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Abstract

This dissertation is primarily concerned with nitrides in systems of the type alkaline

earth metal { tetrel { nitrogen. This started with investigations of the inverse

perovskites (M 3Nx )T t with M = Ca, Sr, Ba and T t = Si, Ge, Sn, Pb. The majority

of these compounds was already known to adopt the perovskitearistotype structure.

By heating reactants with sodium ux in closed niobium ampoules, single phase

samples and in some cases single crystals with in these systems hitherto unknown

structures could be synthesized. With the help of neutron di�raction, it was shown

that all known perovskites in these systems adopt elpasolite-type superstructures

if nitrogen availability is low. These superstructures arecharacterized by half of

the M 6 octahedral sites being occupied by nitrogen, while the other half is either

unoccupied or partially occupied. These two types of octahedra alternate in a

three-dimensional checkerboard pattern. This directly leads to the structures of

(Ca3N0:682(9))Sn and (Ca3N0:559(7))Pb, which turn out to crystallize in space group

Fm3m. (Ba3N0:5)Sn and (Ba3N0:5)Pb additionally feature tilted octahedra and

thus adopt space groupR3. A di�erent tilting scheme is observed in (Ca3N0:77(2))Si,

(Ca3N0:669(6))Ge, (Sr3N0:5)Ge und (Ba3N0:5)Ge, resulting in space groupP21=n. Of

this latter group, only (Ca3N)Ge was previously known as a perovskite with the

aristotype structure.

The lowering of symmetry in perovskites by octahedral tilting manifests itself

primarily in the distortion of the T tM 12 cuboctahedra. To be able to better

characterize such distortions, the computer programPolynator was developed. This

program facilitates a universal and size-independent quanti�cation of distortions.

This is done by minimizing the mean square of the distances between the vertices

of a model (e.g. an Archimedean cuboctahedron) from the appropriate coordinates

of a distorted arrangement of atoms. In contrast to earlier programs, these

minimizations are not limited to the rotation and scaling ofa model, but may

include a variety of deformations which are speci�cally de�ned for each model. This

allows for the quanti�cation of the deviation from a given point group, among other

uses. Furthermore, coordination environments, moleculesand cages comprised of

many atoms can be evaluated quickly and easily.

Synthetic experiments with the aim of synthesizing perovskites repeatedly led

to the formation of single crystals of unexpected byproducts. In the form of
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Sr17Ge2[GeN4]2[GeN3]2, Sr15Ge[GeN4]3O und Sr8Ge2[GeN4], this includes the �rst

compounds containing germanium in both oxidation state 4 and � 4. The same is

true for silicon in the nitridosilicate silicide Ca12Si4[SiN4]. The nitridoalumosilicate

Ca4(AlSiN5) contains strands of corner-sharing AlN4 tetrahedra, which are inter-

connected by sharing corners with SiN4 tetrahedra. The nitridogermanates(IV)

Sr4[GeN4], Sr6[Ge2N6O] and Ba5[GeN4][CN2] were described for the �rst time as

well. One of the �rst two nitridogermanates(III) was synthesized and characterized

with Sr6[Ge2N6]. Furthermore, reactions with the ampoule walls led to the

formation of single crystals of the novel nitridoniobates Sr6[Nb2N7], Sr9[Nb3N10]

and Ba12[NbN4][CN2]6N1:2(1) .
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Kurzzusammenfassung

Im Rahmen dieser Dissertation werden insbesondere die Nitride in Systemen der

Art Erdalkalimetall { Tetrel { Sticksto� beleuchtet. Den Anst o� dazu gaben

Untersuchungen der inversen Perowskite (M 3Nx )T t mit M = Ca, Sr, Ba und T t

= Si, Ge, Sn, Pb. Diese waren•uberwiegend bereits mit Strukturen des Aristotyps

der Perowskite bekannt. Durch Erhitzen in zugeschwei�ten Niobampullen unter

Zuhilfenahme von metallischem Natrium als Flussmittel konnten phasenreine

Proben sowie, zum Teil, Einkristalle mit in diesen Systemenbislang unbekannten

Strukturen synthetisiert werden. Mithilfe von Neutronenbeugung konnte gezeigt

werden, dass alle bekannten Vertreter in diesen Systemen bei geringer Verf•ugbarkeit

von Sticksto� elpasolithartige •Uberstrukturen ausbilden. Diese zeichnen sich durch

ein dreidimensionales Schachbrettmuster derM 6-Oktaeder aus, von denen die H•alfte

mit Sticksto� besetzt sind, w•ahrend die andere H•alfte leer oder teilweise besetzt

sind. Dies f•uhrt direkt zur Struktur von (Ca 3N0:682(9))Sn und (Ca3N0:559(7))Pb, f•ur

die sich die RaumgruppeFm3m ergibt. (Ba3N0:5)Sn und (Ba3N0:5)Pb kristallisieren

in der Raumgruppe R3, weil sie zus•atzlich verkippte Oktaeder aufweisen. Ein

anderes Verkippungsschema f•uhrt dazu, dass (Ca3N0:77(2))Si, (Ca3N0:669(6))Ge,

(Sr3N0:5)Ge und (Ba3N0:5)Ge in der RaumgruppeP21=n kristallisieren. Von dieser

letztgenannten Gruppe war nur (Ca3N)Ge schon zuvor als kubischer Perowskit

bekannt.

Der Symmetrieabbau der Perowskite durch Verkippung der Oktaeder macht sich

insbesondere durch Verzerrungen derT tM 12-Kuboktaeder bemerkbar. Um derartige

Verzerrungen besser charakterisieren zu k•onnen, wurde das Computerprogramm

Polynator entwickelt, das unter anderem eine universelle und gr•o�enunabh•angige

Quanti�zierung solcher Verzerrungen erm•oglicht. Dies geschieht, indem das

quadratische Mittel der Abst•ande der Ecken eines Modells (zum Beispiel eines

Archimedischen Kuboktaeders) von den entsprechenden atomaren Koordinaten

einer verzerrten Struktureinheit minimiert wird. Dabei k•onnen Modelle im Gegen-

satz zu fr•uheren Programmen nicht nur durch Rotation und Skalierung angepasst

werden, sondern sich auch auf viele Weisen verformen, die f•ur jedes Modell spezi�sch

de�niert sind. So kann zum Beispiel die Abweichung von einer bestimmten Punkt-

gruppe quanti�ziert werden. Au�erdem k•onnen auch Koordinationsumgebungen,

Molek•ule und K•a�ge, die viele Atome beinhalten, schnell und bequem evaluiert

werden.
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Bei Versuchen zur Synthese der Perowskite bildeten sich wiederholt Einkristalle

von unerwarteten Nebenprodukten. Dazu geh•oren mit Sr17Ge2[GeN3]2[GeN4]2,

Sr15Ge[GeN4]3O und Sr8Ge2[GeN4] die ersten Verbindungen, die Germanium

sowohl in Oxidationsstufe 4 als auch� 4 enthalten. Das Gleiche gilt f•ur Silicium

in dem Silicid-Nitridosilicat Ca12Si4[SiN4]. Die Kristallstruktur des Nitridosilicat-

Aluminats Ca4(AlSiN5) enth•alt Str •ange aus eckenverkn•upften AlN4-Tetraedern,

die •uber gemeinsame Ecken mit SiN4-Tetraedern verkn•upft sind. Die Nitridoger-

manate Sr4[GeN4], Sr6[Ge2N6O] und Ba5[GeN4][CN2] wurden ebenfalls zum ersten

Mal beschrieben. Desweiteren wurde mit Sr6[Ge2N6] eines der ersten beiden

Nitridogermanate(III) synthetisiert und charakterisiert. Aus Reaktionen mit dem

Ampullenmaterial gingen au�erdem Einkristalle der Nitridoniobate Sr6[Nb2N7],

Sr9[Nb3N10] und Ba12[NbN4][CN2]6N1:2(1) hervor.
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1 Introduction

1.1 Nitrides

This work is concerned with the investigation of new nitrides, mainly in systems

of the type alkaline earth metal { tetrel { nitrogen. Nitrides of main group

elements are a large group of mostly crystalline inorganic compounds, some of

which have great technological signi�cance. Among others, this includes the hard

and highly inert materials silicon nitride Si3N4 [1] and cubic boron nitride BN [2],

as well as the high-temperature lubricant hexagonal boron nitride BN [3] and the

important semiconductor gallium nitride GaN [4]. The band gap of some ternary

nitride semiconductors such as indium gallium nitride InxGa1� xN depends on the

composition of the material (i.e. the value ofx), which makes them attractive

for applications in solar cells and laser devices [5, 6]. Ternary and quaternary

nitridosilicates have also found several industrial applications, among others as

phosphors for LEDs [7].

The synthesis of these compounds is generally achieved at elevated tempera-

tures under the exclusion of oxygen and water. This requires all steps to be

carried out either in a glovebox �lled with an inert gas or in airtight vessels. Since

nitrides do not have the inherent thermal stability of oxides or the lighter halides

and the decay into elemental nitrogen is always a possibility, the temperature of

synthesis has to be chosen very carefully in many cases. Furthermore, most of

the compounds synthesized for this thesis were subnitrides, so an atmosphere of

nitrogen or ammonia was generally not a viable source of nitrogen. Instead, a

limited quantity of a solid nitrogen source had to be included in a closed reaction

vessel.

1.2 Zintl Phases

Zintl phases are intermetallic compounds which typically contain an alkali metal,

alkaline earth metal or rare earth metal as well as an elementfrom groups 11-16.

The �rst component acts as a cation and the second as an anion. Zintl phases

are "countable", meaning that the anionic component follows the octet rule or

the Wade-Mingos rules in the case of anionic clusters [8, 9].The cationic and

anionic charges then cancel each other out. The anionic components, or Zintl ions,

may be monoatomic, such as Sn4� or Bi3� anions. However, they often consist

1



1 Introduction

of multiple atoms connected by covalent bonds. There is a large variety of such

Zintl ions, ranging from simple diatomic dumbbells and small clusters to in�nite

frameworks. While this is not always the case, Zintl ions are often isoelectronic to

non-ionic structures formed by more electronegative elements. For example, the

Si4�
4 tetrahedra in Na4[Si4] have their structure in common with the P4 tetrahedra

of white phosphorus. In contrast to regular salts, the di�erence in electronegativity

between the cationic and the anionic component is smaller and Zintl compounds

are generally semiconductors with band gaps lower than 2 eV [10]. In contrast to

metals, Zintl phases are brittle and their electric conductivity increases with rising

temperatures. Due to their closed-shell ionic nature, theyare typically diamagnetic.

There are many examples of intermetallic compounds which would otherwise

register as Zintl phases, but do not obey the "countability rule", at least not

trivially. These include among others the alkali metal tetrelides Na9Sn4 and

Na15Sn4 [11], Li5Sn [12], Li17T t4 (T t = Si, Ge, Sn, Pb) [13{16], as well as the

alkaline earth metal tetrelidesM 7T t6 (M = Ca, Sr, Ba; T t = Ge, Sn) [17{19] and

the quaternary germanide nitride Li16Sr6Ge6N [20]. Their unusual compositions

cannot be laid at the feet of undetected contaminations withhydrogen or oxygen,

as most of these compounds were independently reported on and reproduced by

several di�erent groups. While these compounds tend to be poor metals instead

of semiconductors, they still show the ionic constitution typical for Zintl phases.

Their composition tends to be quite close to the respective "ideal" ratio of cations

and anions, such that a balance of closed-shell ionic charges is missed, but not

by very much [21]. Notably, they may exhibit either an excess (Li5Sn, Li17T t4,

Li16Sr6Ge6N) or a de�ciency of electrons (Na9Sn4, Na15Sn4, M 7T t6).

2



1.3 Inverse Perovskite Nitrides

1.3 Inverse Perovskite Nitrides

Fig. 1: Extended unit cell of the cubic perovskite aristotype structure. Each A atom is
coordinated by twelve X atoms forming an Archimedean cuboctahedron. EachB atom is
coordinated by six X atoms forming a Platonic octahedron.

Perovskites are a large family of compounds which share a basic crystal structure

and the basic compositionABX 3. In regular perovskites,A is a large cation,B

is a smaller cation andX is an anion of small or intermediate size. These ions

combine such that each ionA is coordinated by 12X ions forming a cuboctahedron

and eachB is coordinated by six X ions forming an octahedron. A simpli�ed

model where each type of ion is represented by a hard sphere ofa speci�c size

can be useful to understand perovskites. Ideally, the size ratios are such that each

of the cuboctahedrally arrangedX ions just touch the central A ion. Likewise,

the B ion should just touch each of the six coordinatingX ions. These geometrical

considerations are the basis for the Goldschmidt tolerancefactor t [22]. It is obtained

via the formula

t =
rA + rXp

2 � (rB + rX )
(1)

where rA , rB and rX are the radii of the respective ions. Perovskites will typically

form if t has a value between 0.78 and 1.0 [23]. However, ift is smaller than 0.88,

the crystal structure will tend to be distorted. More precisely, it is in these cases

energetically favorable for theBX 6 octahedra to tilt such that some of theX ions

come closer to theA ion, while others are further removed, e�ectively lowering the

coordination number of theA atom. This tilting can be described in terms of the

Glazer nomenclature [24].

3



1 Introduction

[010]

[100]

[010]

[100]

[010]

[100]

a0a0a0 a0a0c�a0a0c+

Fig. 2: Three simple octahedral tilting schemes with the appropriate Glazer symbol. From
left to right, depicted are the octahedra in an untilted perovskite structure (a0a0a0), as
well as ecliptic (a0a0c+ ) and alternate (a0a0c� ) tilting along the c axis.

Octahedra may tilt perpendicular to any of the three crystallographic axes of the

aristotype structure along which they are connected by shared vertices. When

looking at a single layer of octahedra perpendicular to suchan axis, a tilt can be

described as each octahedron being rotated around its fourfold axis by a given angle.

These rotations take place in alternating directions, suchthat each octahedron is

rotated in the opposite direction of its four neighbors in the same layer, forming

a checkerboard-like pattern. In the third dimension, the rotational directions of

octahedra in subsequent layers may stay the same or alternate, as shown in �g.

2. While more complex sequences are possible, they are exceedingly rare and

not part of the standard Glazer nomenclature. A Glazer symbol contains three

letters representing the three crystallographic axes of the aristotype structure. If

a letter is repeated, the extent of rotation around those axes is the same. Each

letter is followed by a superscript index representing the tilting sequence along the

respective axis. Ecliptic tilting is denoted by a plus symbol, staggered tilting by a

minus symbol and no tilting by a zero. For example, the cubic perovskite aristotype

structure exhibits no tilting in any direction, as shown by its Glazer symbola0a0a0.

The very common Gd(FeO3) structure type, which is also adopted by the tilted

perovskite Ca(TiO3)1, is described by Glazer symbola� a� c+ . This translates to

the octahedra being tilted in alternating directions to thesame extent along two

of the crystallographic axes of the aristotype structure. They are tilted ecliptically

in the third direction. In the absence of other distortions,the structure type of

a perovskite and its respective space group are directly determined by the Glazer
1For historical reasons, although Ca(TiO3) adopts the space groupP bnm at room temperature

and up to 1500 K [25], the cubic aristotype is sometimes called the Ca(TiO3) type, whereas the
P bnm structure type is generally referred to as the Gd(FeO3) type.

4



1.3 Inverse Perovskite Nitrides

symbol.

In inverse perovskites (or antiperovskites), sites which would be occupied by

anions in a regular perovskite are instead occupied by cations, and vice-versa. This

leads to the general composition (X 3B)A, where X is a cation, B is a relatively

small anion andA is a larger atom, which may or may not be an anion. While

more regular perovskites than inverse perovskites are known, there is a considerable

variety of the latter. This includes, among others, the ironnitride Fe4N [26], the

superconductor (Ni3C)Mg [27], but also a range of alkali metal chalcogenide halides,

such as (Li3S)I [28], which are of interest due to their cation conductivity.

A family of alkaline earth metal oxide tetrelides (M 3O)T t (M = Ca, Sr, Ba;

T t = Si, Ge, Sn, Pb) was �rst described by Widera and Sch•afer in 1980 [29]

and later expanded by Felden and Jansen [30], as well as Nuss et al. [31]. The

�rst analogous nitrides (Ca3N)T t (T t = Ge, Sn, Pb) were discovered by Chern

et al. in 1992 [32], alongside a series of pnictides (Ca3N)Pn (Pn = P, As, Sb,

Bi). While charge balance in the pnictides is achieved with regular Zintl anions

Pn3� , open-shell anionsT t3� were postulated for the tetrelides. However, these

compositions were never experimentally con�rmed. Nevertheless, the same formulas

will be referenced here for the sake of discussion. Later research by G•abler et al.

expanded the series to the heavier alkaline earth metals, yielding (M 3Nx )T t (M =

Sr, Ba; T t = Sn, Pb; 0:62 � x � 0:83) [33]. While these compounds have a lower

nitrogen content and are thus closer to a conventional charge balance, they do not

quite reach it. Related inverse perovskite nitrides include the open-shell thallide

(Ca3N)Tl [34], the auride (Ca3N)Au [35], the magnesium pnictides (Mg3N)As and

(Mg3N)Sb [36] as well as (Ca2EuN)Sn, which partially substitutes calcium for

europium [37]. Almost all of these compounds reportedly crystallize in the cubic

perovskite aristotype structure, with the exception of (Ca3N)P and (Ca3N)As.

