that of

the theoretically predicted polymorph of SiO2 display the same connectivity of tetrahedra

while their lattice parameters and space group differ greatly. Comparing the connectiv-

ity sequence of δ-PON to those of the entries of the PCOD (Predicted Crystallography

Open Database)[9] readily revealed this relationship. At the time of writing, the PCOD

contains 11695 predicted crystal structures for SiO2 and the isosteric AlPO4, predicted by

the GRINSP[10] soware alone.[11] It should therefore be safe to assume that most newly

discovered AB2 tetrahedra networks have already been predicted. For newly synthesized

compounds consisting of SiO2-like frameworks and probably for many other compound

classes (aluminates, borates, vanadates) it is an advisable strategy to look for related struc-

tures in the PCOD to allow easier structural classification.

e two new modifications of HP4N7 described in chapters 4 and 5 illustrate the struc-

tural relations of nitridophosphates and the structural evolution at high pressures. As de-

scribed in section 4.3.2, the crystal structure of β-HP4N7 can be derived from that of β-

HPN2 in the same way that of α-HP4N7 can be derived from α-HPN2. is may indicate

that certain structural motifs are energetically favored at different pressures. Possibly, the
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close structural similarity may be indicative of certain reaction mechanisms. Both α- and

β-HP4N7 can be synthesized from the more highly condensed P3N5 and NH4Cl. A local

excess of NH3 around a grain of NH4Cl in the reaction mixture could lead to intermediate

formation ofHPN2. At the elevated reaction temperatures, this could further react topotac-

tically to HP4N7, releasing NH3 in the process. A mechanism like this would keep most

of the structural motifs of the intermediately formed HPN2 intact. On the other hand,

the synthesis of β-HPN2 from P3N5 and NH4Cl might involve intermediate formation of

β-HP4N7. In a second step, remaining NH3 would selectively ammonolyse only certain

P–N–P bonds. erefore the crystal structure of β-HPN2 would develop directly from

that of β-HP4N7 without the formation of other intermediates.

e discovery of pentacoordinate phosphorus in γ-HP4N7, which is described in chap-

ter 5, represents a significant advance for the solid-state chemistry of phosphorus nitrides.

eprevious discovery of γ-P3N5[12,13] showed that coordination numbers higher than four

are a possibility at elevated pressures and inspired further theoretical investigations.[14]

However, no predictions had been made for HP4N7. Interestingly, while both γ-P3N5

and γ-HP4N7 contain pentacoordinate phosphorus, the type of coordination polyhedron

is different. is indicates that for the case of phosphorus coordinated only by nitrogen,

quadratic pyramids and trigonal bipyramids differ only slightly in energy. Which one of

those two coordination polyhedra allows for a better space-filling for a given compound

is therefore probably more important than the absolute energy of those polyhedra, which

can be expected to the in the same range. Both γ-P3N5 and γ-HP4N7 also still contain tetra-

hedrally coordinated phosphorus. One can reason that, due to the smaller size of the PN4

tetrahedra, these mixed structures offer a more efficient packing.

As shown in chapter 3, DFT calculations can be a valuable tool in high-pressure chem-

istry. ey can be used to establish the stability regions of newly discovered compounds

as well as some of their mechanical properties such as the bulk modulus. For future in-

vestigations they can also be used to predict possible crystal structures and their synthesis
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conditions. However, these will still rely on a trained chemist to choose suitable structure

candidates. ese are oen chosen from the structures of heavier homologues or other sim-

ilar crystal structures. However, in order to predict truly novel crystal structures, another

approach will be necessary. Programs such as GRINSP[10] and ZEFSA[15–17] have been

developed to predict new structure types by filling a given unit cell with vertex-sharing

polyhedra in a chemically reasonable fashion. e thermodynamic stability of the crystal

structures obtained in this way can then be investigated using DFT methods. Due to the

large amount of possible crystal structures and the high computational cost, preselection

of the structural candidates will be necessary. Furthermore, neither ZEFSA nor GRINSP

have the ability to include edge-sharing polyhedra or triply bridging nitrogen. Both of

these structural motifs are very common in phosphorus nitrides and nitridophosphates. It

might therefore be necessary to modify these programs or develop an entirely new way of

creating structural candidates.

Nevertheless, further exploratory investigations into high-pressure phases of phospho-

rus nitrides and oxonitrides should prove valuable in the future. Preliminary investigations

show that further polymorphs of PON are accessible at pressures up to 20 GPa, which can

be achieved using established multianvil techniques. At even higher pressures, which can

be attained with diamond anvil cells, more exotic phases might be accessible. Considering

the very close relation of PON and SiO2, stishovite- and seifertite-like polymorphs contain-

ing hexacoordinate phosphorus should be accessible. e precursor approach used for the

synthesis of δ-PON allows access to phases with entirely new structure types. Investigating

these furthermight also yield insight into the high-pressure chemistry of SiO2 in geological

conditions.
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8.2 Lithium Oxonitridophosphates

e high-temperature deprotonation approach used to synthesize the first ortho-oxo-

nitridophosphate Li14(PON3)2O, which is described as part of this thesis (Chapter 6), has

shown to be a valuable tool in the synthesis of nitridophosphates and oxonitridophos-

phates. Conventional solid-state synthesis routes starting from highly condensed precur-

sors like PON and P3N5 frequently lead to the formation of only a few select compounds,

such as LiPN2. Nevertheless, recently Holzwarth et al. were able to synthesize the oxonitri-

dophosphate Li2PO2N from Li2O, P4O10 and P3N5.[18] Usage of highly condensed reactants

like P3N5 may be the main problem in these classical syntheses due to the required high

reaction temperatures. ese lead to the formation of the few most thermodynamically

stable compounds.

By usingmolecular precursorswith a lowdegree of condensation, it is possible to circum-

vent this limitation. is synthesis, termed high-temperature deprotonation, uses molten

amide salts. e NH –
2 ion displays a very high basicity (pKa(NH3) ≈ 41)[19,20], and read-

ily deprotonates NH2 and NH groups of phosphoric amides and related compounds. e

continuous removal of gaseous NH3 created by this reaction ensures that the equilibrium

is shied far to the product side, ensuring a complete reaction. In contrast to the classi-

cal solid-state syntheses described above, the full deprotonation of precursors containing

amide and imide groups does not involve a change in the degree of condensation. ere-

fore, the wide range of molecular phosphorus imides and amides should be suitable as

starting materials.

By varying the ratio of amide to precursor it is in theory furthermore possible to achieve

degrees of condensation higher than those of the startingmaterial. If the amount ofmolten

amide is too small to completely deprotonate the startingmaterial, remainingNH2 andNH

groups can participate in further condensation reactions, releasing NH3 in the process.

Phosphoric triamide (PO(NH2)3),[21] one of the most simple precursors, can be used as
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starting material for the completely deprotonated PON 2–
3 ion in Li14(PON3)2O as well as

the highly condensed phosphorus oxonitride PON.[22] It is plausible that by varying the

molar ratio of LiNH2 to PO(NH2)3 between 0 and 6 one should be able to access many of

the intermediate degrees of condensation.

While high-temperature deprotonation synthesis has many advantages over other syn-

thesis routes, particularly for the synthesis of compoundswith lowdegrees of condensation,

there are some disadvantages that need to be considered. It requires that themetal of which

salts are desired forms a congruently melting amide. It is also desirable that the melting

point is lower than the temperature at which the condensation of the molecular precursor

is completed. Conceivably, other highly basic salts with appropriate properties can also be

used. Nevertheless, the lack of readily accessible amides with the desired properties limits

this approach to mainly the alkali metal amides.[23,24]

Usually, deprotonation syntheses are carried out in closed evacuated silica ampoules.

Due to the large amount of NH3 that is liberated during the reaction, the amount of sample

that can be obtained from a single reaction is limited by themaximumpressure tolerated by

the ampoule. For the case of Li14(PON3)2O this restricts the maximum amount of sample

to about 50 mg. It may be possible to avoid this limitation by carrying out the reaction in

open-ended flow tubes under a stream of dry NH3 or an inert gas.

Considering the advantages detailed above, high-temperature deprotonation should be

a suitable synthetic route towardsmany new compounds. Further experiments should aim

at investigating the reaction of known phosphorus-containing molecular amides, such as

P(NH)(NH2)3,[25] P(NH2)4Cl,[26] HPO2(NH2)2,[27] H2PO3(NH2)[28,29] as well as the many

oligomeric phosphorus amides. Deprotonation of P(NH2)3[30] could also lead to nitri-

dophosphates(III), a substance class that has not yet been reported on. Furthermore, it

can be speculated that this route could also be of use for the synthesis of ternary nitrides of

other elements, such as B, Si, Al, Ga or Ge. e main difficulty would be the accessibility

of well-defined molecular amides.
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A Supporting Information for Chapter 2

A.1 Experimental Details of the HP/HT-Synthesis of δ-PON

Amorphous phosphorus oxonitride imide with composition PO0.88N1.24H0.56 has been pre-

pared by heating a mixture of phosphoryl triamide PO(NH2)3 and NH4Cl (ratio 1:3) in a

fused silica boat at 300 and 620 °C in a continuous ammonia flow for 12 h. e mixture

can be obtained by the reaction of POCl3 (99 % Acros Organics, Geel, Belgium) with liq-

uid NH3 (5.0, Linde, Pullach, Germany) as described in the literature.[1] δ-PON has been

synthesized by high-pressure high-temperature treatment of PO0.88N1.24H0.56 in a 1000 t hy-

draulic press (Voggenreiter, Mainleus, Germany) using aWalker-type multianvil assembly.

Further information concerning the assembly can be found in the literature.[2–6] Inside a

glove box (Unilab, MBraun, Garching, Germany) the starting material was tightly packed

into a hexagonal boron nitride capsule. e capsule was placed inside two graphite tubes,

which themselves were placed inside a Cr-doped MgO-octahedron with an edge length

of 14 mm (Ceramic Substrates and Components, Isle of Wight, UK). e octahedron was

compressed between eight tungsten carbide cubes (Hawedia, Marklkofen, Germany) with

a truncation edge length of 8 mm. e pressure on the sample was raised to 12 GPa and

the sample was heated to approximately 1350 °C within 15 min. e temperature was

held for 120 min and subsequently lowered to room temperature within 30 minutes. Aer

decompression, the product was isolated.
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A.2 Information on the Data Collection and Structure Elucidation of

δ-PON

Powder diffraction measurements were conducted in parafocusing Debye-Scherrer ge-

ometry using a StadiP-diffractometer (Stoe & Cie, Darmstadt, Germany) using Ge(111)

monochromated Cu-Kα1-radiation and a position sensitive detector. Structure elucida-

tion was carried out using TOPAS Academic 4.1.[7] Reflections were indexed using the

SVD-algorithm[8] and their intensities extracted with the Pawley-method. e full struc-

tural model was obtained using the charge-flipping-algorithm.[9–11] Final refinement was

carried out using the Rietveld method, employing the fundamental parameters approach

(direct convolution of source emission profiles, axial instrument contributions and crys-

tallite size and microstrain effects).[12] e anion positions were occupied equally with 0.5

for both O and N applying a common atomic displacement parameter. 3 % of moganite-

type PON was additionally refined as side phase. Capillary absorption correction (inner

diameter 0.28 mm) was carried out using the calculated absorption coefficient. e FTIR

spectrum was collected on a Spectrum BX II-spectrometer (Perkin Elmer, Waltham MA,

USA). Solid-state MAS NMR-experiments were carried out on a Avance III Spectrometer

(500 MHz, 4.7 T, Bruker, Bellerica, USA). e chemical shi values refer to a deshielding

scale. 85 %H3PO4was used as a external reference. Energy dispersive X-ray analyses were

performed using a JSM 6500F scanning electron microscope (Jeol, Tokyo, Japan) with an

Oxford Instruments 7418 X-ray detector.
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A.3 Crystallographic Data for δ-PON

Table A.1: Crystal details for δ-PON.

formula PON

formula mass / g ∙ mol−1 60.98
crystal system / space group monoclinic, P21/c

lattice parameters

a = 12.2472(2) Å
b = 4.83618(6) Å
c = 10.8604(2) Å
β = 115.8026(8)°

cell volume / Å3 579.12(2)
formula units per cell Z 16
X-ray density / g ∙ cm−3 27.976
liear absorption coefficient / cm−1 120.85
radiation Cu-Kα1 (λ = 154.059 pm)
monochromator Ge(111)
diffractometer Stoe StadiP
detector linear PSD
2θ-range / ° 15–90
temperature / K 298(2)
data points 7500
number of observed reflections 474
number of parameters 90
constraints 8
program used TOPAS Academic
structure solution charge-flipping
structure refinement Rietveld-Method
profile function fundamental parameters model
background function shied Chebychev
𝑅wp 0.0491
𝑅p 0.03806
𝑅Bragg 0.01213
χ2 1.447
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Table A.2: Fractional atomic coordinates, isotropic thermal displacement parameters, and site
occupancies for δ-PON.