The latter adopts the commonPbnm structure [38], which is a consequence of

octahedral tilting according to a� a� c+ . The same structure is suspected for the

former, although no satisfactory crystallographic data has been published [32].

In some inverse perovskite nitrides with partial nitrogen site occupancy, an

elpasolite-type superstructure is adopted. This superstructure arises from the

ordering of nitrogen atoms and defects, such that the octahedrally coordinated

B site splits into a fully occupied site and an unoccupied or partially occupied
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site. These are arranged in a three-dimensional checkerboard pattern. This

behavior was �rst observed in (Sr3N0:59(3))Sn and (Sr3N0:68(5))Pb [39]. Publication

1 describes the synthesis and characterization of eight additional compounds with

this superstructure, three of which are presented for the �rst time with or without

the superstructure. Several of these are distorted by octahedral tilting in addition

to the superstructure.

1.4 Nitridogermanates

[GeII N2]4� GeII N3 [GeIII
2 N6]12� [GeIV N3]5� [GeIV N4]8� [GeIV

2 N6]10�

Fig. 3: Nitridogermanate building blocks including the kinked GeN4�
2 unit, trigonal pyrami-

dal GeN3 unit, ethane-like Ge2N12�
6 unit, trigonal planar GeN 5�

3 unit, tetrahedral GeN 8�
4

unit and edge-sharing Ge2N10�
6 tetrahedron doublet.

As shown in �g. 3, nitridogermanate units come in a variety of geometric shapes and

with germanium in oxidation states between +II and +IV. Nitridogermanates(II)

have usually been observed as mutually isolated, kinked GeN4�
2 units. These can

coexist with both Ge4� and N3� anions, as is the case in Sr11Ge2[GeN2]N2 [40]. In

Sr3Ge[GeN2], Ba3Ge[GeN2], Sr6Ge4[GeN2] and Ba6Ge4[GeN2], they occur alongside

in�nite (Ge) 2n�
n zig-zag chains [41{43]. Recently, pyramidal GeII N3 units sharing

each of their nitrogen atom vertices with two PN4 tetrahedra were found in the

germanium phosphorus nitride GeP2N4 [44]. As with the kinked GeN4�
2 units, the

germanium atom features a sterically active lone-pair in these GeN3 units. While

the GeN4�
2 units adopt N{Ge{N angles between 105:5 and 113:2� , the GeN3 unit

observed in GeP2N4 has N{Ge{N angles between 85:9 and 92:8� . This indicates

signi�cant hybridization of the Ge 4s and 4p orbitals in GeN4�
2 units, but not in

the GeN3 unit.

Nitridogermanates(IV) may come in the form of trigonal planar GeN5�
3 units,

as was �rst observed in Ba9[GeN3]3N [45]. However, they more commonly appear

as mutually isolated GeN8�
4 tetrahedra. This is the case in compounds such as

Ca4[GeN4], Ca7[GeN4]N2 and Sr7[GeN4]N2 [46, 47]. The tetrahedra may share
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edges to form Ge2N10�
6 units, which were observed in Sr5[Ge2N6]. In Mg(GeN2) and

Ca(GeN2) [48, 49], the GeN4 tetrahedra form in�nite frameworks by corner-sharing,

as shown in �g. 4.

Fig. 4: Two perspectives on the framework of corner-sharing, tetrahedral GeN4 units in
Mg(GeN2).

Most nitridogermanates, especially those with a low degreeof condensation, are

highly sensitive to moisture and oxygen and may even spontaneously ignite upon

contact with moist air. In part for this reason, they are generally not regarded as

particularly suitable for industrial applications. However, they have an interesting

and poorly understood structural chemistry. Publication 2presents the discovery

of nitridogermanates(III), which appear in the form of Ca6[Ge2N6] and Sr6[Ge2N6].

Both compounds are isotypic and contain ethane-like Ge2N12�
6 units with a Ge{Ge

bond. Publication 4 contains, among others, the �rst nitridogermanate in which

trigonal planar GeN5�
3 and GeN8�

4 tetrahedra coexist with Ge4� Zintl anions.

1.5 Nitridosilicates and Nitridoaluminates

Like the more well-known oxidosilicates with their SiO4 units, nitridosilicates are

almost always based on tetrahedral SiN4 units. These units may share corners

or edges, whereas oxidosilicates are known to exclusively share corners between

SiO4 units. Highly condensed nitridosilicate phases such as Ca(SiN2), Ca2(Si5N8)

and Ba(Si7N10) [7, 50{52] are not uncommon. This is in contrast to the nitri-

dogermanates, which seem to have a preference for mutually isolated GeN8�
4 units.

Nitridosilicates(III) have been synthesized in the form of SrSi6N8 and BaSi6N8 [53,

54]. These contain Si{Si bonds as a part of Si2N6 units, which are connected via

corner-sharing to regular tetrahedral SiIV N4 units, forming a three-dimensional

framework. Nitridosilicates with even lower valence are as of yet unknown.

7



1 Introduction

Many nitridosilicates have physical properties which makethem attractive as

materials for various applications. This is especially true for those with highly

condensed three-dimensional networks formed by SiN4 tetrahedra. Such networks

are generally quite inert, hard and rigid due to their stronginternal bonding. This

makes them interesting for applications requiring hard, thermically conductive, but

electronically insulating ceramics, which can be utilizedat high temperatures. In

many cases, they also provide excellent host structures, which, when appropriately

doped, exhibit luminescent properties. Furthermore, potential applications as

lithium ion conductors and non-linear optic materials havebeen investigated [7].

Nitridoaluminates are very similar to nitridosilicates in that they almost ex-

clusively occur in the form of tetrahedral AlN4 units which usually share corners or

edges with other such units. They are also similar in that condensed nitridoalumi-

nates tend to form hard materials as well as suitable phosphor host structures. In

analogy to the oxides, there are nitridoalumosilicates, combining nitridoaluminate

and nitridosilicate units in a single crystal structure. Publication 5 contains such

an nitridoalumosilicate, along with the �rst nitridosilic ate silicide.

1.6 Heavier Nitridotetrelates

Nitridostannates are much less thermodynamically stable than the lighter nitridosi-

licates and germanates. The �rst ternary nitridostannate NaSnII N was synthesized

from Na4[Sn4] and ammonia at 400� C and showed signs of decomposition even at

that comparatively low temperature [55]. The tin phosphorus nitride SnII
6 PV

12N24

was later synthesized at a much higher temperature of 820� C [56], which is possible

because the compound is signi�cantly stabilized by a framework of corner-sharing

PN4 tetrahedra, preventing the loss of N2. Both NaSnN and Sn6P12N24 feature trig-

onal pyramidal SnN3 units with Sn{N distances close to 2.2�A and N{Sn{N angles

close to 90� . Apart from the quite unstable binary tin nitride Sn3N4, no nitridostan-

nates(IV) have been reported. Nitridoplumbates are expectedto be even less stable

and no such compounds are known, including no binary lead nitride.

1.7 Coordination Polyhedra

Highly symmetrical shapes such as Platonic and Archimedean solids, regular

polygons, as well as prisms and antiprisms appear frequently in inorganic crystal
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structures. However, even more often, these polyhedra are distorted compared to

their ideal shape. This may happen for a variety of reasons. Very frequently, crystal

structures are simply constructed from building blocks that do not quite perfectly

�t together given symmetry constraints (which in turn emerge as a way to minimize

energy). As a result, each of the building blocks, i.e. each polyhedron, is slightly

deformed in order to satisfy the aforementioned constraints. The extent of the

distortion is closely associated with the bond strength. For example, in a calcium

silicate, the tightly bound and highly covalent SiO4 tetrahedra typically will have

a much more regular shape than the coordination polyhedra ofcalcium. A related

phenomenon was explained earlier with the distortions occuring in perovskites due

to size mismatches. While a combination of regular octahedraand cuboctahedra

can tesselate three-dimensional space, as seen in the perovskite aristotype structure,

it can still be energetically favorable to instead distort the cuboctahedra in order

to achieve more suitableA{ X distances. Another common reason for the distortion

of coordination polyhedra are electronic e�ects. These include, among others, the

Jahn-Teller e�ect, lone-pair e�ect and Peierls distortion. In these cases, a careful

consideration of the distortion allows for direct inferences about the electronic

structure of a compound.

There are multiple approaches to the quanti�cation of polyhedral distortions.

One relatively simple and popular method is to compare atomic distances or bond

angles between the distorted polyhedron and an ideal version thereof, or between

multiple distorted polyhedra. This approach can be reasonable, but it has several

weaknesses. Unless the distortion is of a very simple type, several atomic distances

or bond angles are required to properly convey its extent. This diminishes the

ease of understanding for the reader, who has to compare multiple values. It also

introduces opportunities for conscious and unconscious biases to slip in, as the

author has to select which values to display. Moreover, it israrely suitable to look

at bond angles and bond lengths when comparing di�erent types of distortions,

which often have very di�erent e�ects on these metrics. Sometimes they may only

a�ect one or the other, as is the case in �g. 5.

Another approach analyzes the shape of the ellipsoid with the smallest vol-

ume that encompasses all atoms in a coordination environment [57]. This approach

is standardized and in principle universally applicable. However, it doesn't neces-

sarily yield any information about the distortion of a polyhedron. Instead, it is only
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concerned with how strongly the bounding ellipsoid deviates from a spherical shape,

i.e. how oblate or prolate a given polyhedron is. For example, polyhedron b in �g.

5 registers as perfectly spherical using this mode of analysis { its distortion from

the cube is not recognized at all. This is not to mean that the ellipsoid approach is

invalid, rather that it answers a very speci�c type of question.

Another approach to quantifying the distortion is based on �tting a model of

an ideal polyhedron to the distorted coordination polyhedron. This involves

pairing up the vertices of the model with the atoms constituting the coordination

polyhedron. Once the optimal pairing is found, the model is rotated and rescaled to

achieve the closest �t. The distortion can then be quanti�edbased on the distances

of the model vertices from the atoms they are paired with. This method was

�rst described by Dollase [58], who described an algorithm �tting models of �xed

proportions by means of a least squares �t. Later, Pinsky andAvnir presented their

continuous shape measures (CShM). Based on essentially thesame method as was

found by Dollase, they quantify distortions from polyhedrawith �xed proportions

in terms of the parameterS, which is determined as

S = 100

P

k
jQk � Pk j

P

k
jQk � Q0j

(2)

where Qk is an atom vector,Pk is the vector of the model vertex it is paired with

and Q0 is the centroid of all atom vectors (and consequently of all model vectors).

The �nal value of S assumes the optimal pairing of atoms and model vertices, as

well as the optimal size and orientation of the model. This value may range from 0

to 100, with the former indicating a perfect match.
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Fig. 5: Two di�erent distorted polyhedra (grey) { a prolate square pri sm (a) and a twisted
square prism (b) { with cube models �tted to them (blue), each viewed from the side and
from the top. Polyhedron a features all right angles, but has unequal edge lengths while
polyhedron b has equal edge lengths, but oblique angles. Both polyhedra deviate from the
closest �tting cube to the same extent according to eqn. 2 (Sa = Sb = 2 :25).

The CShM is part of a larger family of metrics de�ned by the Avnir group, all of

which rely on the parameterS de�ned in equation 2 [59{61]. All of these metrics

are based on �tting a model to a set of atoms, but the operations allowed to �t the

model are di�erent in each case. For a continuous symmetry measure2 (CSM), the

model may be deformed in such a way that it still conforms to a given point group.

The continuous chirality measure (CCM) requires the model to be achiral, with no

other restrictions.

The CShM is probably the most widely used metric for the quanti�cation of

polyhedral distortions. Two computer programs {shape [62] and ChemEnv [63]

{ were developed to measure it. The former features a wide range of polyhedral

models with �xed proportions. Each polyhedron to be analyzed requires a separate

input �le which speci�es the atomic coordinates, the model to be �tted and a

number of other parameters. The more recently developedChemEnv is capable

of taking .cif �les as input and �nds coordination environments more or less

automatically, which makes it much more user friendly. However, it is still limited

to polyhedral models with �xed proportions and few vertices. Publication 3 presents

a new program with signi�cantly expanded capabilities.

2It should be noted that the term continuous symmetry measureis unrelated to the mathematical
distinction between discrete and continuous symmetries. For example, a circle has continuous
rotational symmetry, meaning it is invariant under any rotation around its center in two-
dimensional space. In contrast, a square has discrete rotational symmetry { it is invariant
under rotations by multiples of 90� .
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2 Experimental Methods

2.1 Synthesis

The synthesis of new nitride compounds was accomplished using the same basic

procedure in all cases. Since all products and some of the reactants were highly

air-sensitive, all manipulations were carried out in a glovebox holding an argon

atmosphere, which generally contained less than 1 ppm oxygen. Batches were pre-

pared in niobium ampoules. These were manufactured by welding shut the ends of

a short niobium tube using an arc-welding device integratedinto the glovebox (see

�g. 6). The raw ampoules were previously cleaned by submersion in acetone and

subsequently 50 % acetic acid in an ultrasonic bath for an hour each. The niobium

tubes generally had a length of 7 cm, a diameter of 1 cm and a wall thickness of

0.5 mm. When preparing larger samples for the sake of neutron di�raction mea-

surements, tubes with a width of 2 cm and a length of 5 cm were used instead.

Reactants were weighed on an Ohaus AS200 balance, which was later replaced with

a model PA224C from the same manufacturer. Almost all syntheses featured small

chunks of an alkaline earth metal, a powdered tetrel elementand a separate nitrogen

source as reactants. In almost all cases, sodium metal was added as a ux agent,

usually enough to approximately match the respective alkaline earth metal in terms

of mass. While nitrogen is scarcely soluble in pure sodium, the presence of alka-

line earth metals increases the solubility signi�cantly. Compounds such as NaBa3N

[64] and Na16Ba6N [65] obtained from solutions of nitrogen in sodium-barium melts

suggest this is due to nitride ions being octahedrally coordinated by barium atoms

[66]. On the other hand, the solubility of N3� ions in a sodium-barium solution at

300� C is reportedly limited to one fourth of the molar barium content, suggesting

presumably tetrahedral Ba4N units [67].
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Fig. 6: Sealing ampoules using an arc-
welding device integrated into the glove
box. A handle (1) is used to move the
tip of an electrode (2), from which an
electric arc extends to the ampoule (3).
The ampoule is held in position by a
copper socket (4), which is grounded (5)
and water-cooled (6).
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Fig. 7: Furnace setup. A steel crucible (1)
containing one or more ampoules (2) is placed
inside a silica glass tube (3) on top of a corun-
dum spacer (4). The tubular furnace (5) is
insulated by some glass wool (6). A minute
ow of argon (7) is passed through, leaving
via a bubbler (8) �lled with para�n oil (9)
and equipped with a backstop (10).

After sealing the ampoules, they were heated in a tubular furnace for several days.

For this purpose, they were placed in a steel container whichwas put into a silica

glass tube. To prevent crystallization of the silica glass and ultimately its structural

failure, corundum spacers were placed underneath the steelcontainer such that

there was no laden point of contact between steel and glass. The glass tube was

evacuated and ushed with argon gas. As illustrated in �g. 7, adynamic argon

ow was applied while heating in order to prevent the oxidation of the niobium

ampoule. While a large variety of heating programs were tested, only three of

them initially yielded suitable crystals and were subsequently reused for analogous

syntheses. These are illustrated in �g. 10.
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Fig. 8: Sodium is extracted in an H-
tube. The sample leg (1) is cooled by
a bath of dry ice and ethanol (2), re-
sulting in the blue color of electrons sol-
vated in ammonia around the sample
(3). The valve leg (4) is submerged in
a water bath (5). Both legs are con-
nected via a bridge (6). The apparature
is closed by a ange (7) and a valve (8),
which controls the gas exchange with
the tensieudiometer.
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Fig. 9: Sketch of the tensieudiometer used for
this thesis. Pressurized ammonia (1) could
be introduced through a �lter (2). A vac-
uum pump (3) provided a way to evacuate
the apparature. The gas-�lled volume of the
apparature was constant, with two large glass
balloons (4) making up most of it. The �lling
level was monitored via a pressure gauge (5).
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no. T1 / � C t1 / h T2 / � C t2 / h

1 980 0 900 96

2 870 0 820 96

3 720 72 - -

Fig. 10: The three most frequently used temperature programs for syntheses presented in
this thesis. The �rst temperature T1 was reached by heating with a rate of 100 K� h� 1.
For programs 1 and 2, upon reachingT1, the furnace was very slowly cooled toT2 at a
rate of 1 K � h� 1. After completing a program, the furnace was allowed to cool naturally.
Cooling to 100� C this way generally took 4{5 h.

After heating, the ampoules were opened using a pipe cutter and a pair of pliers.

They generally contained small crystals (usually 0.2 mm or smaller) enclosed in a

sticky matrix of sodium. The content was scraped out using a spatula and placed in

the open leg of an H-tube (see �g. 8). The H-tube was sealed and transferred to a

tensieudiometer (see �g. 9) [68]. After evacuating and ushing the tensieudiometer

with ammonia twice, the H-tube was also evacuated and ushed with ammonia,

up to a pressure of 1.1 bar. The leg with the sample was submerged in a mixture

of ethanol and �nely crushed dry ice. Once enough ammonia hadcondensed to

reduce the pressure to 0.3 bar, the H-tube was taken out of the cooling bath and

shaken in a horizontal motion while upright, such that the content of the sample

leg did not spill. After letting the contents settle for a few seconds, the dark blue

liquid in the sample leg was decanted into the valve leg. This often resulted in

vigorous boiling of the ammonia, and care was taken to prevent spilling into the

tubing connecting the H-tube to the tensieudiometer. The boiling could be delayed

by exposing the sample leg to the cooling bath for longer. Following the decanting

step, the sample leg was placed in the cooling bath again, while the valve leg was

placed in cool tapwater. This resulted in the ammonia boiling o� from the valve

leg and condensing back into the sample leg. It was importantthat both legs were

covered in their respective baths up to the bridge. This ensured vigorous, but

even boiling and quick condensation, preventing spillage.The pressure typically

returned to 0.3 bar within �ve minutes and the extraction procedure was repeated

several times until the liquid in the sample leg became clearand colorless or at least
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reached a faint blue color. Ice forming on the outside of the valve leg was removed

before decanting and the tapwater was changed every four or �ve iterations. This,

along with the deep submersion, helped to prevent the viscous, boiling liquid from

climbing up the walls of the valve leg. Once the sodium was fully extracted, the

H-tube was evacuated, dried using a heat gun and transferred to the glove box.

Initially, the main nitrogen sources used for synthetic experiments were strontium

nitride Sr2N and barium nitride Ba2N. These were prepared from the elements

according to [69]. However, because of their poorly de�ned nitrogen content due

to the presence of diazenides such as Sr4N3 [70] and BaN2 [71], these were soon

abandoned in favor of sodium azide NaN3. Unfortunately, its high nitrogen content

and its tendency to adhere to various surfaces3 made the available sodium azide

very di�cult to weigh with any precision. Sodium amide NaNH2 was found to be a

suitable alternative and was used for the majority of experiments. The hydrogen it

contains is easily able to di�use through the walls of the niobium ampoules at the

reaction temperatures (� 720� C) [72]. Sodium amide was prepared by Christian

B•aucker from sodium metal and liquid ammonia at 110� C [73]. Germanium nitride

Ge3N4 was also found to work well for the synthesis of both nitridogermanates

and germanides, including inverse perovskites. The only exception occurred with

Sr6[Ge2N6], which could not be reproduced when germanium was replaced by

Ge3N4. Otherwise, the choice of the nitrogen source did not have anobservable

e�ect on the experiments. It seems likely that all of these compounds were dissolved

in the ux or otherwise destroyed before the �nal products formed.

2.2 Powder X-Ray Di�raction

Powder X-ray di�raction measurements were performed on every sample. This

served as a preliminary test to help identify the main products resulting from a

synthetic experiment. It was also an important tool for determining the crystal

structure of the inverse perovskites.

Samples were ground to a �ne powder in an agate mortar. Using a spatula,

a thin layer of vacuum grease was added to two circular cuttings of X-ray amor-

phous foil (i.e. rescue blanket). A small portion of the powdered sample was placed

3Possible reasons include electrostatic charge or residual water content. The latter would further
disqualify this batch of sodium azide as a reactant.
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on the center of the greased side of one of the foil pieces and spread such that

a thin layer of sample covered roughly half the radius of the foil. The other foil

cutting was placed on top such that the greased sides faced each other. The at

side of a spatula was gently pressed onto the margin of the foil sandwich to seal

it. The foil sandwich containing the sample was then inserted into a sample holder

and mounted onto an X-ray di�ractometer. Two di�erent di�ract ometers were

utilized; a Stoe Stadi P using Cu-K � 1 radiation and a Stoe Stadi MP using Mo-K � 1

radiation, both in transmission geometry. Samples containing strontium were

always measured using Cu-K � 1 radiation, as strontium absorbs Mo-K � 1 radiation to

a signi�cant degree, which also leads to X-ray uorescence, rendering the resulting

di�ractogram near useless. For samples devoid of strontium, using Mo radiation

was generally preferred because it took less time to generate a decent di�ractogram.

2.3 Single Crystal X-Ray Di�raction

All samples were inspected under a microscope integrated into the glove box. Single

crystals were identi�ed using criteria such as at faces, straight edges, convexity

and uniformity. For easier inspection and cleaning, crystals were suspended in

peruorinated oil. In some cases, single crystals were broken o� from larger

agglomerates using a dissecting needle. Crystals larger than roughly 0.1 mm were

also broken up into smaller pieces. To prevent the fragmentsfrom ying o�,

peruorinated oil was applied here as well. Suitable crystals were picked up with a

thin glass �lament, the tip of which was coated with a minute amount of vacuum

grease to make the crystals stick to it. The �lament holding the crystal was inserted

into a glass capillary with a width of 0.3 mm and a wall thickness of 0.01 mm. The

crystal was wiped o� with a twisting and pulling motion such that it stuck to

the inside of the capillary wall approximately 2 cm from the end. After removing

the �lament, a small platinum wire coil was heated to a yellowglow by passing a

current through it. The coil was used to cut through the capillary like a hot knife

through butter, sealing it in the process. To make the somewhat fragile seal more

sturdy, it was dipped into molten para�n wax, which quickly cooled and formed

a small protective bulb around it. The capillary could then be mounted onto the

goniometer head of a single crystal di�ractometer.
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Most crystals were measured on a Bruker-Nonius� -four circle di�ractometer with

CCD detector using Mo-K � 1 radiation. In some cases, a Stoe Stadivari equipped

with two X-ray tubes emitting either Mo-K � 1 or Ag-K � 1 radiation was employed

instead. A Stoe IPDS-1 equipped with a Mo-K � X-ray tube was used for some

preliminary measurements and unexpectedly provided excellent data when used on

a large crystal of Ca4(AlSiN5). The single crystal di�ractometers were operated by

Falk Lissner, Ingo Hartenbach, Sabine Strobel and Manuel H•a�ner.

2.4 Neutron Di�raction

A number of perovskite samples were analyzed using neutron di�raction, either at

the Institute Laue-Langevin (ILL) in Grenoble or at the Maier-Leibniz Zentrum

(MLZ) in M •unchen. While other analytic methods required only a few milligrams

of sample, neutron di�raction yields much better data quality with larger amounts.

This is due to a combination of three reasons. Firstly, a neutron beamline provides

a much lower particle ux than a regular X-ray tube. Secondly,neutrons generally

penetrate materials more deeply than soft X-rays, which conversely means they

are scattered (or absorbed) less often than X-rays. Finally,time slots for neutron

di�raction measurements are limited. To obtain 3� 4 mmol or roughly 1 g of each

perovskite, the synthetic approach was scaled up slightly,using wider ampoules as

mentioned in section 2.1. Samples obtained this way were �nely ground and added

to vanadium cuvettes. Cuvettes were sealed using indium gaskets. Measurements

were conducted by or with the help of beamline scientists Thomas Hansen at ILL

and Volodymyr Baran at MLZ.

2.5 Raman Spectroscopy

Raman spectroscopy is a method to detect vibrations during which the polarizability

of a molecule changes. To do this, a sample (e.g. a small crystal) is irradiated

with monochromatic light, generally from a laser source. This leads to both elastic

and inelastic scattering. The scattered light is picked up by a detector, typically

positioned at a right angle. Elastic scattering is in this context also known as

Rayleigh scattering and does not contribute to the Raman method, other than by

creating a large peak in the background of the detected spectra. Inelastic scattering

can be separated into Stokes and anti-Stokes scattering depending on the wave-

length of the scattered light. Both result in peaks which occur in regular intervals

when plotted by frequency or, more commonly, wavenumber. Stokes scattering
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2.6 Combustion Analysis

arises due to the molecule at which the photon is scattered adopting a higher

vibrational mode after the scattering than before, thus reducing the frequency of the

scattered photon. Conversely, anti-Stokes photons have a higher frequency after the

scattering due to the molecule adopting an energetically lower mode of vibration.

This is possible if the molecule is in an excited vibrationalstate before the scat-

tering takes place and can thus contribute some of its energyto the scattered photon.

Raman spectroscopy was conducted by Kevin Barei� and RobertStelzer on

a Horiba Xplora spectrometer equipped with 532 nm and 638 nm laser sources.

In many cases, the black color of the samples meant they absorbed most of the

light which could otherwise be scattered, resulting in unusable spectra with an

unfavorable signal to noise ratio.

2.6 Combustion Analysis

Combustion analysis is a method aimed at revealing the elemental composition

of a sample. It works by heating the sample to high temperatures, where it will

thermally decompose. Gases released this way are analyzed using techniques such

as infrared spectrometry. For this thesis, combustion analysis was used to obtain

auxiliary information about the content of nitrogen, oxygen and hydrogen of a

variety of samples. A LECO ONH836 hot gas extraction device operated by Manuel

H•a�ner and Sebastian Kunkel was used for this purpose.

Samples were added to small tin capsules, which were closed by pinching to-

gether and tightly furling the upper rim using tweezers. Thecapsules were placed

in a small nickel basket and transferred to the analysis device under argon. The

nickel basket was placed in a graphite crucible and put into the heating chamber,

which was then purged with helium and heated to 2000� C. At this temperature,

tin and nickel quickly melt and the sample thermally decomposes. Any oxygen

released this way reacts with the graphite to quantitatively form carbon monoxide

(the Boudouard equilibrium being shifted to that side due tothe high temperature).

Nitrogen and hydrogen are released as dinitrogen and dihydrogen gas, respectively.

A helium ow carries these gases over a copper oxide catalyst, where hydrogen

and carbon monoxide are converted to water and carbon dioxide,respectively.

They are detected as such by an infrared spectrometer and subsequently removed,

presumably with the help of an alkaline reagent. The concentration of nitrogen
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2 Experimental Methods

is then obtained by measuring the thermal conductivity of the leftover carrier gas

(helium being much lighter than dinitrgogen makes it a better thermal conductor).

To improve the statistical signi�cance of these measurements, three tin capsules

were each �lled with 10{50 mg of a sample.
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3 Publications

This thesis is based on the following self-contained publications included in this

section:

1. Elpasolite-type Superstructures in Inverse Perovskite Nit rides

published 2024 inProgress in Solid State Chemistry

2. The Reduced Nitridogermanates(III) Ca 6[Ge2N6] and Sr6[Ge2N6] with Ge{

Ge Bonds

published 2021 inAngewandte Chemie

3. Polynator : A Tool to Identify and Quantitatively Evaluate Polyhedra and

other Shapes in Crystal Structures

published 2023 inJournal of Applied Crystallography

4. Diversity of Strontium Nitridogermanates(IV): Novel Sr 4[GeN4],

Sr8Ge2[GeN4] and Sr17Ge2[GeN3]2[GeN4]2
published 2020 inZeitschrift f•ur anorganische und allgemeine Chemie

5. Diversity in Nitridosilicate Chemistry: The Nitridoalumosil icate

Ca4(AlSiN 5) and the Nitridosilicate Silicide Ca 12Si4[SiN4]

published 2022 inZeitschrift f•ur anorganische und allgemeine Chemie

The supporting materials are included as part of the appendix.
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Polynator is a Python program capable of identifying coordination polyhedra,
molecules and other shapes in crystal structures and evaluating their distortions.
Distortions are quantiÞed by Þtting the vertices of a model to a selected set of
atoms. In contrast to earlier programs, models can be deformable, which allows
them to represent a point group or a range of shapes such as theset of all
trigonal prisms, rather than a speciÞc, rigid shape such as the equilateral trigonal
prism. The program comes with a graphical user interface andis freely available.
This paper discusses its working principle and illustratesa number of
applications.

1. Introduction

In chemistry and crystallography, coordination environments
are regularly described in terms of polyhedra. These poly-
hedra are crucial in understanding and analyzing crystal
structures and their relations to material properties. Owing to
electronic effects or size mismatches, they are frequently
distorted to various degrees from their ideal conÞguration.
With some coordination environments it can even be chal-
lenging to Þnd the closest-matching well deÞned polyhedron
in the Þrst place. Moreover, the extent of the distortion is
notoriously difÞcult to quantify. In many cases, it can be
desirable to know the degree of distortion relative to the
closest-matching shape which obeys a given set of constraints,
e.g. a speciÞc point-group symmetry. However, although
various authors have proposed formulae, algorithms and
programs, there is not yet a universal tool to quantify these
distortions. The idea of quantifying deviations from models
with an ideal reference shape was explored in an early
publication by Dollase (1974). His purely geometrical method
pairs the atoms in a given coordination environment with the
vertices of a model polyhedron. After the model has been
iteratively rotated and scaled to minimize the squares of the
distances between atoms and the corresponding model
vertices, the distortion can be quantiÞed on the basis of the
residual deviation. Using a similar approach, Zabrodskyet al.
(1992) deÞned the continuous symmetry measure (CSM),
which Pinsky & Avnir (1998) later followed up with the
continuous shape measure (CShM). Both rely on the scale-
independent metricS for the deviation of an arrangement of
atoms from a reference model, deÞned as

S¼ 100

P
i ai � vi

�
�

�
�2

P
i ai � c
�
�

�
�2

 !

; ð1Þ

whereai is a vector with the Cartesian coordinates of an atom
i, vi is the vector of its corresponding model vertex andc is the
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centroid of all atom vectorsa. Provided an optimal orientation
and size of the model and an optimal pairing of atom and
model vertices,S may assume values from 0 to 100, where 0
signiÞes perfect agreement between atoms and model vertices.
Although both CSM and CShM are based on the same deÞ-
nition of S, the difference lies in the way the reference model is
obtained. CShM refers to scalable but otherwise rigid prede-
Þned models. CSM on the other hand refers to the closest-
matching model that conforms to a given point-group
symmetry. In the cases of the regular polygons, the Platonic
solids, the Archimedean cuboctahedron and the Archimedean
icosidodecahedron, CSM and CShM are equivalent. In any
other case, CSM allows for more degrees of freedom and will
thus generally produce lower values. Continuous chirality
measures (CCMs) and symmetry operation measures (SOMs)
belong to the same family (Alvarezet al., 2005; Echeverrõ«a &
Alvarez, 2008). They refer to the closest-matching models
which are achiral (CCM) or conform to a single symmetry
element (SOM).

The computer programshapewas Þrst released in 2003 to
allow users to obtain continuous shape measures of coordi-
nation environments found in chemical compounds (Llunellet
al., 2013).ChemEnv, a program that can identify many poly-
hedra with Þxed proportions by comparing their continuous
shape measures, is also based on this approach (Waroquierset
al., 2020). A great advantage ofChemEnvcompared with
shapeis that it accepts.cif Þles as an input and Þnds coor-
dination environments with minimal user intervention, based
on the central atoms. TheCoSyM (Continuous Symmetry
Measures) program (website http://csm.ouproj.org.il main-
tained by Tuvi-Arad and Avnir) is capable of calculating
SOMs and CCMs (as well as CShMs for a small set of models).
By comparing various different SOMs, it enables the user to
make approximate statements about the full point-group
symmetry of a given atom arrangement (Echeverrõ«a &
Alvarez, 2008).

In a different vein, a symmetry-independent method that
quantiÞes the distortion according to the sphericity of an
ellipsoid Þtted to the coordination environment was proposed
by Cumby & AttÞeld (2017). Yet another approach was taken
with the PolyDis software, which allows the user to Þt models
of the most frequently encountered polyhedra to their data
based on minimal average distances (Stoiber & Niewa, 2019).

Here we presentPolynator, a Python program based on a
similar method to that of the CSM family of metrics. However,
in contrast to those, it overcomes the limitations of separate
shape and symmetry measures by making use of dynamic
models. It takes.cif Þles as input and, with minimal user
input, Þnds coordination environments, molecules and other
arrangements of atoms within the crystal structure. The
program may be used independently or most comfortably via
its own graphical user interface (GUI). In addition to detailed
output Þles and tables, new.cif Þles with only the coordi-
nates of real atoms and model vertices can be generated to
allow for easy visualization in external programs.Polynatoris
equally well suited for the analysis of individual coordination
environments, molecules or cages and for screening large

databases to map trends within structural families. It is freely
available via download from https://www.iac.uni-stuttgart.de/
en/research/akniewa/ as a Python script or as a compiled
version for simple use with Microsoft Windows.