atom x y z Ueq / Å2 occupancy

P1 0.4993(4) 0.3996(6) 0.3269(3) 0.0256(11) 1
P2 0.1306(3) 0.7784(9) 0.1439(3) 0.0266(12) 1
P3 0.6966(3) 0.0061(10) 0.0977(3) 0.0254(10) 1
P4 0.1342(3) 0.2235(9) 0.4920(3) 0.0301(13) 1
O1 0.4967(9) 0.2163(14) 0.2114(8) 0.0401(11) 0.5
N1 0.4967(9) 0.2163(14) 0.2114(8) 0.0401(11) 0.5
O2 0.1520(7) 0.588(2) 0.0396(8) 0.0401(11) 0.5
N2 0.1520(7) 0.588(2) 0.0396(8) 0.0401(11) 0.5
O3 0.2235(7) 0.7188(18) 0.2985(8) 0.0401(11) 0.5
N3 0.2235(7) 0.7188(18) 0.2985(8) 0.0401(11) 0.5
O4 0.0043(8) 0.234(2) 0.3603(7) 0.0401(11) 0.5
N4 0.0043(8) 0.234(2) 0.3603(7) 0.0401(11) 0.5
O5 0.2278(7) 0.2332(19) 0.9364(8) 0.0401(11) 0.5
N5 0.2278(7) 0.2332(19) 0.9364(8) 0.0401(11) 0.5
O6 0.3799(7) 0.3362(14) 0.3400(8) 0.0401(11) 0.5
N6 0.3799(7) 0.3362(14) 0.3400(8) 0.0401(11) 0.5
O7 0.1436(7) 0.099(2) 0.1126(8) 0.0401(11) 0.5
N7 0.1436(7) 0.099(2) 0.1126(8) 0.0401(11) 0.5
O8 0.6116(8) 0.1768(15) 0.9677(9) 0.0401(11) 0.5
N8 0.6116(8) 0.1768(15) 0.9677(9) 0.0401(11) 0.5
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Table A.3: Interatomic distances / pm for δ-PON.

P1–(O,N)1 1.525(9) P3–(O,N)8 1.575(9)
P1–(O,N)6 1.560(11) P3–(O,N)3 1.525(9)
P1–(O,N)1’ 1.593(8) P3–(O,N)6 1.601(9)
P1–(O,N)8 1.592(10) P3–(O,N)5 1.622(10)
P2–(O,N)2 1.568(10) P4–(O,N)4 1.612(9)
P2–(O,N)3 1.592(9) P4–(O,N)5 1.525(10)
P2–(O,N)7 1.610(11) P4–(O,N)2 1.577(10)
P2–(O,N)4 1.647(11) P4–(O,N)7 1.528(9)

Table A.4: Bond angles / ° for δ-PON.

(O,N)1–P1–(O,N)6 106.0(5) (O,N)3–P3–(O,N)5 113.8(5)
(O,N)1–P1–(O,N)1’ 109.6(5) (O,N)5–P3–(O,N)6 103.2(5)
(O,N)1–P1–(O,N)8 110.8(5) (O,N)4–P4–(O,N)5 105.4(5)
(O,N)1’–P1–(O,N)6 110.4(5) (O,N)2–P4–(O,N)4 105.3(5)
(O,N)6–P1–(O,N)8 108.6(5) (O,N)4–P4–(O,N)7 114.8(5)
(O,N)1’–P1–(O,N)8 111.2(5) (O,N)2–P4–(O,N)5 103.9(5)
(O,N)2–P2–(O,N)3 112.8(5) (O,N)5–P4–(O,N)7 118.2(5)
(O,N)2–P2–(O,N)7 110.5(5) (O,N)2–P4–(O,N)7 107.9(5)
(O,N)2–P2–(O,N)4 112.6(5) P1–(O,N)1–P1 141.4(6)
(O,N)3–P2–(O,N)7 107.8(5) P2–(O,N)2–P4 139.1(7)
(O,N)3–P2–(O,N)4 104.7(5) P2–(O,N)3–P3 146.7(6)
(O,N)4–P2–(O,N)7 108.1(5) P2–(O,N)4–P4 128.3(5)
(O,N)3–P3–(O,N)8 105.7(5) P3–(O,N)5–P4 142.2(7)
(O,N)6–P3–(O,N)8 111.6(5) P1–(O,N)6–P3 133.0(5)
(O,N)5–P3–(O,N)8 112.9(5) P2–(O,N)7–P4 138.1(6)
(O,N)3–P3–(O,N)6 109.8(5) P1–(O,N)8–P3 134.2(5)
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A.4 Solid-State NMR and FTIR Spectra
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FigureA.1: 31P-solid-stateNMR-spectrumof δ-PON.e small peak at δ = 0 ppm results from
small amounts of hydrolysis products.
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Figure A.2: 31P-solid-state NMR-spectrum of cristobalite PON.



A.5 Cycle Class Sequence of the δ-PON Network 99

Figure A.3: FTIR spectrum of δ-PON.

A.5 Cycle Class Sequence of the δ-PON Network

Table A.5: Cycle class sequence of the network of δ-PON in comparison with the networks of
the other PON polymorphs showing the prevalence of the Pn(O/N)n-rings.

n 2 3 4 5 6 7 8

δ-PON 0 0 6 0 12 0 68
Cristobalite 0 0 0 0 4 0 6
Quartz 0 0 0 0 3 0 21
Moganite 0 0 2 0 4 0 32

A.6 Symmetry Relationship to a Predicted SiO2 Modification

Both compounds are related through a common aristotype in space group Cmce. e cor-

responding Bärnighausen tree,[13,14] illustrating the symmetry reduction to the two hetto-

types is shown in Figure A.3. e space groups of both structures are translationengleiche

subgroups of index 2 of the space group of the aristotypes space group Cmce.
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Cmce (64)

Bbe2 (41) P21/c (14)

δ-PONSiO2

AX2

t2 t2
½(a-b), -c, b

½x−0.25, −½x+z-0.25, −y

T:8f
m..
0

0.827
0.600

T:16g
1

0.816
0.827
0.223

T:8d
2..

0.098
½
0

X:8f
m..
0

0.713
0.7874

X:16g
1

0.824
0.711
0.407

X:16g
1

0.863
0.932
0.274

X:8e
.2.
¾

0.108
¾

X:16g
1

0.942
0.906
0.670

P:4e
1

0.499
0.400
0.327

O/N:4e
1

0.224
0.719
0.299

P:4e
1

0.131
0.778
0.144

O/N:4e
1

0.004
0.234
0.360

P:4e
1

0.697
0.006
0.098

O/N:4e
1

0.228
0.233
0.937

P:4e
1

0.134
0.224
0.492

O/N:4e
1

0.380
0.336
0.340

O/N:4e
1

0.497
0.216
0.211

O/N:4e
1

0.144
0.099
0.113

O/N:4e
1

0.152
0.588
0.040

O/N:4e
1

0.612
0.177
0.968

Si:8b
1

0.001
0.819
0.282

O:8b
1

0.839
0.229
0.619

Si:8b
1

0.186
0.830
0.460

O:8b
1

0.857
0.950
0.417

Si:8b
1

0.824
0.332
0.407

O:8b
1

0.864
0.455
0.440

Si:8b
1

0.099
0.985
0.206

O:8b
1

0.754
0.133
0.938

O:8b
1

0.984
0.706
0.096

O:8b
1

0.960
0.930
0.162

O:8b
1

0.830
0.726
0.249

O:8b
1

0.929
0.354
0.792

Figure A.4: Bärnighausen tree showing the symmetry relation between δ-PON and the pre-
dicted SiO2 phase from the PCOD database.
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B Supporting Information for Chapter 3

B.1 Experimental Details of the HP/HT-Synthesis of coe-PON

estartingmaterial cristobalite PONwas synthesized by a two-step condensation of phos-

phoric triamide. A mixture of PO(NH2)3 and NH4Cl, obtained by reacting POCl3 (99%,

Sigma Aldrich) with liquid NH3 (5.0, Air Liquide) as described in the literature,[1] was

heated to 620 °C for 5 h in a stream of dry ammonia. e resulting amorphous conden-

sation product was crystallized for 7 days at 750 °C in evacuated fused quartz ampoules

yielding pure cristobalite-type PON. coe-PON was synthesized by a high-pressure high-

temperature reaction using a modified Walker-type multianvil assembly. e starting ma-

terial cristobalite PON was tightly packed in a BN crucible which was in turn placed in a

MgO octahedron (Ceramic Substrates & Components, Isle of Wight, UK) with an edge

length of 10 mm. More details about the assembly can be found in the literature.[2–6]

e sample was compressed to 15.5 GPa between eight truncated tungsten carbide cubes

(Hawedia, Marklkofen, Germany) using a 1000 t hydraulic press (Voggenreiter, Mainleus,

Germany). e temperature was raised to 1300 °C within 15 min and held for 60 min. Af-

ter quenching and decompression the sample was mechanically isolated and ground in an

agate mortar.

B.2 Information on Data Collection and Structure Elucidation of

coe-PON

X-ray powder diffraction measurements were conducted in parafocusing Debye-Scherrer

geometry using a StadiP-diffractometer (Stoe & Cie, Darmstadt, Germany) using Ge(111)

monochromated Cu-Kα1-radiation and a MYTHEN 1K Si-strip detector (Dectris, Baden,

103



104 B Supporting Information for coe-PON

Switzerland). Structure elucidation was performed using TOPAS Academic 4.1.[7] e

powder pattern was indexed using the SVD-algorithm[8] and the reflection intensities

extracted with the Pawley-method. Structure solution was carried out with the charge-

flipping algorithm.[9–11] Final refinement was carried out using the Rietveld method, peak

shapes being modelled by the fundamental parameters approach (direct convolution of

source emission profiles, axial instrument contributions and crystallite size and micros-

train effects).[12,13] e anion positions were occupied equally with 0.5 for both O and

N applying a common atomic displacement parameter. Capillary absorption correction

(inner diameter 0.28 mm) was carried out using the calculated absorption coefficient. Pre-

ferred orientation was corrected using spherical harmonics functions of the 4th order.[14]

Temperature dependent X-ray powder diffraction measurements were carried out on a

Stoe StadiP diffractometer that was equipped with a high-temperature graphite furnace us-

ing Ge(111) monochromated Mo-Kα1 radiation (λ = 0.70930) and an image plate position

sensitive detector. e sample was heated with a rate of 10 °C/min betweenmeasurements.

e temperature was held constant for each 15minmeasurement. e FTIR spectrumwas

collected on a Spectrum BX II-spectrometer (Perkin Elmer, Waltham MA, USA) in ATR

geometry. e 31P-NMR spectrum was collected on a Bruker Avance III spectrometer,

using a 11.7 T magnet and a 1.3 mm MAS probe. e sample was spun at a MAS rate

of 50 KHz. e spectrum was acquired using a 90° pulse using a long recycle delay with

T1 estimated to be > 30 min. e chemical shi values are referenced to 0.1% TMS in

CDCl3 (Sigma-Aldrich) as an external reference. Energy dispersive X-ray analyses were

performed using a JSM 6500F scanning electron microscope (Jeol, Tokyo, Japan) with an

Oxford Instruments 7418 X-ray detector.
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B.3 Additional Crystallographic Data for coe-PON

Table B.1: Fractional atomic coordinates, isotropic thermal displacement parameters, and site
occupancies for coe-PON.

atom Wyckoff Position x y z Ueq / Å2 occupancy

P1 8f 0.1434(4) 0.1066(2) 0.0753(4) 0.0193(6) 1
P2 8f 0.5037(5) 0.1613(2) 0.5376(3) 0.0132(4) 1
O1 4a 0 0 0 0.024(2) 0.5
N1 4a 0 0 0 0.024(2) 0.5
O2 4e ½ 0.1121(7) ¾ 0.024(2) 0.5
N2 4e ½ 0.1121(7) ¾ 0.024(2) 0.5
O3 8f 0.257(1) 0.1229(4) 0.9300(7) 0.012(2) 0.5
N3 8f 0.257(1) 0.1229(4) 0.9300(7) 0.012(2) 0.5
O4 8f 0.319(1) 0.1014(5) 0.334(1) 0.031(2) 0.5
N4 8f 0.319(1) 0.1014(5) 0.334(1) 0.031(2) 0.5
O5 8f 0.0178(8) 0.2109(4) 0.4831(7) 0.018(2) 0.5
N5 8f 0.0178(8) 0.2109(4) 0.4831(7) 0.018(2) 0.5

Table B.2: Interatomic distances / pm for coe-PON.

P1–O1/N1 155.0(2) P2–O2/N2 160.7(4)
P1–O3/N3 157.5(7) P2–O3/N3 163.5(8)
P1–O4/N4 159.6(7) P2–O4/N4 153.6(7)
P1–O5/N5 159.6(6) P1–O5/N5 154.9(5)
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Table B.3: Bond angles / ° for coe-PON.