2. Working principle

Most of the earlier programs are limited to polyhedra of Þxed
proportions, whereasPolynatoris built to Þt dynamic models
with any number of free parameters. In contrast to the rigid
models employed byshapeand ChemEnv, dynamic models
can not only be rotated and scaled but also deformed in a
variety of ways speciÞcally deÞned for each model (e.g.
stretching, twisting, puckeringetc.). Dynamic models can thus
adequately represent the general deÞnition of polyhedra such
as prisms and pyramids with a variable height-to-width ratio,
effectively providing point-group symmetry analysis for many
atom arrangements of small and medium size.

For example, Fig. 1 shows a number of model polyhedra
which are derived from the cube by adding one or more
degrees of freedom. All of these are included inPolynator,
along with a wide array of other predeÞned models of up to 60
vertices, currently 211 in total. This includes, among others, all
Platonic and the nine Archimedean solids, 28 Johnson poly-
hedra, the canonical FrankÐKasper polyhedra and three of
their dual fullerenes, various prisms, antiprisms, pyramids and
bipyramids, and models for common organic building blocks,
as well as dynamic models to account for distorted versions of
the polyhedra most frequently encountered in inorganic
crystal structures. The full list is included in thePolynator
manual provided in the supporting information. To cover any
unforeseen needs, the user can deÞne additional custom
models using the GUI.

Every model is granted three translational and two rota-
tional degrees of freedom. In addition, various types of free
parameters (see Table 1) determine its shape. A simple
example is the scaling parameter, which preserves the
proportions of the model and is utilized primarily for rigid
models such as Platonic and Archimedean solids. There are
also independent width and height parameters, which lend
themselves to prisms, antiprisms, pyramidsetc. Parameters for
torsion angles help to Þt twisted prisms and the like. Height,
width and torsion angles can also be modulated via sinusoidal
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Table 1
Parameter types deÞned inPolynatorwith exemplary uses.

Parameter type Exemplary models

Scale (sc) Platonic and Archimedean solids, Johnson
polyhedra, hexacapped cube

Height (h) Prisms, pyramids, the majority of models
Width (w) Prisms, pyramids, the majority of models
Torsion angle (• ) Twisted prisms, biphenyl skeleton
Modulated height (~hh) Dynamic triangular dodecahedron,

18-crown-6 skeleton
Modulated width (~ww) Rhombus, 18-crown-6 skeleton
Modulated torsion angle (~•• ) Rectangle, cuboid, anticuboid, 18-crown-6

skeleton
Composite parameters Pyritohedron, elpasolite cuboctahedron
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functions. This allows, for example, a square to morph into a
disphenoid, rhombus or rectangle. Lastly, functions binding
multiple parameters to fewer variables can be deÞned in order
to afford polyhedra such as the pyritohedron or the tetra-
hedrally distorted elpasolite-type cuboctahedron. For details
on the Þtting process, see the manual. Since quite a few models
are neither rigid nor constrained by symmetry alone, it is not
always clear how to classify the distortion values within the
CSM framework. Some models contain rigid parts but are not
altogether rigid, such as the biphenyl skeleton. Others have
other extrasymmetrical constraints,e.g. preserving the
planarity of their faces, such as the rhombohedron, rhombic
prism, pyritohedron and others. Instead of adding a member
to the already numerous CSM family (Pinsky & Avnir, 1998;
Alvarez et al., 2005; Echeverrõ«a & Alvarez, 2008), we propose

a new metric, which measures the distortion relative to a
speciÞed model. This is the distortion value� , deÞned as

� ¼ 100

P
i ai � vi

�
�

�
�2

P
i ai � c
�
�

�
�2

 ! 1=2

; ð2Þ

whereai is an atom vector,vi is the vector of its corresponding
model vertex andc is the centroid of all atom vectors. While
this distortion metric is closely related to theS parameter of
the CSM family via S¼ 0:01� 2 or � ¼ 10

���
S

p
, it scales

approximately linearly instead of quadratically with small
deviations from the reference model, as illustrated in Fig.2.
This leads to a more intuitive and arguably less skewed
understanding of the extent of distortion. It also yields more
reasonable values for small distortions: where CSM-type
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Figure 1
Partial tree diagram of model polyhedra derived from the cube by symmetry reduction. Higher positions in the diagram indicate higher symmetry. For
simplicity, the bicapped trigonal antifrustum (3) and the bicapped trigonal twisted prism (32) have been omitted.

Figure 2
Progressively increasing rhombic distortion of a quadrilateral arrangement of atomsa (dark gray) measured against the verticesv of a square model
(blue). The rhombus is contracted along thea1a3 diagonal by a factork and stretched along thea2a4 diagonal by the same amount. Values of the
distortion metrics� and S (CSM) are plotted in the diagram on the right, with the examples given on the left marked with dots. Note: these are very
strong distortions. Common use cases for a program such asPolynatorinvolve distortion values� < 30. In this range, the� curve is approximately linear,
and theS curve is approximately quadratic.
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values often require three or more decimal places to discerna
small distortion from a perfect Þt, two decimal places will
basically always sufÞce for� . Nonetheless,Polynator can be
conÞgured to yield CSM-type values instead of� values and
the detailed output Þles it generates always contain both
values.

2.1. Process

For each.cif Þle provided as an input by the user,Poly-
nator traverses the process outlined in Fig. 3. We will proceed
by brießy explaining each step.

Step 1. The input .cif Þle is read and the relevant atom
vectors are generated according to symmetry instructions.

Step 2. Atom arrangements to be Þtted can be classiÞed into
coordination environments and molecules. A coordination
environment may be generated around a selected central atom
(or dummy atom coordinates) following one of several
methods. The most basic method is to include all atoms whose
distance from the central atom is within a user-speciÞed range.
Alternatively, the user may assign atomic radii to each atom. It
is furthermore possible to specify a maximal coordination
number; excess ligands with the highest distance from the
central atom are excluded Þrst. Coordination environments
can also be constructed by a simple algorithm, Þnding gaps in
consecutive centerÐligand distances. Last but not least, an
algorithm based on the Voronoi polyhedron around the
central atom is available to the user. It considers an atom a
ligand if the solid angle subtended by its associated Voronoi
face from the perspective of the central atom is greater thana
given threshold (20� by default). This last algorithm is loosely
based on the deÞnition by OÕKeeffe (1979) for the coordina-
tion number and very similar to the method used byChemEnv
(Waroquierset al., 2020). Since there is no single unbiased
method to determine which atoms should be counted as
ligands,Polynatorleaves the choice to the user.

Molecules are constructed on the basis of their connectivity
according to user-speciÞed or default atomic radii. Subsections
(e.g.ethane units, icosahedra, porphyrin rings, fullerenes) can
automatically be extracted from molecules or inÞnite frame-
works by a number of predeÞned or user-speciÞed topological
strategies. This does not require any pre-deÞned bonds, just a
regular .cif Þle and the name of the desired topological
shape.

Step 3.A model prototype with the appropriate number of
vertices for a given atom arrangement is constructed. Model
vertices are stored not as Cartesian coordinates but as a
compressed set of parameters directing their constructionand
manipulation. These parameters do not affect single vertices,
but entire symmetry-aligned groups of them, referred to as
belts. These belts are orthogonal to and are stacked along a
model axis. For example, as illustrated in Fig. 4, an anti-
cuboctahedron (or rigid triangular orthobicupola) is split into
three belts. The information associated with each belt is listed
in Table 2, namely the number of vertices it contains, the basic
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Figure 4
Anticuboctahedron (also known as a trigonal orthobicupola), split into
belts along its6 axis, which is used as the model axis. The individual model
vertices within a belt are labeled aÐf.

Table 2
Widths, heights, torsion angles and free parameters for theconstruction
of an anticuboctahedron.

Belt
n
vertices

Width
coefÞcient

Height
coefÞcient

Torsion
angle

Free
parameters

1 3
�������
1=3

p �������
2=3

p
0 sc1

2 6 1 0 � /6 sc1
3 3

�������
1=3

p
�

�������
2=3

p
0 sc1

Figure 3
SimpliÞed ßow chart of the working principle. Multiple crystal structures
and multiple atom arrangements per crystal structure can beprocessed in
one run, not reßected here for simplicity.

Figure 5
Twisted trigonal prism with three free parameters, namelyh1 for its
height,w1 for its width and• 1 for the torsion angle between the bases. In
general, a model may have any number of parameters.

43



cylindrical coordinates for the entire belt (width, height,
torsion angle) and any free parameters (in this case only the
same scaling parameter for each belt). The individual vertices
are constructed by rotating them around the model axis by
multiples of 2� /n, wheren is the number of vertices in that
belt. Fig. 5 illustrates the deformations allowed by the free
parameters of a dynamic twisted trigonal prism.

Step 4. Identifying the optimal pairing scheme of model
vertices with their real counterparts found in the crystal
structure is sometimes easy to do for humans but deceptively
difÞcult for computer programs. The brute force approach of
checking every possible permutation of modelÐreal vertex
pairs is the only way to guarantee the optimal result. However,
the number of required evaluations grows factorially with the
number of vertices, quickly rendering this approach infeasible
for all but the lowest coordination numbers. As explained by
Waroquierset al. (2020), the number of evaluations can be
reduced slightly by taking into account the symmetry of the
model. Unfortunately, this does not ultimately solve the
problem of unmanageable numbers of vertex permutations.
The CoSyMprogram takes advantage of the topology of the
vertex Þgure (Alon & Tuvi-Arad, 2018) to achieve a signiÞcant
reduction in the number of permutations. Although this
approach is very well suited for molecular structures due to
their rather predictable bond lengths and comparatively low
connectivities, it can run into problems when dealing with
more irregular coordination polyhedra. Instead, depending on
the model,Polynatorchooses one out of several strategies to
Þnd the best Þt without checking many combinations. When
Þtting a coordination polyhedron or cage, it is assumed that
the real ligands are spread out more or less equally on a
spherical shell around their centroid. The atom arrangement is
sequentially scanned along the directions of 92 vectors
pointing from the centroid to equally spread out locations on a
unit sphere surface. It is then estimated how well the scanned
atom arrangement agrees with the model for each of these
directions. To do this, for each scanning step, the ligand vectors
are Þrst Þlled into the model belts according to their dot
product with the scanning direction vector. The approximate
model axis is then constructed as the eigenvector with the
largest eigenvalue of a covariance matrix formed from the
centroids of all belts. The Þt quality is estimated according to
the distance of each belt centroid from the model axis and the
difference in dot product with the model axis between each
vertex and the respective belt centroid. A small number of
assignment schemes with the best estimated agreement qualify
for full evaluation.

When handling strongly prolate models, such as the bi-
phenyl skeleton, a very simple strategy of Þnding the belt
assignment scheme is employed instead. The model axis, or the
ÔlongestÕ axis of the atom arrangement, is constructed as the
eigenvector with the largest eigenvalue of a covariance matrix
formed from all atom vectors. The vectors are ranked
according to their dot product with that axis and Þlled into the
belts accordingly. For multi-belt oblate models, such as the
porphyrin skeleton, the atom vectors are simply ranked by
their distance from the centroid. The performance and accu-

racy of the assignments is further improved by the possibility
for models to inherit their assignment from a less general
version of themselves, provided that version is a good Þt. For
example, a trigonal antiprism may effectively copy the
assignment of a previously Þtted regular hexagon or octahe-
dron. However, when copying from an octahedron, four
different orientations must still be Þtted. Though none of
these strategies are technically guaranteed to Þnd the best
assignment scheme, they appear to be very reliable as long as
the atom arrangement resembles the model to some degree.

Step 5. After the atom vectors have been assigned to belts,
they have to be paired with the model vertices within their
belt. This is done by rotating the model so that one of its
vertices has the same torsion angle around the model axis as
one of the atom vectors in the same belt. This torsion angle is
set to 0� and the clockwise angles of the other vectors are
measured with respect to it. The vectors within each belt are
then sorted according to their angle and paired up according
to this order. The agreement between model and real atoms is
estimated according to the individual angular deviations
between paired vectors, weighted by the distance from the
model axis. The Þnal pairing scheme is determined by
repeating this process for each atom vector and selecting for
the best agreement.

Step 6. Once the vectors are paired up, the model orienta-
tion can be adjusted to optimally Þt the real coordination
environment. This task is carried out by a Kabsch algorithm
(Kabsch, 1976).

Step 7. Subsequently, the values of free shape parameters
deÞned individually for each model are determined via least-
squares Þts. In the majority of cases, this can be done analy-
tically by simply measuring averages of vector components
(height, width, magnitude). Otherwise, the optimal value must
be determined iteratively. Since the optimal solutions for
shape and orientation are generally interdependent, the
sequence of steps 6 and 7 has to be executed several times
until a convergence criterion is reached (the� value ceases to
improve by more than 10� 5 between cycles).

3. Examples and applications

3.1. Shape recognition and classification

Since Polynator is capable of automatically recognizing
polyhedra and quantifying their similarity to a wide range of
models, a very basic use case is the identiÞcation of ÔexoticÕ
polyhedra, such as the elongated gyrobifastigium. This is
found as a coordination polyhedron of the Th site in the
� -ThSi2 structure type, but has not been identiÞed as such in
the publications we are aware of. This elongated gyrobifasti-
gium is distinct from the regular gyrobifastigium, which can be
found in the same structure type (Alvarez, 2017), as depicted
in Fig. 6. The high-pressure CaFeTi2O6 phase, as described by
Leinenweber & Parise (1995), contains both the regular
gyrobifastigium and another somewhat uncommon Johnson
polyhedron, the sphenocorona.Polynator also natively
includes over 40 model polyhedra with more than 12 vertices,

computer programs

J. Appl. Cryst.(2023). 56, 1855–1864 Link and Niewa � Polynator: a tool to identify shapes in crystal structures 1859
44



many of which are represented in intermetallic phases (Zintl
& Haucke, 1938, 1940; Kasperet al., 1965; Ban & Sikirica,
1965), zeolites (Broussard & Shoemaker, 1960) or boron
clusters (Popovet al., 2015).

Another simple application is Þnding the best description of
a given ÔirregularÕ coordination polyhedron. For example,in
the scheelite-type Bi[VO4] compound (Mariathasanet al.,
1986), bismuth is coordinated by eight oxygen atoms in an
arrangement that could be understood as a distorted version
of either a triangular dodecahedron, a bicapped trigonal prism

or a tetragonal antiprism. As illustrated in Fig. 7, when
comparing the Þt for rigid versions of all three models, it
becomes clear that the triangular dodecahedron is the best
description, although not by a very large margin. These
differences become more apparent when comparing dynamic
versions of these models, as the distortion of the optimal
triangular dodecahedron amounts to less than a quarter of the
distortion of the optimal versions of the other candidates.This
comparison between dynamic models is also arguably more in
line with the intuitive understanding of a given polyhedron.
For example, most coordination polyhedra commonly identi-
Þed as triangular dodecahedra are not as prolate as the
equilateral version, but more or less spherical.

3.2. Measuring characteristic parameters

Polynator can be used as a way to obtain exact values of
parameters which can otherwise be somewhat challenging to
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Figure 6
Both the regular gyrobifastigium and the elongated gyrobifastigium are
found in the crystal structure of the ThSi2 type.

Figure 7
Coordination environment of bismuth in Bi[VO4], viewed from three
different perspectives, corresponding to the optimal orientation of an
equilateral bicapped trigonal prism (left), an equilateral tetragonal
antiprism (center) and an equilateral triangular dodecahedron (right).
Distortion values quantify the Þt of the aforementioned rigid equilateral
models, as well as dynamic models which share the basic structure of the
rigid models, but are otherwise only constrained by the respective point
group.

Figure 8
Overlay of real molecule (black) and Þtted model (blue) for biphenyl
skeletons cut from two different molecules. The C24H30N4O4 molecule
(top) (Holy« et al., 2001) has somewhat bulky substituents on allortho
positions, hence the rather large dihedral angle 2• . The biphenyl skeleton
(bottom) is part of a ßuorene molecule (Burns & Iball, 1955) with point
group m. Though the latter molecule is not perfectly ßat, its 2• value is
still exactly 0� . The considerable distortion is due to the skewed phenyl
rings.
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measure correctly. A good example is the dihedral angle
between the phenyl rings in a biphenyl unit, as pictured in
Fig. 8. Though it is easy to get an approximate value by

calculating the dihedral angle between an atom in the Þrst ring
and an atom in the second ring, using the bridging atoms as the
hinge axis, this approach falls short if more precision is
desired.Polynatorprovides a clean value for this angle as a by-
product when Þnding the closest-matching ideal molecule. The
model for a biphenyl skeleton has three free parameters: one
for the radius of the phenyl rings, one for the length of the
bridging bond and one for their dihedral angle. These values
are accessible in the output Þles.

3.3. Quantification of distortions

Polynator is suited just as well for more intricate investi-
gations, such as uncovering trends and patterns in the coor-
dination behavior of a given structure type. Since any number
of input Þles, atom arrangements and models can be processed
at once and the process is quite fast (typically 10Ð20 models
per second), large numbers of similar structures can be
compared almost effortlessly. This is also facilitated by.csv
output Þles listing important results in table form and the
topological package allowing for the automatic extractionof
speciÞc structural units from large molecules or frameworks.

computer programs

J. Appl. Cryst.(2023). 56, 1855–1864 Link and Niewa � Polynator: a tool to identify shapes in crystal structures 1861

Figure 9
Temperature-dependent distortions of CaO12 cuboctahedra in Ca(TiO3)
with respect to three model polyhedra which conform to different point
groups. Experimental data according to a single sample powder X-ray
diffraction measurement series (Yashima & Ali, 2009).