O1/N1–P1–O3/N3 109.3(2) O5/N5–P2–O2/N2 114.1(4)
O1/N1–P1–O4/N4 110.4(3) O5/N5–P2–O3/N3 109.8(3)
O1/N1–P1–O5/N5 108.4(3) O2/N2–P2–O3/N3 104.7(2)
O3/N3–P1–O4/N4 112.7(4) P1–O1/N1–P1 180
O3/N3–P1–O5/N5 104.6(3) P2–O2/N2–P2 136.6(6)
O4/N4–P1–O5/N5 111.3(3) P1–O3/N3–P2 138.6(3)
O4/N4–P2–O5/N5 112.7(3) P2–O4/N4–P1 147.0(5)
O4/N4–P2–O2/N2 106.5(4) P2–O5/N5–P1 137.5(4)
O4/N4–P2–O3/N3 108.6(4)
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B.4 Details of the Rietveld Refinement

Table B.4: Crystal details for coe-PON.

formula PON

formula mass / g ∙ mol−1 60.98
crystal system / space group monoclinic, C2/c (no. 15)

lattice parameters / Å, °

a = 6.95903(8)
b = 12.0610(2)
c = 6.96821(8)
β = 120.0348(7)

cell volume / Å3 506.33(2)
formula units per cell Z 16
X-ray density / g ∙ cm−3 3.200
linear absorption coefficient / cm−1 138.23
radiation Cu-Kα1 (λ = 154.059 pm)
monochromator Ge(111)
diffractometer Stoe StadiP
detector MYTHEN 1K
2θ-range / ° 3–119.985
temperature / K 298(2)
data points 7800
number of observed reflections 385
number of parameters 65
constraints 0
program used TOPAS Academic
structure solution charge-flipping
structure refinement Rietveld-Method
profile function fundamental parameters model
background function shied Chebychev
𝑅wp 0.04069
𝑅exp 0.01927
𝑅p 0.02716
𝑅Bragg 0.00657
χ2 2.111
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B.5 Comparison of Coesite SiO2 and PON

Table B.5: Comparison of the atomic coordinates of coesite SiO2 and PON. |𝑢| is the absolute
distance between the equivalent atomic sites.
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Figure B.1: 31P-solid-state NMR spectrum of coe-PON.e signals at−20 and−100 ppmmay
be caused by small amounts of a high-pressure polymorph of P4N6O with γ-HP4N7-structure
present in the sample used for the measurement.[16]
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Figure B.2: FTIR spectrum of coe-PON.
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B.7 Detailed Rietveld Plot
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B.8 Temperature Dependent Powder X-ray Diffraction
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B.9 Details on the DFT Calculations

To corroborate the observed high pressure phase transition from β-cristobalite to coesite

type for PON, ab initio calculations were performed for a variety of O/N ordering mod-

els of both structure types. Ordering models in P1 were considered, since it is not easily

feasible to perform structure optimizations for statistical atom occupation, as has been

proven to be the case for the O/N site of cristobalite PON, and which is also observed

for the high-pressure coesite phase. Hence, to examine the trend in transition pressure,

chemically reasonable ordering models, each containing PON tetrahedra with 2 O and 2

N atoms respectively, were created for both phases of PON.e different ordering variants

for cristobalite and coe-PON are depicted in Figure B.5.

We calculated the total energies and atomic structures using density functional the-

ory in the generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof

(PBE),[17,18] together with the projector-augmented-wave (PAW) method,[19,20] as imple-

mented in the Vienna ab initio simulation package (VASP).[21–23] e GGA was chosen

over the LDA as it is typically superior in reproducing the transition pressures in solid-state

materials.[24,25] e structures of all PON models were completely optimized by relaxing

all internal coordinates and cell parameters, while using a plane-wave cut-off of 535 eV.

e Brillouin zone was sampled on a dense gamma centered 𝑘-mesh (cristobalite PON: 10

× 10 × 7, coe-PON: 8 × 5 × 9) produced from the method of Monkhorst and Pack[26]

to ensure high precision. e energy convergence criterion was set to 1 × 10−8 eV per

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

converged below values of 2 × 10−3 eV/Å.

e total energies were calculated for all chosen ordering variants of cristobalite and

coe-PON as depicted in Table B.6. As expected the difference in total energy between the

ordering models is small and partly identical for cristobalite PON which is in agreement

with the observed statistical ordering of N and O determined by neutron diffraction.[27]
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Figure B.5: Different O/N arrangements used for the DFT calculations. a: cristobalite PON
N1N2O3O4N5N6O7O8, b: cristobalite PON N1O2N3O4O5N6N7O8. c–h: models used
for coe-PON: c: O1O2O3N4N5, d: O1O2N3O4N5, e: O1O2N3N4O5, f : N1N2O3O4N5, g:
N1N2O3N4O5, h: N1N2N3O4O5. Numbers reference the anion positions according to Table
B.1.
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Table B.6: Total energies per formula unit of PON for the chosen ordering models of cristo-
balite and coe-PON within the GGA.

Cristobalite-PON coe-PON
Ordering variant Total energy (eV) /

PON
Ordering variant Total energy (eV) /

PON

N1N2O3O4N5N6O7O8 −22.08301681 O1O2O3N4N5 −21.76608136
N1O2N3O4N5O6N7O8 −22.07427969 O1O2N3O4N5 −21.76171247
N1O2N3O4N5O6O7N8 −22.06690326 O1O2N3N4O5 −21.78091168
N1O2N3O4O5N6N7O8 −22.08155875 N1N2O3O4N5 −21.86939451
N1O2N3O4O5N6O7N8 −22.07427969 N1N2O3N4O5 −21.87634218
N1O2O3N4N5O6N7O8 −22.06690326 N1N2N3O4O5 −21.86940664
N1O2O3N4N5O6O7N8 −22.07427969
N1O2O3N4O5N6N7O8 −22.07427969
N1O2O3N4O5N6O7N8 −22.08155874

To study the structural behavior at high pressures, the total energies were (re)calculated

at constant volume for a uniform expansion of the lattice parameters to simulate an expan-

sion and compression of volume between 103% and 96% (respectively 91% for cristobalite

PON) of the originally relaxed structure, resulting in pressures up to 20 GPa. is was

done only for the two energetically lowest ordering modifications of cristobalite PON, for

we consider them the most fitting representation of the ambient pressure modification of

cristobalite PON from which the transition is initiated in the experiment. For coe-PON

on the other hand, all ordering variants were taken into account as the high pressure and

temperature of the reaction might shi the relative stability of the ordering variants. e

resulting energy-volume(E-V) curves are depicted in Figure B.6 and demonstrate further

that cristobalite PON is energetically favored by about 0.2 eV compared to coe-PON and

that a phase transition at higher pressure can be predicted. e fact that two sets of the

ordering variants of coe-PON differ by 0.088 eV can possibly be explained by the fact that



B.9 Details on the DFT Calculations 115

within the three energetically lower ordering variants the (O,N)1 position, which is part of

the 180° bond, is occupied by N instead of O.
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Figure B.6: Energy-volume diagram for anion ordering of the energetically lowest models of
cristobalite(ctb)-PON and the different coesite(coe)-PON models. e results were obtained
with GGA. Each point represents one structural optimization at constant volume. Energy and
volume are given per formula unit (f.u.) of PON.

By fitting the total energies of the resulting E-V diagram with the Murnaghan equation

of state (EOS)[28] it is possible to obtain the bulk modulus B0 as depicted in Table B.7 for

the different coesite-PONmodels, and subsequently to create enthalpy-pressure diagrams.

Phase changes are dependent on the free energy 𝐺 = 𝐸 + 𝑝𝑉 − 𝑇 𝑆, where Δ𝐺 con-

stitutes the driving force between the occurring transition. Due to the small difference

in entropy between the crystal structures of two solid-state materials, this part of Δ𝐺 is

usually neglected, reducing Δ𝐺 to Δ𝐻 , where 𝐻 = 𝐸 + 𝑝𝑉 , permitting for accurate esti-

mations, depending only on the energy, volume and pressure of the system. By variation of

the volume, the pressure can be extracted from the resulting E-V diagram by a simple nu-

merical differentiation: 𝑝 = −𝜕𝐸/𝜕𝑉 . e enthalpy difference Δ𝐻 between two phases

can, subsequently, be plotted in reference to the phase of interest, in this case with respect
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to cristobalite PON. e enthalpy-pressure diagram is depicted in Figure B.7. e points

of intersection for the different coe-PON curves with the chosen cristobalite PON curve

indicate the pressure at which the free energy and enthalpy is identical for both phases and

beyond which the phase transition to coe-PON becomes thermodynamically favored.

Table B.7: Results of the Murnaghan-EOS fit for the chosen ordering models of coe-PON.[𝑎]

coe-PON (GGA)
Model O1O2O3-

N4N5
O1O2N3-
O4N5

O1O2N3-
N4O5

N1N2O3-
O4N5

N1N2O3-
N4O5

N1N2N3-
O4O5

𝑥

E0 −21.76 −21.76 −21.78 −21.86 −21.87 −21.86
V0 31.70 31.67 31.74 32.55 32.76 32.80
B0 151.5 156.3 149.4 169.4 150.5 168.8 157.7
B’ 3.3 2.7 3.1 1.9 1.5 1.7
[a] Energy and volume are given in eV and Å3, respectively. e bulk modulus B0 for zero pressure is given

in GPa. B’ is the dimensionless derivative of the bulk modulus at zero pressure. 𝑥 is the arithmetic mean.
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Figure B.7: Enthalpy-pressure diagram for the high pressure phase transition of PON from
the energetically most stable cristobalite (ctb) model to the different coesite(coe) models as
obtained by fitting the Murnaghan equation of state from the energy-volume diagram. e
enthalpy is given per formula unit of PON relative to the ctbmodification of PON.e approx-
imate range of pressure for the transitions is indicated by the dotted lines.
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From Figure B.7 a transition pressure for PON of about 7.5 GPa can be extracted for

the transition of the energetically lowest cristobalite model to the energetically lowest co-

esite model, while the highest possible pressure is determined to about 10.5 GPa for the

transition to the energetically most unfavorable coesite model. While we cannot guaran-

tee having examined every possible modification for the ordering variants of coesite and

cristobalite, the broad variety of chosen PO2N2-tetrahedron-models are all in good agree-

ment with the experimental observation on the formation of coesite-like PON at pressures

of 15 GPa. e enthalpy curves of all models of coe-PON are energetically very close in

terms of enthalpy, and do intersect each other beyond pressures of 12.5 GPa, further cor-

roborating the observed statistical contribution of the O and N positions in coe PON.
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C.1 Additional Crystallographic Data for β-HP4N7

Table C.1: Anisotropic displacement parameters for β-HP4N7 with standard deviations in
parentheses.

atom U11 U22 U33 U23 U13 U12

P1 0.0048(3) 0.0023(3) 0.0045(3) 0.0000(2) 0.0012(2) −0.0001(2)
P2 0.0040(3) 0.0028(3) 0.0050(3) −0.0005(2) −0.0004(2) −0.0003(2)
N1 0.0060(11) 0.0044(11) 0.0073(12) 0 −0.0012(9) 0
N2 0.0075(8) 0.0066(8) 0.0037(8) 0.0017(7) 0.0001(6) −0.0015(7)
N3 0.0074(8) 0.0031(7) 0.0054(8) −0.0013(7) 0.0025(6) 0.0002(6)
N4 0.0061(8) 0.0023(7) 0.0070(8) −0.0008(6) 0.0028(7) −0.0001(6)

Table C.2: Complete bond angles / ° for β-HP4N7.

N2–P1–N3 117.57(11) N2–P2–N4 109.62(10)
N2–P1–N4 109.13(10) N3–P2–N4 103.69(10)
N2–P1–N4 107.89(9) P2–N1–P2 142.4(2)
N3–P1–N4 107.99(10) P1–N2–P2 136.23(15)
N3–P1–N4 104.46(9) P1–N3–P2 125.26(12)
N4–P1–N4 109.56(10) P1–N4–P1 119.28(11)
N1–P2–N2 106.39(10) P1–N4–P2 123.26(11)
N1–P2–N3 120.84(12) P1–N4–P2 117.28(11)
N1–P2–N4 104.44(9) P1–N2–H1 116(5)
N2–P2–N3 111.31(10) P2–N2–H1 106(5)
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C.2 Details of the Rietveld Refinement

Table C.3: Crystal details for β-HP4N7.

formula HP4N7

formula mass / g ∙ mol−1 222.96
crystal system / space group monoclinic, C2/c

lattice parameters

a = 12.89455 (9) Å
b = 4.66185(3) Å
c = 8.33451(6) Å
β = 77.6404(6)°

cell volume / Å3 489.396(6)
formula units per cell Z 4
X-ray density / g ∙ cm−3 30.122
linear absorption coefficient / cm−1 137.29
radiation Cu-Kα1 (λ = 154.056 pm)
monochromator Ge(111)
diffractometer Stoe StadiP
detector linear PSD
2θ-range / ° 10–90
temperature / K 298(2)
data points 8000
number of observed reflections 202
number of parameters 60
constraints 0
program used TOPAS Academic
structure refinement Rietveld-Method
profile function fundamental parameters model
background function shied Chebychev
𝑅wp 0.07725
𝑅p 0.05207
𝑅Bragg 0.018355
χ2 3.705
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C.3 Solid-State NMR Spectrum
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Figure C.1: 1H-solid-state NMR-spectrum of β-HP4N7. Rotational sidebands aremarked with
asterisks.