Figure 10
Tree diagram of distorted cuboctahedra. Higher positions in the diagram indicate higher symmetry. Note that there are two differently distorted
cuboctahedra with the point group42m. Model 42m (1) is a combination of a bidisphenoid and a square, whereas42m (2) can be described as a
combination of an anticuboid and a disphenoid. Each is viewed along its4 axis. Similarly, modelmmm(1) is a combination of a cuboid and a rhombus,
whereasmmm(2) is a combination of a diagonal orthobicupola and a rectangle.
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Because of its rich structural diversity, the perovskite family
lends itself well to the analysis of its coordination environ-
ments. A good example is provided by the eponymous
Ca(TiO3) compound which, on heating to 1600 K, undergoes
two phase transitions on its way from thePbnm room-
temperature modiÞcation viaI4/mcmto the Pm3m aristotype
structure. Fig. 9 shows that the distortion of the cuboctahedral
coordination polyhedron of the Ca site decreases with
increasing temperature. This is true with respect to the
scaleable but otherwise rigid Archimedean model, but also
with respect to dynamic models which represent lower-
symmetry versions of the cuboctahedron (see Fig. 10). These
are automatically deformed within the constraints of their
point group in order to achieve the best Þtting version. In the
example at hand, the 4/mmmmodel starts out with a slightly
better Þt than the Archimedean model, but this difference all
but disappears with the Þrst-order phase transition to the
I4/mcm structure. This implies that the distortion of the
cuboctahedron is at Þrst in part due to an elongation or
compression along one of its fourfold axes, which then
vanishes following the phase transition. The42m model Þts
best from the start and seems to improve roughly at the same
rate as the higher-symmetry models. However, after the phase
transition, its deviation from the real coordination environ-
ment falls to zero, indicating that it matches the point group of
the crystallographic site. It follows that a model having all the
degrees of freedom permitted by the1 point group would not
be a better Þt for the cuboctahedra in theI4/mcm structure
than the 4/mmm model, as the remaining distortion of the
latter is only due to the constraint of inversion symmetry
imposed on it. The ratio of distortions relative to these point
groups observed in Ca(TiO3) turns out to be overall typical

behavior for perovskites. To illustrate this, distorted cubocta-
hedron models with the point groups43m, m3, 4/mmm, 3m,
422, 4mm, 42m, 4/m, mmm (two models), 32, 3m and 3 were
Þtted to the cuboctahedra found in a large selection of
structures from four major tilted perovskite structure types
and their elpasolite counterparts. The results are displayed in
Fig. 11 and Table 3.

Several observations can be made. Firstly, while the43m
cuboctahedron model Þts the cuboctahedra in theFm3m
elpasolite with untilted octahedra exactly, it Þts only slightly
better than the Archimedeanm3m cuboctahedron model for
each of the tilted elpasolite structure types investigated. There-
fore, in most cases, the distortion caused by the elpasolite-type
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Table 3
Deviations (� ) from the Archimedean cuboctahedra, number of sampled
crystal structures and average deviations from various models as fractions
of � (m3m).

I4/mcm I4/m R3c R3 Ibmm I2/m Pbnm P21/n

� (m3m) 5.189 7.289 10.676 9.073 7.953 9.253 18.396 17.470
Sample size 14 30 17 18 9 13 46 32
43m 1 0.882 1 0.883 1 0.91136 1 0.979
m3 1 1 1 1 1 1 0.943 0.945
4/mmm 0.999 0.999 1 1 1.000 1.000 0.911 0.913
3m 1 1 0.991 0.999 1.000 1.000 0.999 0.999
42m (1) 0 0.399 0.819 0.861 0.712 0.770 0.706 0.719
42m (2) 0.999 0.877 1 0.883 1.000 0.909 0.911 0.889
4mm 0.999 0.999 1 0.997 0.997 0.990 0.910 0.912
422 0.999 0.997 1 1 1.000 1.000 0.911 0.913
4/m 0.999 0.999 1 1 1.000 1.000 0.911 0.913
mmm(1) 0.999 0.999 0.997 1.000 1.000 1.000 0.911 0.913
mmm(2) 0.999 0.999 1 1 1.000 1.000 0.817 0.823
32 0.817 0.858 0 0.424 0.585 0.675 0.753 0.764
3m 1 0.882 0.991 0.871 0.9954 0.905 0.997 0.976
3 1 1 0.991 0.999 1.000 1.000 0.942 0.944

Figure 11
Various models Þtted to the cuboctahedra found in four perovskite structure types and their respective elpasolite counterparts. Each structure type is
represented by an array of crystal structures belonging to it. Each individual distortion� was Þrst divided by the distortion of the Archimedean
cuboctahedron model Þtted to the same coordination environment. Thus the arithmetic mean of all values generated was then taken for each
combination of a model and a structure type in order to obtaina data point shown in the diagram. See the supporting information for a discussion of the
methodology applied in this plot.
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superstructure is much smaller than the distortion caused by
the octahedral tilting. The difference is even more pronounced
with lower space-group symmetries. This result is to be
expected, as the distortion by tilting increases with decreasing
space-group symmetry, while the difference in octahedron
sizes should stay roughly the same on average. The maximal
hettohedra with point groups 4/mmm and 3m do not Þt
noticeably better than the Archimedean cuboctahedron,
except in the case of thePbnm and P21/n structure types,
where the 4/mmm model shows some relative improvement.
This suggests that there is generally no signiÞcant elongation
or compression along the three- and fourfold (pseudo-)axes
for the higher-symmetry structure types, as both would
improve these Þts. However, thePbnm and P21/n structure
types, which represent thea� a� c+ tilting scheme (Glazer,
1972), adopt an elongation along one of the fourfold pseudo-
axes, more precisely one of the axes along which the tilting has
alternating rotational directions. Note that the elongation
does not stem from an elongation of the octahedra, as
compounds with octahedral distortions� > 3.2 were Þltered
out and the majority of octahedra in the admitted structures
were better described as trigonal antiprisms than as tetragonal
bipyramids.

The overall best Þts are, in all cases, achieved by the 32 and
42m (1) models. These perfectly match the site symmetry for
the I4/mcm (a0a0c� ) and R3c (a� a� a� ) structure types,
respectively. With the elpasolite counterpartsI4/m andR3, the
site symmetry is reduced to4 and 3, respectively. This goes
along with a signiÞcant deterioration of the Þt for these
models, which far outweighs the concomitant relative
improvement of the43m model Þt.

Somewhat interestingly, the 32 model Þts better than the
42m model for theIbmmand relatedI2/m structure types. This
is despite the fact that the cuboctahedral site in theIbmm
structure type hasmm2 symmetry, which is a maximal
subgroup of42m, but not closely related to 32.

4. Limitations

In some cases, especially for lower symmetries and larger
numbers of vertices, more than one model may be required to
cover all possible manifestations of a point group. This means
that the strengths and weaknesses ofPolynatorwhen it comes
to symmetry analysis are complementary withCoSyM. CoSyM
especially shines during the measurement of symmetry
deviations for low-symmetry point groups but is currently not
equipped to cover, for example, cubic point-group symmetries,
except in some trivial cases.

Since the atom-assignment process does not check all
possible permutations, suboptimal Þts can sometimes result if
a given model does not resemble the evaluated atom
arrangement at all. Although the reliability of the assignment
algorithm depends on the number of atoms, the model and the
particular type of distortion, Þt results with� values below 30
are generally highly trustworthy, which means this is not an
issue in practice.

User-deÞned models may have a large variety of shapes, but
not all possible shapes are guaranteed to work well with the
existing strategies for assigning model vertices to atom vectors.
Furthermore, in order to be properly Þtted, the centroid of
each model belt has to rest on the model axis. This should
rarely be a problem in practice, since model shapes generally
need to be somewhat symmetrical to be useful in the Þrst
place.

5. Conclusions

Polynator allows for the comparison of distortions by quan-
tifying the dissimilarity between one or more rigid or dynamic
models and a given arrangement of atoms found in a crystal
structure. The GUI and the automatic pairing of model and
real vertices make it very easy to use.Polynatorcomes with a
large host of preset models, which can easily be expanded by
the user according to speciÞc needs. In contrast to earlier
programs, models can feature multiple degrees of freedom.
Hence, a model may represent either a rigid shape or a speciÞc
point-group symmetry (or subset thereof). Furthermore, there
are models which are not rigid and neither is their shape
determined by symmetry alone. This latter category contains
models representing molecules with ßexible joints and rigid
components like the biphenyl unit, but also dynamic model
polyhedra with speciÞc constraints, such as the pyritohedron
with its planar pentagonal faces. The program is a useful tool
for identifying polyhedra and molecular shapes, quantifying
their distortions, obtaining structural parameters such as
polyhedral volumes or dihedral angles between molecular
subunits, and making observations about structural trends.
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4 Discussion

4 Discussion

4.1 Unpublished Results

4.1.1 The Novel Nitridogermanate Germanide Sr 15Ge[GeN4]3O

Fig. 11: Extended unit cell of Sr15Ge[GeN4]3O (left) next to columns formed by Ge4� and
O3� and their respective coordination polyhedra (right).

When trying to reproduce Sr4[GeN4], black, compact, irregularly shaped crystals

of another nitridogermanate germanide were found on one occasion. This hith-

erto unknown compound crystallizes in space groupR3c with cell parameters

a = 15:9260(4)�A and c = 17:4684(4)�A. Further crystallographic data are listed

in tab. 1. Atomic sites and displacement parameters can be found in the appendix.

Naively interpreted, the chemical formula seems to be Sr15Ge[GeN4]3N based on

the reactants. However, given the uneven charge balance implied by that compo-

sition, it seems quite likely that one nitrogen atom per formula unit is actually an

oxygen atom. Despite the best e�orts to prevent this, the presence of traces of oxy-

gen in the reaction vessel { enough to form a few small crystals which altogether

should weigh only a fraction of a microgram { probably cannotbe prevented entirely.

However, whether this compound actually contains oxygen could not be determined

conclusively. Alternative explanations include partial replacement of germanium

with niobium atoms or imbalanced formal charges, which would not be without

precedence in similar systems [32]. Nevertheless, the composition Sr15Ge[GeN4]3O

is corroborated by crystallographic data, as discussed further along in this section.
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4.1 Unpublished Results

Fig. 12: Coordination polyhedra of the anions in the crystal structure of Sr15Ge[GeN4]3O.

Tab. 1: General crystallographic information about Sr15Ge[GeN4]3O.

crystal system / space group (number) trigonal / R3 (148)

Z 6

a / b / c 15.9260(4)�A / 15.9260(4) �A / 17.4684(4) �A

unit cell volume 3837.05�A3

calculated density 4.456 g
cm3

di�ractometer / radiation Bruker-Nonius � -CCD / Mo- K � (� = 0 ; 7107�A)

max. detected angle 2� 49:99�

rangesh / k / l � 18 / � 18 / � 20

measured / unique reections / parameters 18563 / 753

re�ned parameters 51

Rint / R� 9.0 % / 2.31 %

R1 / wR2 / GoF 2:64 % / 5:18 % / 1.089

R1 for jFoj � 4� (Fo) 2:11 %

absorption coe�cient � 34.47 mm� 1

max. / min. residual electron density 0:77� 10� 6 pm� 3 / {0.72 �10� 6 pm� 3

Tab. 2: Selected atomic distances in Sr15Ge[GeN4]3O.

atom 1 atom 2 d / �A n atom 1 atom 2 d / �A n

Sr(1) N(1) 2.640(4) 2 Sr(3) N(1) 2.470(4) 1

N(2) 2.720(4) 2 N(2) 2.585(4) 1

N(2) 3.147(4) 2 N(1) 2.597(4) 1

Sr(2) N(2) 2.485(4) 1 N(1) 3.081(4) 1

N(2) 2.506(4) 1 Ge(1) 3.7021(5) 1

O(1) 2.5297(5) 1 Ge(2) N(2) 1.896(4) 2

N(1) 2.653(4) 1 N(1) 1.917(4) 2

Ge(1) 3.7048(5) 1
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4 Discussion

The crystal structure (see �g. 11) contains tetrahedral GeN8�
4 units as well as

mutually isolated Ge4� and O2� ions. Interatomic distances are listed in tab. 2.

The oxide site is coordinated by six strontium atoms in a trigonal antiprismatic

shape due to the3 site symmetry. This antiprism deviates by� = 5:5 from a

Platonic octahedron because it is slightly compressed in the c direction. The Ge4�

site is coordinated by twelve strontium atoms forming the distorted polyhedron

shown in �g. 12 that could on �rst glance be described as a cuboctahedron or

an anticuboctahedron or even an icosahedron. Upon computing the deviation

values of the respective models, the Johnson anticuboctahedron �ts closest at

� = 11:8, followed by the Platonic icosahedron (� = 15:2) and the Archimedean

cuboctahedron (� = 20:9). The coordination polyhedra of the Ge4� and O2�

ions form in�nite columns along the c axis by trans-face-sharing, as shown in

�g. 11. The GeN8�
4 tetrahedra along with the Sr(1) atoms are located between

these columns. Each GeN8�
4 tetrahedron is coordinated by 13 strontium atoms

forming an irregular polyhedron. The individual nitrogen atoms are coordi-

nated by distorted GeSr5 octahedra. The distortion amounts to� = 16:4 for N(1)

and 19.5 for N(2), including the displacement of the central atoms from the centroid.

While crystallographic data rarely allows for a di�erentiation between oxygen

and nitrogen based on their minute di�erence in electron density, the Sr{O

distances of 2.5296(5)�A in Sr15Ge[GeN4]3O corroborate the element assignment

discussed above. Strontium nitrides with N3� ions coordinated by six equidistant

or almost equidistant Sr2+ ions, such as (Sr2N)X (X = D, F, Cl, Br, I) [74{76],

(Sr19N7)[In4]2 [77], (Sr6N)[Ga5] [78] and the tilted perovskite (Sr3N)As [79], all have

slightly, but signi�cantly longer Sr{N distances. The shortest of these is observed in

(Sr3N)As at 2.5765(9)�A, while the average distance in the mentioned compounds

amounts to 2.61�A. By contrast, comparable oxides, such as the tilted perovskites4

(Sr3O)Si and (Sr3O)Ge [30], have shorter Sr{O distances, with an average of 2.55�A.

Since the Sr{O distance in Sr15Ge[GeN4]3O is slightly shorter still, the element

assignment is likely correct.

4Surprisingly few strontium suboxides with approximately equidistant octahedral coordination of
the oxide ions were found in a cursory search. Untilted perovskites were disregarded due to
their known tolerance for mismatched ionic radii (see section 1.3). Their Sr{O distances are
slightly longer than those of the tilted perovskites, but still shorter than the Sr{N distances in
nitrides.
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4.1 Unpublished Results

4.1.2 The Novel Nitridodigermanate Sr 6[Ge2N6O]

On multiple occasions, black, prolate, irregularly shapedsingle crystals were found

in synthetic batches aimed at a variety of strontium nitridogermanates. The com-

pound turned out to be a nitridogermanate that crystallizesin space groupP1.

The chemical formula appears to be Sr6[Ge2N6O]. General crystallographic data are

listed in tab. 3. Atomic sites and displacement parameters can be found in the

appendix. Again, no oxygen was deliberately added as a reactant, but its presence

is exceedingly likely as it is the best way to account for a balance of formal charges,

which can be expected of a nitridogermanate in the absence ofZintl ions. Niobium is

improbable as no signi�cant leftover electron density was found near the germanium

atoms and the Ge{X distances listed in tab. 4 �t germanium much better (com-

pare the following section on Sr6[Nb2N7]). The main structural units are doublets

of corner-sharing tetrahedra which form Ge2N12�
6 O anions, as shown in �g. 13. The

bridging atom has a slightly longer distance from either germanium atom than the

terminal nitrogen or oxygen atoms. This is typical for condensed molecular anions.