C.4 Diffuse Reflectance Spectroscopy
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Figure C.2: Tauc Plot (n = ½) for β-HP4N7.
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C.5 Detailed Rietveld Plot

10
20

30
40

50
60

70
80

90

Intensity

2θ
 / 

°

Fi
gu

re
C.
3:

O
bs
er
ve
d
(c
ro
ss
es
)a

nd
ca
lc
ul
at
ed

(r
ed

lin
e)

po
w
de
rd

iff
ra
ct
io
n
pa
tte

rn
of

β-
H
P 4
N

7
as

w
el
la
sp

os
iti
on

of
Br
ag
g
re
fle
ct
io
ns

(b
la
ck
:β

-H
P 4
N

7
gr
ee
n:

BN
)a

nd
di
ffe
re
nc
ep

ro
fil
e(
bl
ue

lin
e)
.



C.6 Temperature Dependent Powder X-ray Diffraction 123

C.6 Temperature Dependent Powder X-ray Diffraction
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D Supporting Information for Chapter 5

D.1 Experimental Details of the HP/HT-Synthesis of γ-HP4N7

Phosphorus nitride P3N5 was synthesized according to the procedure described by Stock

and Grüneberg.[1] Inside an open silica glass tube (outer diameter 3 cm, wall thickness

2 mm, length 30 cm), placed inside a larger silica glass flow tube P4S10 (8.0 g, 36 mmol,

99%, Sigma-Aldrich) was saturated with dry NH3 gas (99.98%, Air Liquide) in a continu-

ous flow for 4 h at room temperature. is resulted in a noticeably exothermic reaction. In

the second reaction step the temperature was raised to 850 °C at a rate of 3 °C/min while

maintaining the gas flow. Aer 8 h the product was cooled, ground and washed succes-

sively with 1 HCl deionized water, ethanol and acetone to remove soluble byproducts.

Aer drying the product at 100 °C P3N5 is obtained as a yellow-brown solid. γ-HP4N7

was synthesized by reacting P3N5 (10 mg, 61 μmol) with NH4Cl (0.8 mg, 15 μmol, 99.5

%, Sigma-Aldrich) at a pressure of 14 GPa and a temperature of approximately 1200 °C.

e reaction was carried out in a Walker-type multianvil assembly placed inside a 1000 t

hydraulic press (Voggenreiter, Mainleus, Germany), details of which can be found in the

literature.[2–6] e reactants were thoroughly ground in an agate mortar and tightly packed

into a hexagonal boron nitride crucible, which was in turn placed inside two concentric

graphite heater tubes. is assembly was placed in a Cr3+-dopedMgO octahedron with an

edge length of 10mm (Ceramic Substrates andComponents, Isle ofWight, UK).ewhole

assembly was compressed between eight tungsten carbide cubes (Hawedia, Marklkofen,

Germany) with a truncation edge length of 5 mm. Compression was performed during

270 min. en the temperature was raised to approximately 1200 °C within 60 min. Aer

holding the temperature for 120 min the sample was cooled within 60 min. Aer decom-

125
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pression the sample was isolated and mechanically separated from the crucible material.

e sintered pellet was broken up in an agate mortar and the sample was washed with

deionized water, ethanol and acetone successively. Aer drying at 100 °C the sample was

obtained as a light gray crystalline air-stable solid.

D.2 Information on the Data Collection and Structure Elucidation of

γ-HP4N7

A single crystal (0.011 × 0.026 × 0.026 mm3) for the structure analysis was selected in

paraffin oil under an optical microscope. e crystal was mounted on a micromount

(aperture size 20 µm, MiTeGen, Ithaca, USA). Data collection was carried out on a Bruker

D8 Venture (Bruker, Bellerica, USA) diffractometer equipped with a rotating anode gen-

erator and multilayer optics (Mo-Kα, λ = 71.073 pm). A multi-scan absorption correc-

tion was carried out using SADABS (Bruker). e crystal structure was solved with di-

rect methods using SHELXS-97. Subsequent full-matrix least squares refinement was car-

ried out on𝐹 2 using SHELXL-97.[7] Powder diffraction data was collected in parafocusing

Debye-Scherrer geometry (0.28mmcapillary inner diameter) on a Stoe StadiP diffractome-

ter (Stoe & Cie, Darmstadt, Germany) using Cu-Kα1 radiation. e diffractometer was

equipped with a Ge(111) monochromator and a MYTHEN 1K microstrip detector (Dec-

tris, Baden, Switzerland). Rietveld refinement was carried out using TOPAS-Academic

4.1.[8] e structure model from the single crystal structure determination was used as

a starting model. Peak shapes were modeled using the fundamental parameters approach

(direct convolution of source emission profiles, axial instrument contributions and crystal-

lite size and microstrain effects).[9] emeasured data was corrected for absorption using

the linear absorption coefficient of the refined substance mixture.
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D.3 Crystallographic Data for γ-HP4N7

Table D.1: Fractional atomic coordinates, isotropic thermal displacement parameters, and site
occupancies for γ-HP4N7.

atom Wyckoff position x y z Ueq / Å2 occupancy

P1 8f 0.2341(2) 0.2579(1) 0.29712(8) 0.0045(2) 1
P2 8f 0.3378(2) 0.0819(1) 0.02327(8) 0.0035(2) 1
N1 8f 0.2074(4) 0.0603(3) 0.5943(3) 0.0034(4) 1
N2 8f 0.2941(4) 0.2814(3) 0.1312(3) 0.0032(4) 1
N3 4e 0 0.1915(5) ¼ 0.0057(6) 1
N4 8f 0.3990(4) 0.0898(3) 0.3984(3) 0.0036(4) 1

Table D.2: Anisotropic displacement parameters / Å2 for γ-HP4N7.

atom U11 U22 U33 U23 U13 U12

P1 0.0042(3) 0.0051(3) 0.0044(3) 0.0006(2) 0.0018(2) 0.0007(2)
P2 0.0031(3) 0.0035(3) 0.0035(3) 0.0003(2) 0.0008(2) 0.0005(2)
N1 0.0040(9) 0.003(1) 0.0047(9) −0.0018(8) 0.0026(8) 0.0003(8)
N2 0.0044(9) 0.004(1) 0.0022(9) 0.0010(8) 0.0018(8) 0.0019(8)
N3 0.002(2) 0.007(2) 0.008(2) 0 0.002(2) 0
N4 0.0026(9) 0.0037(9) 0.0038(9) 0.0019(8) 0.0003(8) −0.0002(8)

Table D.3: Interatomic distances / Å for γ-HP4N7.