For example, in each of the comparable oxidosilicates and -germanatesM 6[T t2O7]

(M = Li, Na, K, Rb, Cs, T t = Si, Ge) [80{86] deposited in theICSD, the terminal

T t{O distances are always several picometers shorter than therespective bridging

distances. At 1.835(7)�A, the X (6) atom has a slightly lower distance to germanium

than the other ligands, which is not observed for the analogous N(6) atom in the

isostructural Sr6[Nb2N7], hinting at the possibility of oxygen being found primarily

at this site. However, slight variations in Ge{N distances are not unusual, especially

for condensed nitridogermanates, as will be briey discussed further along in sec-

tion 4.3. It seems most prudent to assume a mixed occupation of multiple ligand

sites, as was concluded elsewhere for a number of similar molybdates and tungstates

A6[M 2N4O3] (A = K, Rb, Cs; M = Mo, W) [86, 87]. The ligand atoms are predomi-

nantly coordinated by distorted GeSr5 octahedra (12:5 � � � 16:6). The exceptions

are the X (5) atom, which is coordinated by a distorted GeSr4 tetragonal pyramid

and the X (3) atom, coordinated by a distorted Ge2Sr4 trigonal prism. The stron-

tium atoms are irregularly coordinated by four to seven nitrogen atoms each. There

does not appear to be a regular packing motif of any common type. This suggests

that Sr6[Ge2N6O] is not topotactically related to Sr6[Ge2N6] (see publication 2).
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4 Discussion

Tab. 3: General crystallographic information about Sr6[Ge2N6O].

crystal system / space group (number) triclinic / P1 (2)

Z 2

a / b / c 6.4750(2)�A / 7.6248(2) �A / 11.3450(3) �A

� / � /  75:842(2)� / 79:714(2)� / 75:041(2)�

unit cell volume 520.69�A3

calculated density 4.917 g
cm3

di�ractometer / radiation Bruker-Nonius � -CCD / Mo- K � (� = 0 ; 7107�A)

max. detected angle 2� 49:97�

rangesh / k / l � 7 / {9, 8 / � 13

measured / unique reections 20271 / 1821

re�ned parameters 137

Rint / R� 6.68 % / 2.61 %

R1 / wR2 / GoF 3:25 % / 6:16 % / 1.085

R1 for jFoj � 4� (Fo) 2:64 %

absorption coe�cient � 36.15 mm� 1

max. / min. residual electron density 1:35� 10� 6 pm� 3 / {1.02 �10� 6 pm� 3

Fig. 13: Molecular anion (left) and extended unit cell (right) of Sr6[Ge2N6O]. All bond
lengths are given in�A.
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4.1 Unpublished Results

Tab. 4: Selected atomic distances in Sr6[Ge2N6O]. Although the structure was re�ned with
nitrogen as the only light element, atomsX represent nitrogen or oxygen.

atom 1 atom 2 d / �A n atom 1 atom 2 d / �A n

Sr(1) X (2) 2.588(5) 1 Sr(5) X (2) 2.542(5) 1

X (4) 2.624(6) 1 X (6) 2.543(7) 1

X (4) 2.728(5) 1 X (7) 2.691(7) 1

X (7) 2.825(6) 1 X (3) 2.777(6) 1

X (1) 2.960(8) 1 X (5) 2.791(6) 1

Sr(2) X (1) 2.594(7) 1 X (1) 2.858(7) 1

X (6) 2.617(7) 1 Sr(6) X (7) 2.518(6) 1

X (5) 2.632(6) 1 X (4) 2.543(5) 1

X (3) 2.837(7) 1 X (5) 2.546(6) 1

X (3) 2.860(6) 1 X (4) 2.569(5) 1

X (6) 2.881(8) 1 X (3) 2.796(6) 1

Sr(3) X (1) 2.601(7) 1 Ge(1) X (5) 1.870(6) 1

X (1) 2.670(8) 1 X (2) 1.890(5) 1

X (6) 2.732(7) 1 X (4) 1.901(5) 1

X (7) 2.753(6) 1 X (3) 1.996(6) 1

X (6) 2.849(8) 1 Ge(2) X (6) 1.835(7) 1

X (2) 2.924(6) 1 X (7) 1.877(6) 1

Sr(4) X (7) 2.486(6) 1 X (1) 1.909(8) 1

X (2) 2.559(5) 1 X (3) 1.976(6) 1

X (4) 2.612(6) 1

X (2) 2.659(6) 1

X (5) 2.759(6) 1

4.1.3 The Novel Nitridoniobates Sr 6[Nb 2N7] and Sr9[Nb 3N10]

When trying to synthesize the hypothetical inverse perovskite (Sr3Nx )Si, two di�er-

ent kinds of black crystals were obtained in small quantities. Both were identi�ed

as nitridoniobates using single crystal di�raction data (see tab. 5). While niobium

was not intended as a reactant, it seems to be able to dissolvefrom the walls of

the ampoule at the synthetic conditions. The �rst of the new nitridoniobates has

the formula Sr6[Nb2N7] and is isostructural to Sr6[Ge2N6O], as can be seen in �g.

14. Its Nb{N distances, as shown in tab. 6, are on average 4:8 pm larger than the

Ge{N distances in Sr6[Ge2N6O]. As a result, its unit cell volume is greater by 42.5�A3

(8:2 %). On average, the niobium atoms should have oxidation state 4.5 to balance

the formal ionic charges.
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4 Discussion

Fig. 14: Molecular anion (left) and extended unit cell (right) of Sr6[Nb2N7]. Bond lengths
are given in �A.

The second nitridoniobate has the formula Sr9[Nb3N10] and crystallizes in space

group C2=c. It features triplet chains of corner-sharing NbN4 tetrahedra, as shown

in �g. 15. Formally, these are Nb3N18�
10 ions, with the niobium atoms in oxidation

state 4 on average. The overall coordination environment ofthe molecular anion is

irregular. The individual nitrogen atoms N(1), N(3), N(4) and N(5) are coordinated

by distorted NbSr5 octahedra. The bridging atom N(2) is coordinated by an

irregular Nb2Sr5 polyhedron which could be interpreted as either a monocapped

trigonal antifrustum ( � = 16:4) or a monocapped trigonal prism (� = 16:5). Each

strontium atom is irregularly coordinated by four to seven nitrogen atoms.

The molecular anions form the motif of a cubic close packing, as illustrated

in �g. 16. However, this packing is signi�cantly distorted such that the cubocta-

hedra formed by the Nb(1) atoms which surround each anion have adeviation of

� = 23:4 from an Archimedean cuboctahedron. This is partly due to them being

stretched in the direction perpendicular to theab plane. If the cuboctahedra are

allowed to stretch while maintaining 3m symmetry, the deviation is reduced to

� = 15:7.
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Tab. 5: General crystallographic information about Sr6[Nb2N7] and Sr9[Nb3N10].

chemical formula Sr6[Nb2N7] Sr9[Nb3N10]

crystal system triclinic monoclinic

space group (number) P1 (2) C2=c (15)

Z 2 8

a 6.5560(2)�A 14.0509(4)�A

b 7.7270(2)�A 6.8915(2)�A

c 11.8684(3)�A 17.6507(4)�A

� 76:692(2)� 90�

� 79:888(2)� 99:024(2)�

 76:034(2)� 90�

unit cell volume 563.19�A3 1687.99�A3

calculated density 4.774 g
cm3 4.751 g

cm3

di�ractometer / radiation Bruker-Nonius � -CCD / Mo- K � (� = 0 ; 7107�A)

max. detected angle 2� 54:96� 54:98�

rangesh / k / l � 8 / {10, 9 / � 15 � 18 / � 8 / � 22

measured / unique reections 21423 / 2575 20382 / 1935

re�ned parameters 137 102

Rint / R� 7.39 % / 3.46 % 8.05 % / 3.56 %

R1 / wR2 3:44 % / 6:03 % 4:06 % / 6:94 %

GoF 1.066 1.067

R1 for jFoj � 4� (Fo) 2:71 % 2:97 %

absorption coe�cient � 30.11 mm� 1 30.14 mm� 1

max. residual electron density 1:08� 10� 6 pm� 3 1:38� 10� 6 pm� 3

min. residual electron density � 1:17� 10� 6 pm� 3 � 1:10� 10� 6 pm� 3

Fig. 15: Molecular anion (left) and extended unit cell (right) of Sr9[Nb3N10]. All bond
lengths are given in�A.

69



4 Discussion

Tab. 6: Selected atomic distances in Sr6[Nb2N7].

atom 1 atom 2 d / �A n atom 1 atom 2 d / �A n

Sr(1) N(2) 2.554(4) 1 Sr(5) N(6) 2.561(5) 1

N(4) 2.701(4) 1 N(5) 2.694(5) 1

N(4) 2.860(4) 1 N(2) 2.716(4) 1

N(1) 3.055(5) 1 N(3) 2.719(5) 1

N(7) 3.126(5) 1 N(7) 2.808(5) 1

Sr(2) N(5) 2.565(5) 1 N(1) 2.912(4) 1

N(1) 2.663(4) 1 Sr(6) N(5) 2.550(5) 1

N(6) 2.693(4) 1 N(4) 2.641(4) 1

N(6) 2.750(4) 1 N(7) 2.660(5) 1

N(3) 2.916(5) 1 N(4) 2.769(4) 1

N(3) 3.259(5) 1 N(3) 2.968(5) 1

Sr(3) N(1) 2.636(4) 1 Nb(1) N(2) 1.911(4) 1

N(1) 2.707(5) 1 N(5) 1.917(5) 1

N(7) 2.762(5) 1 N(4) 1.965(5) 1

N(6) 2.800(4) 1 N(3) 2.033(5) 1

N(6) 2.911(5) 1 Nb(2) N(6) 1.921(5) 1

N(2) 2.993(5) 1 N(7) 1.929(5) 1

Sr(4) N(7) 2.584(5) 1 N(1) 1.941(4) 1

N(2) 2.644(4) 1 N(3) 2.024(4) 1

N(4) 2.692(4) 1

N(2) 2.794(5) 1

N(5) 3.117(5) 1

Fig. 16: Two perspectives on the distorted cuboctahedron constituting the basis for the
motif of the cubic close packing of Nb3N18�

10 anions in Sr9[Nb3N10].
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Tab. 7: Selected atomic distances in Sr9[Nb3N10].

atom 1 atom 2 d / �A n atom 1 atom 2 d / �A n

Sr(1) N(5) 2.559(5) 1 Sr(4) N(1) 2.631(5) 1

N(3) 2.638(5) 1 N(4) 2.673(5) 1

N(1) 2.687(5) 1 N(4) 2.755(5) 1

N(3) 2.712(5) 1 N(2) 2.771(5) 1

Sr(2) N(3) 2.604(5) 1 N(2) 3.004(6) 1

N(5) 2.624(5) 1 Sr(5) N(1) 2.675(5) 2

N(4) 2.639(5) 1 N(2) 3.063(6) 2

N(1) 2.691(5) 1 N(5) 3.077(5) 2

Sr(3) N(5) 2.613(4) 1 Nb(1) N(1) 1.894(5) 2

N(4) 2.788(5) 1 N(2) 2.000(5) 2

N(1) 2.796(5) 1 Nb(2) N(5) 1.885(5) 1

N(3) 2.890(4) 1 N(3) 1.931(5) 1

N(3) 2.951(5) 1 N(4) 1.960(5) 1

N(5) 3.005(5) 1 N(2) 2.075(5) 1

N(2) 3.256(4) 1

4.1.4 The Novel Nitridogermanate Carbodiimide Ba 5[GeN4][CN 2]

When trying to synthesize (Ba3Nx )Ge with high amounts of nitrogen among the

reactants, some unexpected red, rod-shaped crystals formed. At the time, assum-

ing that trace amounts of oxygen had found their way into the ampoule, this was

tentatively identi�ed as "Ba 5[GeN4]O" based on inferior single crystal di�raction

data. However, thanks to better data from another crystal, this compound was

later identi�ed as the novel nitridogermanate carbodiimide Ba5[GeN4][CN2]. The

carbon content is most convincingly explained by an insu�ciently thorough removal

of sodium carbonate dust or mineral oil when peeling the sodium metal. After ob-

taining this result early during the research for this thesis, sodium was always very

carefully peeled twice. The �rst peeling removed the crust except for some dust

which was inevitably smeared onto the surface. After cleaning tweezers, knife and

working surface, the second peeling left the metal shiny andpristine. No impurities

or unexpected compounds containig carbon were found from then on.
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Fig. 17: Two perspectives on an extended unit cell of Ba5[GeN4][CN2], with cuboctahedral
polyhedra highlighting the anionic packing.

Ba5[GeN4][CN2] crystallizes in the monoclinic space groupC2=m with four formula

units per unit cell. The structure is displayed in �g. 17. It features tetrahedral

GeN8�
4 units and linear CN2�

2 units, which are mutually isolated by interstitial bar-

ium atoms, as shown in �g. 18. The compound is isostructural to Ba5[TaN4][C2N]

[88], which features acetonitriletriide units C2N3� instead of carbodiimide units. The

two types of anions are arranged in alternating sheets parallel to the ab plane. In

each sheet, the anions are packed in a rectangular packing with aspect ratio 1.102

(approximating a square packing). Together, GeN8�
4 units and CN2�

2 units form the

motif of a cubic close packing. This becomes clear when considering the polyhedra

formed by the central atoms of the twelve closest molecular anions surrounding the

GeN8�
4 and CN2�

2 units. Models of Archimedean cuboctahedra �t these to a� value

of 9.5 (GeN8�
4 ) and 9.6 (CN2�

2 ), respectively. When allowing the models to stretch

while maintaining 3m symmetry, the �t improves to � = 3:9 in both cases.

Fig. 18: Coordination polyhedra of the GeN8�
4 and CN2�

2 units in Ba5[GeN4][CN2].

72



4.1 Unpublished Results

Tab. 8: General crystallographic information about Ba5[GeN4][CN2].

crystal system / space group (number) monoclinic / C2=m (12)

Z 4

a / b / c 11.8109(4)�A / 10.7168(5) �A / 9.4423(3) �A

� 116:881(2)�

unit cell volume 1066.02�A3

calculated density 5.330 g
cm3

di�ractometer / radiation Bruker-Nonius � -CCD / Mo- K � (� = 0 ; 7107�A)

max. detected angle 2� 49:98�

rangesh / k / l � 14 / � 12 / � 11

measured / unique reections 13929 / 987

re�ned parameters 65

Rint / R� 12.36 % / 4.18 %

R1 / wR2 / GoF 3:65 % / 7:26 % / 1.039

R1 for jFoj � 4� (Fo) 2:90 %

absorption coe�cient � 20.92 mm� 1

max. / min. residual electron density 1:94� 10� 6 pm� 3 / {1.32 �10� 6 pm� 3

Tab. 9: Selected atomic distances in Ba5[GeN4][CN2].

atom 1 atom 2 d / �A n atom 1 atom 2 d / �A n

Ba(1) N(2) 2.805(7) 2 Ba(4) N(2) 2.645(7) 1

N(2) 2.809(7) 2 N(2) 2.687(7) 1

N(4) 2.953(10) 2 N(3) 2.928(4) 1

Ba(2) N(1) 2.504(10) 1 N(1) 2.948(4) 1

N(3) 2.547(10) 1 N(4) 3.177(9) 2

N(4) 2.947(10) 2 N(4) 3.307(9) 1

Ba(3) N(2) 2.699(7) 2 N(4) 3.328(9) 1

N(3) 2.955(8) 2 Ge(1) N(2) 1.909(7) 2

N(1) 3.056(9) 2 N(3) 1.914(10) 1

N(1) 3.545(9) 2 N(1) 1.917(10) 1

C(1) N(4) 1.228(9) 2

The GeN8�
4 units are slightly distorted, deviating by � = 4:3 from Platonic tetrahe-

dra. The Ge{N distances are all close to 1.91�A, which is typical for GeN8�
4 units.

The CN2�
2 units are linear, with both crystallographically equivalent C{N distances

measuring 1.228(9)�A. This value matches the carbodiimide units in Ca[CN2] [89],

Sr[CN2] [90], Sr4[GaN3][CN2] [91], Ba3Na2[CN2] [92] and Ba2[CN2][CN]2 [93] to

within a standard deviation. By contrast, actetonitriletriide units C2N3� , which
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are found in Sr3[C2N]2 [94], Sr4[C2N][CN2]N [95] and Ba5[TaN4][C2N] [88], show

signi�cantly longer bonds, with the average at 1.28�A. Cyanate units NCO� have

slightly shorter bonds than carbodiimide units (e.g. 1.20�A in K[NCO] [96]) and

would also require an additional negative charge per formula unit in the overall

composition, which seems implausible. The same is true for azide units N�
3 , which

are furthermore too unstable to exist under the synthetic conditions at 720� C [97].

The GeN8�
4 units are each coordinated by a distorted cuboctahedron of twelve

barium atoms. It deviates by � = 21:7 from an Archimedean cuboctahedron. If

the cuboctahedral model is only restricted to the point group 42m, the deviation is

reduced to � = 7:5. The CN2�
2 units are coordinated by ten barium atoms in an

irregular shape, which remotely resembles a trans-bicapped cube, but deviates by

� = 18:3 from the appropriate Johnson polyhedron (no. 15, [98]). On closer inspec-

tion, each individual nitrogen atom, in addition to the carbon atom it is bound to,

has a relatively short distance to two barium atoms (2.95�A), an intermediate dis-

tance to a third barium atom (3.18�A) and rather long distances to four other barium

atoms (3:31�A� d � 3:55�A). Together, these barium atoms form a monocapped

trigonal prism which deviates by� = 9:6 from the Johnson polyhedron (no. 49, [98]).

To con�rm that Ba 5[GeN4][CN2] is in fact not a nitridoniobate homologue to

Ba5[TaN4][C2N] [88], it was reproduced in a nickel ampoule by combining 289 mgof

barium nitride Ba2N, 60 mg of germanium nitride Ge3N4, 1 mg of sodium cyanide

NaCN and 280 mg of sodium and heating to 720� C. Alongside a bulk product

consisting mostly of (Ba3Nx )Ge and Ba2N, this produced some red single crystals

with the same habitus as earlier samples.

A Raman spectrum of a single crystal of Ba5[GeN4][CN2] enclosed in a glass

capillary is shown in �g. 19. It appears to be the �rst published Raman spectrum

measured on a compound containing mutually isolated GeN8�
4 tetrahedra. Two

deformation modes of the GeN8�
4 unit can be seen at 365 cm� 1 and 468 cm� 1

(compare publication 2). The peaks at 579 and 634 cm� 1 correspond to stretching

modes of the GeN8�
4 tetrahedron. These also appear in IR spectra of the nitri-

dogermanates Ca4[GeN4] and Ca7[GeN4]N2 (see the supporting information for

publication 2 in the appendix). Compared to mutually isolated oxidogermanates

[99] and oxidosilicates [100], the stretching modes are shifted to lower wavenumbers.

The symmetric stretching mode of the CN2�
2 unit is represented by a small, sharp
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peak at 1223 cm� 1. This peak appears at 1234 cm� 1 in Na2[CN2] [101]. Some

further low intensity peaks can be seen between 700 and 1400 cm� 1. These could

not be assigned to particular vibrations. They may belong toimpurities. Data were

collected up to 4000 cm� 1, with no peaks visible beyond 1400 cm� 1, indicating the

absence of moisture and N{H bonds.

Fig. 19: Raman spectrum measured on a single crystal of Ba5[GeN4][CN2] using a 638 nm
laser source.

4.1.5 A New Modi�cation of the Nitridoniobate Carbodiimide Nitride

Ba12[NbN 4][CN 2]6Nx

Fig. 20: Extended unit cell of Ba12[NbN4][CN2]6N1:2(1) with highlighted octahedral frame-
work.
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All attempts to obtain a single phase sample of Ba5[GeN4][CN2] failed. However, on

two separate occasions, some dark grey crystals which had the shape of truncated

cubes were found. Upon evaluating single crystal di�ractiondata, the compound

turned out to crystallize in the cubic space groupI 23 with the cell parameter

a = 11:3086(3)�A and the formula Ba12[NbN4][CN2]6N1:2(1) . It features tetrahedral

NbN7�
4 units and linear CN2�

2 units, as well as mutually isolated N3� anions.

The NbN7�
4 units have full tetrahedral symmetry. The CN2�

2 units have mm2

symmetry and are slightly kinked at an N{C{N angle of 174:2� . Their C{N

distances of 1.223(5) are, again, typical for carbodiimideunits. The N3� ions

are each coordinated by six barium atoms forming slightly distorted octahedra

(� = 4:6). These octahedra share corners to form a three-dimensional framework

which is homeomorphic to the octahedral framework in a perovskite, as shown in

�g. 20. The octahedra are strongly tilted according to Glazer term a+ a+ a+ . The

niobium atoms occupy one fourth of the sites that would be occupied by the A

atoms in a perovskite. However, due to the strong tilting, theNbN7�
4 tetrahedra

are not coordinated cuboctahedrally like they would be in a (hierarchical) per-

ovskite. Instead, they are each coordinated by twelve barium atoms approximating

the shape of Platonic icosahedra up to� = 2:4. The rest of the "A sites" is

unoccupied and the corresponding barium "cuboctahedra" are deformed such that

each of them is much more reminiscent of two bicapped trigonalprisms joined

at the square faces. Each of these bicapped trigonal prisms coordinates a CN2�
2 unit.

Fig. 21: Coordination polyhedra of the NbN7�
4 and CN2�

2 units and the mutually isolated
N3� ions in Ba12[NbN4][CN2]6N1:2(1) .

Ba12[NbN4][CN2]6N1:2(1) turns out to be a variant of the previously established com-

pound Ba12[NbN4][CN2]6N5=3, which crystallizes in the centrosymmetric space group

Im 3 with a slightly smaller cell parameter ofa = 11:2583(3)�A [102]. The main dif-

ference between the two is the disorder of the tetrahedra in the Im 3 compound.
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More precisely, half of the tetrahedra in said compound are inverted, while they are

well-ordered in theI 23 compound. Furthermore, the two compounds di�er in color.

While Ba12[NbN4][CN2]6N5=3 is dark red and translucent, Ba12[NbN4][CN2]6N1:2(1)

is dark grey and opaque. This is most likely due to its lower nitrogen content. The

cationic and anionic charges in the red compound are balanced assuming niobium

adopts oxidation state 5. This is not the case in the grey compound, where niobium

would have to adopt a lower oxidation state (roughly 3.6 on average) to achieve

charge balance. In both compounds, the site of the mutually isolated nitride ions

is partially occupied, with nothing suggesting a long-range order. Upon trying to

reproduce Ba12[NbN4][CN2]6N1:2(1) , some dark red crystals were found, which were

identi�ed as Ba12[NbN4][CN2]6N5=3 by single crystal di�raction. The independent

existence of that compound was thus con�rmed, along with thedi�erences between

both discussed above.

Tab. 10: General crystallographic information about Ba12[NbN4][CN2]6N1:2(1) .

crystal system / space group (number) cubic / I 23 (197)

Z 2

a 11.3086(3)�A

unit cell volume 1446.19�A3

calculated density 4.727 g
cm3

di�ractometer / radiation Bruker-Nonius � -CCD / Mo- K � (� = 0 ; 7107�A)

max. detected angle 2� 59:59�

rangesh / k / l � 15 / � 15 / {15, 13

measured / unique reections 8766 / 707

re�ned parameters 33

Rint / R� 6.24 % / 2.66 %

R1 / wR2 / GoF 2:00 % / 3:76 % / 1.090

R1 for jFoj � 4� (Fo) 1:84 %

absorption coe�cient � 16.45 mm� 1

xFlack 0.00(7)

max. / min. residual electron density 0:55� 10� 6 pm� 3 / {0.54 �10� 6 pm� 3

The average Nb{N bond in mutually isolated NbV N7�
4 units has a length of

1.963�A as determined from the compounds Ca5[NbN4]N [103], Sr5[NbN4]N, [104],

Ba16[NbN4]3[Nb2N7] [105], Li3Sr2[NbN4] [106], Li3Ba2[NbN4] [107] and Li7[NbN4]

[108]. Despite the possibly lower oxidation state of niobium, the Nb{N distances

in Ba12[NbN4][CN2]6N1:2(1) are not signi�cantly longer at 1.967(9)�A. This suggests

that there might be other reasons for the lower nitrogen content. The metallic
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subnitridoniobate Ba23Na11[Nb4]4 [109] features similar, even slightly lower, Nb{N

distances at 1.948�A on average. The same is true for Ba5[NbN4]N0:7(1) [110], in

which average Nb{N distances of 1.944�A are observed. The latter compound is

similar to Ba12[NbN4][CN2]6N1:2(1) in that it apparently has a slight excess of elec-

trons. Both may have lower oxidation states of niobium, although slightly longer

Nb{N bonds would usually be expected in that case. Alternatively, these com-

pounds may be metals similar to Ba23Na11[Nb4]4, which seems unlikely in the case

of Ba5[NbN4]N0:7(1) with its reportedly transparent orange color. The authors of

[110] also discussed a simple artifact given the nitrogen site only di�ers by three

standard deviations from full occupancy. For both compounds, but especially for

Ba12[NbN4][CN2]6N1:2(1) , which was only obtained in the form of some single crystals

next to a larger bulk product, undetected hydrogen content seems like one of the

more plausible explanations. Assuming H� anions, this would imply the composi-

tion Ba12[NbN4][CN2]6N1:2H1:4. If this were the case, these hydride ions would most

likely share the octahedrally coordinated 8c site with the nitride ions.

Tab. 11: Selected atomic distances in Ba12[NbN4][CN2]6N1:2(1) .

atom 1 atom 2 d / �A n atom 1 atom 2 d / �A n

Ba(1) N(1) 2.580(4) 1 Ba(1) N(2) 3.067(17) 1

N(3) 2.859(5) 1 N(3) 3.151(7) 1

N(3) 2.896(7) 1 N(3) 3.263(7) 1

N(2) 2.917(14) 1 Nb(1) N(1) 1.967(9) 4

N(3) 2.956(7) 1 C(1) N(3) 1.223(5) 2

4.1.6 Negative Results and Partially Successful Experiments

A variety of mostly unsuccesful synthetic experiments was conducted. This

includes several attempts toward the synthesis of inverse perovskites (Sr3Nx )Si and

(Ba3Nx )Si. (Sr3Nx )Si seems to exist, as multiple single crystals with �tting pseu-

docubic cell parameters (a � 10:06�A) were obtained from these attempts. However,

not surprisingly, their structure could not be solved satisfactorily, presumably due

to multiple twinning. Nothing close to a single phase sample was obtained either.

This is largely because of the byproducts Sr(SiN2) and Ba(SiN2) [50], which formed

in signi�cant quantities even when usingM : Si : N ratios near 3.2 : 1 : 0.6. Analogous

byproducts do not exist for the heavier tetrels and, while Ca(SiN2) does exist, it

was never encountered during this thesis.
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Since thallium was shown to be able to serve as a largeA atom in inverse

perovskites [34], the synthesis of hypothetical indium analoga was attempted. The

system Ba { In { N yielded several single crystals with pseudocubic cell parameters

ranging from 10.98 to 11.03�A. However, nothing close to a single phase sample

of (Ba3Nx )In was obtained. As is the case with (Sr3Nx )Si, this suggests that a

compound (Ba3Nx )In exists, but does not prove it, as the crystal structure could

not be solved, again, most likely due to multiple twinning. Furthermore, black

single crystals of an unknown compound were obtained in the same system. It

crystallizes orthorhombically, most likely in space groupPnma, with cell param-

eters a � 14:30�A, b � 18:09�A and c � 25:47�A. The crystal structure contains

face-sharing NBa6 octahedra arranged in pentagonal rings, as shown in �g. 22.

Icosahedrally coordinated heavy atoms { likely indium { arelocated between these

rings. Together, they form in�nite columns alonga. Unfortunately, the crystal

structure could not reliably be solved beyond these fragments.

Fig. 22: Fragments of a partially elucidated structure of an unknown compound in the Ba{
In{N system: Columns formed by alternating InBa12 icosahedra and pentagonal rings of
face-sharing NBa6 octahedra (left), along with a di�erent perspective on the latter (right).

Since very few nitridostannates are known, several attempts were made to synthesize

a novel compound of this type. Strontium, tin and sodium azide or amide were

combined in approximate Sr : Sn : N ratios of 3 : 1 : 4 and heated at 400, 600 or 720� C.

The results included mostly Sr2N [69], SrSn [111] and, at the higher temperatures,

(Sr3Nx )Sn [33]. Later on, a di�erent approach inspired by Pucher etal.'s successful

synthesis of Sn6P12N24 was tried [56]. A small batch of Sr(SiN2) [50] was prepared
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from strontium, tin and sodium amide in an appropriate molarratio at 980 � C. This

was then combined with tin and sodium amide in a molar ratio Sr(SiN2) : Sn : NaNH2

of 1 : 1 : 1 and heated to 720� C for three days. The intention was to substitute the

Sr2+ ions in Sr(SiN2) with Sn2+ ions and to precipitate the dissolved strontium as

Sr2N. Unfortunately, this was unsuccessful in that the only identi�able single crystals

were Na15Sn4 [11] and a powder di�ractogram revealed no changes to what was left

of the Sr(SiN2) after extracting the sodium. These experiments indicate that the

method of heating in a closed ampoule with sodium ux might not be the most

suitable for the synthesis of nitridostannates.

4.2 Inverse Perovskites

4.2.1 Synthetic Considerations

The original goal at the start of the research for this thesiswas to �nd new inverse

perovskites of the general formula (M 3Nx )T t (M = Mg, Ca, Sr, Ba, T t = Si, Ge,

Sn, Pb). Furthermore, it was suspected that the elpasolite-type superstructure

previously found in (Sr3N0:59(3))Sn and (Sr3N0:68(5))Pb [39] could also be induced in

other members of this series under the right conditions. Fist steps were taken during

the master's thesis of the author [112] with the discovery of(Sr3Nx )Ge, which did

not exhibit superstructure reections, crystallizing in space groupPbnm5. For this

thesis, it was attempted to lower the ratio of nitrogen in thereactants in order

to introduce the superstructure. Initially, this primaril y resulted in the increased

formation of the byproduct Sr2Ge [113]. Throughout the experiments aimed at

the synthesis of single phase inverse perovskites, binary tetrelides of the general

formula M 2T t (M = Ca, Sr, Ba, T t = Si, Ge, Sn, Pb) were a common sight. A

key step to help with the formation of the perovskites over these byproducts was

to increase the ratio of the alkaline earth metal elements among the reactants. An

excess of 10 % was previously employed by Velden and Jansen forthe synthesis

of inverse perovskite oxides [30]. This was soon applied to the nitride analogues

with some success. Synthetic batches based on strontium andbarium yielded

the best results at an approximate molarM : T t : N ratio of 3.2 : 1 : 0.6. However,

the (Ca3Nx )T t compounds in particular required much larger excesses of calcium.

Single phase samples were obtained when using approximate molar Ca :T t : N

5The space groupP bnm is equivalent to P nma (international tables no. 62). This nonstandard
axis setting is preferred for perovskites because it minimizesthe number of axis transformations
required to trace the structure back to the P m3m aristotype.
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ratios of 3.9 : 1 : 0.65 (T t = Sn, Pb), 4.1 : 1 : 0.65 (T t = Ge) and 5.4 : 1 : 0.75 (T t =

Si). The excessive alkaline earth metals presumably dissolved in the sodium ux,

but precipitated upon cooling [114]. The solidi�ed ux was still entirely soluble

in ammonia, but the extraction procedure took signi�cantly longer when a large

excess of calcium was present.

The perovskites based on the lighter alkaline earth metals seem to be more

thermodynamically stable. This is indicated by the temperatures at which the

respective compounds were successfully synthesized. Someof the calcium-based

batches resulted in the desired perovskites when heated to up to 980� C. Batches

based on strontium or barium which were heated to such temperatures yielded

no nitrides, presumably having lost the nitrogen to the niobium ampoule walls.

Strontium compounds were most successfully synthesized atup to 870� C, while

barium required a much lower temperature of 720� C. A similar observation was

made when quenching the various products. All of the perovskites were highly

sensitive to water and moist air. However, while the calcium compounds merely

hissed and foamed upon contact with water, the barium compounds immediately

ignited, even when added in tiny quantities.

4.2.2 Comparison of Inverse Perovskites and Elpasolites

Neutron di�raction proved very useful for the structural elucidation of the super-

structured perovskites. This is due to the large coherent scattering length of nitrogen

(9.36 barn [115]), which stands in contrast to its small atomic form factor for X-ray

di�raction. As a result, whether and to which extent a particular crystallographic

site in an inverse perovskite is occupied by nitrogen atoms could be determined

with some precision. When comparing the coordinating octahedra of the nitrogen

sites, the octahedra coordinating unnocupied or partiallyoccupied sites were always

larger than those coordinating fully occupied sites. This was previously observed

in (Sr3N0:59(3))Sn and (Sr3N0:68(5))Pb [39]. The nitride anions do require space, but

they also exert attractive ionic and covalent forces on the coordinating alkaline earth

metal atoms, leading to the contraction of the occupied octahedra. Despite this, the

unit cell volumes per formula unit still tend to be smaller inthe elpasolites compared

to the regular perovskites with reportedly full nitrogen site occupations. The reason

seems to be that occupied octahedra are able to contract morestrongly if the neigh-

boring octahedra are unoccupied and thus containing no anions exerting attractive
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forces in the respective opposite direction. This is most evident if octahedral tilting

is absent. As shown in tab. 12, both (Ca3N0:682(9))Sn and (Ca3N0:559(7))Pb have

slightly smaller unit cells per formula unit than (Ca3N)Sn and (Ca3N)Pb. The same

is true for (Sr3Nx )Sn, but not (Sr3Nx )Pb. In all cases, the size of the octahedra in

the regular perovskites lies in between the occupied and unoccupied octahedra in

the respective elpasolites.