P1–N1 1.596(2) P2–N2’ 1.818(2)
P1–N2 1.686(2) P2–N4 1.671(2)
P1–N3 1.567(2) P2–N4’ 1.817(2)
P1–N4 1.678(2) P2–P2’ 2.667(2)
P2–N1 1.629(2) P2’–P2 2.670(2)
P2–N2 1.672(2)



128 D Supporting Information for γ-HP4N7

Table D.4: Bond angles / ° for γ-HP4N7.

N3–P1–N1 114.9(2) N2–P2–P2 111.03(9)
N3–P1–N4 109.9(2) N4–P2–P2 38.14(7)
N1–P1–N4 107.2(2) N2–P2–P2 137.58(9)
N3–P1–N2 109.90(9) N1–P2–P2 111.00(9)
N1–P1–N2 111.6(2) N4–P2–P2 112.64(9)
N4–P1–N2 102.8(2) N2–P2–P2 42.15(8)
N1–P2–N4 120.6(2) N4–P2–P2 135.53(9)
N1–P2–N2 119.4(2) N2–P2–P2 38.10(7)
N4–P2–N2 120.0(2) P2–P2–P2 136.66(5)
N1–P2–N4 95.1(2) P1–N1–P2 134.9(2)
N4–P2–N4 80.3(2) P2–N2–P1 124.1(2)
N2–P2–N4 93.9(2) P2–N2–P2 99.8(2)
N1–P2–N2 94.3(2) P1–N2–P2 121.8(2)
N4–P2–N2 96.1(2) P1–N3–P1 144.4(2)
N2–P2–N2 80.3(2) P2–N4–P1 131.1(2)
N4–P2–N2 170.5(2) P2–N4–P2 99.7(2)
N1–P2–P2 112.32(9) P1–N4–P2 124.6(2)
N4–P2–P2 42.20(8)
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Table D.5: Details of the single crystal X-ray refinement for γ-HP4N7.

formula HP4N7

formula mass / g ∙ mol−1 222.96
crystal system / space group monoclinic, C2/c (no. 15)

lattice parameters / Å, °

a = 6.8018(4)
b = 7.2204(5)
c = 8.9572(6)
β = 111.231(2)

cell volume / Å3 410.05(5)
formula units per cell Z 4
X-ray density / g ∙ cm−3 3.612
linear absorption coefficient / mm−1 1.734
radiation Mo-Kα (λ = 71.073 pm)
diffractometer Bruker D8 Venture
2θ-range / ° 4.28–30.48
temperature / K 298(2)
𝐹(000) 436
observed reflections 5565
independent reflections (> 2𝜎) 628 (555)
number of parameters 51
𝑅𝑖𝑛𝑡; 𝑅𝜎 0.0273; 0.0174

final 𝑅 indices [𝐼 > 2𝜎(𝐼)] 𝑅1 = 0.0252
𝑤𝑅2 = 0.0788[𝑎]

final R indices (all data)
𝑅1 = 0.0301
𝑤𝑅2 = 0.0814[𝑎]

Goodness of fit 1.197

[a] 𝑤 = 1/[𝜎2(𝐹 2
𝑜 ) + (0.0458 𝑃)2 + 2.3837 𝑃],with 𝑃 = (𝐹 2

𝑜 + 2𝐹 2
𝑐 ) / 3
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D.4 Details of the Rietveld Refinement

Table D.6: Details of the Rietveld refinement for γ-HP4N7.

formula HP4N7

formula mass / g ∙ mol−1 222.96
crystal system / space group monoclinic, C2/c (no. 15)

lattice parameters / Å, °

a = 6.82983(5)
b = 7.24537(6)
c = 8.96504(7)
β = 111.5557(3)

cell volume / Å3 412.604(5)
formula units per cell Z 4
X-ray density / g ∙ cm−3 3.572
linear absorption coefficient / cm−1 1.628
radiation Cu-Kα1 (λ = 154.056 pm)
monochromator Ge(111)
diffractometer Stoe StadiP
detector MYTHEN 1K
2θ-range / ° 3–110.385
temperature / K 298(2)
data points 7160
number of observed reflections 268
number of parameters 68
constraints 0
program used TOPAS Academic
structure refinement Rietveld-Method
profile function fundamental parameters model
background function shied Chebychev
𝑅wp 0.03457
𝑅p 0.02487
𝑅Bragg 0.01742
χ2 3.118
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D.5 Solid-State NMR and FTIR Spectra

Solid-state NMR spectra were collected on an Avance III spectrometer (Bruker) under

MAS conditions using a 1.2 mm probe. e chemical shi values are referenced to 0.1%

TMS in CDCl3 (Sigma-Adlrich) as an external reference. e FTIR spectrumwas collected

on a IFS 66 v/S spectrometer (Bruker) using KBr disks prepared in an Ar filled glovebox.
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FigureD.1: 31P-solid-stateNMR-spectrumof γ-HP4N7. Rotational sidebands aremarkedwith
asterisks.
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Figure D.2: 1H-solid-state NMR-spectrum of γ-HP4N7.
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Figure D.3: FTIR spectrum of γ-HP4N7.
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D.6 Energy Dispersive X-Ray Spectroscopy

e sample was prepared by dusting the sample on a conductive adhesive film and sputter-

ing the surface with carbon using a BAL-TEC MED 020 evaporator (Bal-Tec AG, Liecht-

enstein). e analysis was performed using a EOL JSM-6500F field emission scanning

electron microscope using an accelerating voltage of 10 kV.

Table D.7: Results of energy dispersive X-Ray spectroscopy.

P / atom % N / atom % O / atom %

expected for HP4N7 36 64 0
measured 33 63 4
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E.1 Additional Crystallographic Data for Li14(PON3)2O

Table E.1: Bond lengths / pm for Li14(PON3)2O.

P1–O1 170.0(9) Li2–O2 181(1)
P1–N1 172.8(7) Li2–N1 196(2)
Li1–N1 178(2) Li2–O1 205(2)
Li1–N1’ 211(2) Li2–O1’ 231(2)
Li1–N1” 216(2) Li3–N1 198(2)
Li1–N1”’ 227(2) Li3–O2 219(9)

E.2 ⁷Li Solid-State NMR Spectrum
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Figure E.1: 7Li-solid-state NMR-spectrum of Li14(PON3)2O. Rotational sidebands are marked
with asterisks.
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E.3 Detailed Rietveld Plot
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