Tab. 12: Comparison of the cell parameters and octahedral sizes of untiltedperovskites.
The pseudocubic cell parameterap for the F m3m structures is half the actual cell param-
eter a. The atomic distancesd(M {N(1)) and d(M {N(2)) represent the sizes of the fully
and partially occupied octahedra, respectively.

compound space group ap / �A d(M {N(1)) / �A d(M {N(2)) / �A

(Ca3N0:682(9) )Sn F m3m 4.91997(3) 2.376(3) 2.544(3)

(Ca3N)Sn [32] P m3m 4.9460(6) 2.4780(3)

(Ca3N0:559(7) )Pb F m3m 4.94355(3) 2.404(7) 2.540(7)

(Ca3N)Pb [32] P m3m 4.9550(7) 2.4755(4)

(Sr3N0:66(7) )Sn [39] F m3m 5.2282(4) 2.5292(8) 2.6990(8)

(Sr3N0:74(2) )Sn [33] P m3m 5.2351(5) 2.6176(3)

(Sr3N0:68(5) )Pb [39] F m3m 5.2535(5) 2.546(1) 2.708(1)

(Sr3N0:81(3) )Pb [33] P m3m 5.2422(1) 2.62110(5)

4.2.3 Ionic Radii and Goldschmidt Tolerance Factors

In a publication from 2013 [23], Goldschmidt tolerance factors for existing inverse

perovskites were estimated. This was accomplished based onthe ionic radii for

calcium, strontium, barium and oxide established by Shannon and Prewitt [116], as

well as the radius of the nitride ion established by Baur [117]. A major point of

contention were the radii of the tetrelide ions, which were derived from the M 2T t

compounds (M = Ca, Sr, Ba; T t = Si, Ge, Sn, Pb) [118]. In these compounds,

the T t4� ions are coordinated by tricapped trigonal prisms ofM 2+ ions, with

two of the ions forming the caps being noticeably more distant than the other

vertices. Since the underlying assumption when calculating ionic radii is that of

hard spheres, only the respective shortest Ge{Sr distanceswere considered. With

the other radii established atr (Ca2+ ) = 1 :00�A, r (Sr2+ ) = 1 :18�A, r (Ba2+ ) = 1 :35�A,

r (O2� ) = 1 :40�A and r (N3� ) = 1 :50�A, the tetrelide radii were determined as

r (Si4� ) = 1 :97�A, r (Ge4� ) = 2 :00�A, r (Sn4� ) = 2 :14�A and r (Pb4� ) = 2 :16�A.

It was acknowledged that these radii were probably too smallfor calculating

the Goldschmidt tolerance factors, as theA atoms in inverse perovskites have
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coordination number 12. Nonetheless, there was no good alternative due to a lack

of other data.

Particularly when it comes to the Ge4� ion, this thesis presents new data

which seem more appropriate for the calculation of ionic radii. The germanide

ion in Sr15Ge[GeN4]3O is coordinated by twelve strontium atoms. There are two

crystallographically distinct Ge{Sr distances, both withalmost exactly the same

value of 3.70�A. The two distinct contributing strontium atoms { Sr(2) and Sr(3) {

both have coordination number 5. While this is an uncommonly lowcoordination

number for Sr2+ , such that Shannon and Prewitt give no radius for it [116], it

seems reasonable to extrapolate from the Sr2+ radii given for higher coordination

numbers. As shown in �g. 23, a linear �t leads to an approximate value of

1.13�A for the ionic radius of Sr2+ at coordination number 5. This value may very

well be slightly o�, but it stands to reason that it should be smaller than the

radius of Sr2+ at coordination number 6. The ionic radius of Ge4� then follows as

r (Ge4� ) = 3 :70�A � 1:13�A = 2 :57�A.
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Fig. 23: Linear �t of the ionic radii established for strontium at coordinati on numbers from
6 to 12 [116]. The value atCN = 5 amounts to 1.1289�A.

Other germanide compounds tend to have much broader ranges of Ge{Sr distances.

For example, the Ge(2) atom in Sr17Ge2[GeN3]2[GeN4]2 is coordinated by twelve

strontium atoms forming a cuboctahedron, which is only moderately distorted at
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� = 8:4, indicating coordination number 12. The Ge{Sr distances still range from

3.30�A to 3.97�A, with an average ofdavg(Ge{Sr)= 3 :73�A. The other Ge4� ion in the

same compound, Ge(1), is coordinated by a more strongly distorted cuboctahedron

of strontium atoms at � = 16:3, with the Ge{Sr distances ranging from 3.15�A

to 4.26�A. The shortest Ge{Sr distance in (Sr3O)Ge [30], also part of a distorted

cuboctahedron, is even smaller at 3.10�A. As illustrated in �g. 24, while the shortest

distances in these compounds vary greatly, the average Ge{Sr distances are much

closer to each other. This makes sense considering that Ge4� is highly polarizable.

Instead of viewing it as a hard sphere, it could be thought of as a somewhat malleable

shape that will deform to some extent to better �t its environment.

Sr2Ge Sr8Ge3N4 | Ge(1) Sr8Ge3N4 | Ge(2) Sr5Ge3 (Sr3O)Ge (Sr3N0.5 )Ge Sr17 Ge6N14 | Ge(1) Sr17 Ge6N14 | Ge(2) Sr15 Ge[GeN 4 ] 3O

compound | site
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 / 

Å

Fig. 24: Ge4� {Sr2+ distances in a number of compounds presented in this thesis, as well
as Sr2Ge [113], Sr5Ge3 [119] and (Sr3O)Ge [30]. Distances less than 1 pm apart from each
other were merged to form single data points with proportionally larger areas.

Based on the average of the Ge{Sr distances, the radius of theGe4� ion in a number

of strontium germanides was calculated using the same approach as demonstrated

above for Sr15Ge[GeN4]3O. In some cases, two versions of the same coordination

environment were evaluated: one containing all atoms that could reasonably be

classi�ed part of said environment6 along with one version lacking the most distant

atoms (compare �g. 24). In those cases, the coordination numbers and radii esti-

mated for the Sr2+ ions were adjusted accordingly. The results are shown in �g. 25,

with detailed values listed in tab. 13. The average result for CN = 12 as calculated

from �ve coordination environments amounts tor (Ge4� ) = 2 :52�A.

6The solid angle subtended by each face of the Voronoi cell belonging to a ligand amounts to at
least 
 min = 15 � . For comparison, in an undistorted cuboctahedron, each face subtends 60� .

84



4.2 Inverse Perovskites
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Fig. 25: Ionic radii of Ge4� as derived from the compounds listed in tab. 13 using the
average distance approach. Black crosses represent full coordination environments. Those
with removed peripheral atoms are shown in red.

Tab. 13: Coordination numbers of Ge4� , average coordination numbers of the coordinating
Sr2+ ions, estimated strontium radii based thereon, average atomic distances davg(Ge{
Sr) and ionic radii calculated for Ge4� on the basis of these values. Full coordination
environments are listed in the upper part, curtailed ones below the horizontal line.

Compoundj site CN (Ge4� ) avg. CN (Sr2+ ) r (Sr2+ ) / �A davg (Ge{Sr) / �A r (Ge4� ) / �A

Sr2Ge 9 4:5 1.1089 3.4187 2.3098

Sr8Ge3N4 j Ge(1) 9 4:7 1.1189 3.5101 2.3912

Sr8Ge3N4 j Ge(2) 10 4.9 1.1244 3.5325 2.4081

Sr5Ge3 10 5.2 1.1378 3.5382 2.4004

(Sr3O)Ge 12 6 1.1737 3.5813 2.4076

(Sr3N0:5)Ge 12 5 1.1289 3.6695 2.5406

Sr17Ge6N14 j Ge(1) 12 5:6 1.1647 3.6653 2.5006

Sr17Ge6N14 j Ge(2) 12 5:83 1.1662 3.7272 2.5610

Sr15Ge[GeN4]3O 12 5 1.1289 3.7034 2.5741

Sr2Ge 7 4.4286 1.1032 3.3003 2.1971

Sr8Ge3N4 j Ge(1) 7 4.5714 1.1096 3.3874 2.2778

Sr8Ge3N4 j Ge(2) 8 4.75 1.1176 3.3856 2.2680

Sr5Ge3 8 5 1.1289 3.4366 2.3081

(Sr3O)Ge 8 5 1.1289 3.4144 2.2855

(Sr3N0:5)Ge 8 4 1.0840 3.4279 2.3439

Sr17Ge6N14 j Ge(1) 10 5.6 1.1558 3.5456 2.3898
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Having established this much larger ionic radius for Ge4� , the Goldschmidt

tolerance factorst of hypothetical inverse perovskites (Ca3N)Ge, (Sr3N)Ge and

(Ba3N)Ge can be calculated according to eqn. 1, yieldingt = 0:99, 0.98 and 0.96,

respectively. These values are of course surprisingly high. By contrast, in the earlier

publication [23], a tolerance factor of 0.85 was assigned to(Ca3N)Ge, leading the

author to question the previously reported cubic aristotype structure [32]. In this he

is vindicated by the tilted P21=n structure found for the elpasolite (Ca3N0:669(6))Ge.

There are several aspects which could be criticized about the larger radius of

Ge4� determined above. Firstly, the sample size is very small and it is possible

that a larger survey would yield a lower result. Secondly, the extrapolation of

the Sr2+ radii could be called into question. However, the error should be small

enough as to not qualitatively change the result. A third issue concerns the rather

generous assignment of coordination number 12 to the germanium atoms in the

evaluated perovskites and to the Ge(1) atom in Sr17Ge2[GeN3]2[GeN4]2. That said,

disregarding these would actually increase the value obtained for the Ge4� radius.

A minor point of contention is the fact that these perovskitesdo not seem

to be restricted to closed-shell (Zintl) ions. The compositions published with fully

occupied nitrogen sites may or may not be entirely accurate,but later publications

[33, 34, 39], including publication 1 presented here, corroborate the larger point

that these compounds have a signi�cant range of homogeneityand may occur with

either an excess or a de�cit of electrons, not just with the "balanced" (M 3N2=3)T t

compositions. However, it seems unlikely that this would substantially compromise

the applicability of the results brought forth here given that even higher tolerance

factors are obtained for the analogous oxides7, which are also tilted [30]. For similar

reasons, the fact that the tolerance factor is not as well grounded for elpasolites

with vacant B sites should not be overemphasized [120]. This leaves two possible

interpretations. It is conceivable that the inverse perovskites discussed here are

signi�cantly more prone to adopting tilted structures because of some hitherto

unknown reason. In this case, unlike other perovskites, they should be expected to

tilt at a Goldschmidt tolerance factor well above 0.9. Alternatively, the Goldschmidt

tolerance factor and the concept of ionic radii itself, while certainly very handy,

have limited applicability when dealing with highly polarizable species such as the

7Using the same method, these amount to 1.04, 1.01 and 0.99 for (Ca3O)Ge, (Sr3O)Ge and
(Ba3O)Ge, respectively
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larger alkaline earth metal ions, the nitride ion and especially the tetrelide ions

discussed here. These compounds still seem to follow similar trends related to

the sizes of their ionic components, but concrete outcomes cannot accurately be

predicted with the methods so successfully employed for regular oxide and halide

perovskites.

4.3 Comparison of nitridogermanate units

As listed in tab. 14, there are now ten compounds containing mutually isolated

GeN8�
4 units. Since the Ge{N bonds in these units are strongly covalent, it is not

surprising that the range of observed atomic distances is rather limited, especially

when compared to the Ge{Sr distances discussed in the previous section. At room

temperature, the average Ge{N distance in these compounds amounts to 1.909�A.

The shortest bond length occurs in Sr8Ge2[GeN4] while the longest is found in

Sr4[GeN4]. The latter compound features a single particularly long Ge{N bond at

almost 2�A. The isostructural Ca4[GeN4] shows the same peculiarity, although its

GeN4 tetrahedra are smaller because the matrix they are embeddedin is formed by

smaller cations. The GeN4 tetrahedra are only slightly distorted, with the greatest

deviations from Platonic tetrahedra found in Sr3Mg[GeN4] and Ba3Mg[GeN4]. In

these compounds, the GeN4 tetrahedra share edges with MgN4 tetrahedra, forming

in�nite chains. However, The Mg{N bonds are only weakly covalent [121] and the

MgN4 tetrahedra are much more strongly distorted than their GeN4 counterparts

(� (43m) = 17:4 resp. 18.4). With the exception of those in Sr8Ge2[GeN4], all of the

GeN4 polyhedra are closer to disphenoids than to trigonal pyramids (point groups

42m and 3m, repectively). The reason is not obvious, it may just be a coincidence.

The most common coordination polyhedra for the individual nitrogen atoms

are distorted GeM 5 octahedra (M = Mg, Ca, Sr, Ba). These are encountered in

all known nitridogermanate structures featuring mutuallyisolated GeN8�
4 units [46,

47, 122, 123]. However, trigonal prismatic coordination also occurs (in Ca4[GeN4]

and Sr4[GeN4]), as do coordination numbers 5 (Sr8Ge2[GeN4]) and 7 (Ca4[GeN4],

Ca7[GeN4]N2, Sr4[GeN4], Sr7[GeN4]N2, Sr17Ge2[GeN3]2[GeN4]2, Sr3Mg[GeN4],

Ba3Mg[GeN4]).
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Tab. 14: Minimal, maximal and average Ge{N bond lengthsd as well as deviations� of
the GeN8�

4 units from the Platonic tetrahedron and its lower symmetry derivati ves. The
central germanium atoms were factored in when computing the listed deviation values.

Compound [literature] dmin / �A dmax / �A davg / �A � (43m) � (42m) � (3m)

Ca4[GeN4] [46] 1.889(2) 1.950(2) 1.909 6.5 3.4 6.1

Ca7[GeN4]N2 [47] 1.878(2) 1.899(2) 1.888 1.3 0.6 1.3

Sr4[GeN4] 1.906(3) 1.996(4) 1.930 5.6 2.7 5.4

Sr7[GeN4]N2 [47] 1.922(4) 1.923(5) 1.923 1.4 0.2 1.4

Sr8Ge2[GeN4] 1.827(17) 1.925(17) 1.892 3.1 2.8 2.7

Sr17Ge2[GeN3]2[GeN4]2 1.887(6) 1.917(5) 1.904 5.2 2.6 4.8

Sr15Ge[GeN4]3O 1.896(4) 1.918(4) 1.906 3.4 2.3 3.2

Sr3Mg[GeN4] [122] 1.892(7) 1.920(8) 1.906 6.7 2.2 6.7

Ba3Mg[GeN4] [123] 1.907(6) 1.934(6) 1.920 7.3 3.3 7.3

Ba5[GeN4][CN2] 1.909(7) 1.917(10) 1.912 4.3 1.6 4.2

The condensed nitridogermanates Li(Ge2N3), Mg(GeN2), Mn(GeN2) [124],

Zn(GeN2) [125], Li4Sr3[Ge2N6] [126], Sr5[Ge2N6] [127] and Sr6[Ge2N6O] tend to

feature slightly more distorted GeN4 units. In particular, the distances from

germanium atoms to bridging nitrogen atoms are often relatively long, while

terminal nitrogen atoms are more tightly bound. The most extreme case is observed

in Li(Ge2N3), where the shortest and longest Ge{N distances respectively amount

to 1.759(13) and 2.059(16)�A. Nevertheless, the average Ge{N distance in these

compounds is 1.904, deviating only to an insigni�cant degree from the average

Ge{N distance in the mutually isolated GeN8�
4 units.

The ethane-like nitridogermanate(III) anions in Ca6[Ge2N6] and Sr6[Ge2N6]

feature Ge{N distances comparable to those of the tetrahedral nitridogermanates at

1.89(2) and 1.908(3)�A, respectively. The Ge{Ge{N angles are slightly more acute

than the ideal tetrahedral angle at 108.7(3)� and 107.13(9)� , respectively. This is

easily explained by the mutual repulsion of the negatively charged nitrogen atoms

bound to the same germanium atom, but may also be an e�ect of the crystalline

matrix.

Due to their slightly increased formal bond order of 4=3, the Ge{N bonds in

the trigonal planar GeN5�
3 units are shorter. In Ba9[GeN3]3N [45], these units have

3m symmetry. They are thus undistorted and feature three crystallographically

equivalent bonds of length 1.786(4)�A. In Sr17Ge2[GeN3]2[GeN4]2, the GeN5�
3 units
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occupy a general position, but are still only minutely distorted at � = 2:9. The

length of the Ge{N bonds ranges from 1.776(7) to 1.814(5)�A. On average then,

while the sample size is tiny at this point, GeN5�
3 units have a bond length of

1.792�A. Despite formally having an even higher bond order of 1.5, thekinked

GeN4�
2 units in Ca2[GeN2] [46], Sr2[GeN2] [41], Sr3Ge[GeN2] [41], Ba3Ge[GeN2] [42],

Sr6Ge5[GeN2] [43], Ba6Ge5[GeN2] [43] and Sr11Ge2[GeN2]2N2 [40] on average have

signi�cantly longer Ge{N bonds at 1.874�A. This is most convincingly explained

by their weaker ionic contributions to the bonding. Their N{Ge{N angles range

from 103.6(9)� in Sr3Ge[GeN2] to 113.2(2)� in Sr2[GeN2], indicating a diminished

s-character of the� -bonding hybrid orbitals, as is typical for heavier elementssuch

as germanium.

4.4 Polynator

4.4.1 Comparison with Related Programs

Some types of coordination polyhedra are much more common than others, with

tetrahedra and octahedra being probably the most prominentexamples in inorganic

chemistry. As a result, crystallographers, chemists and material scientists tend

to be intimately familiar with these shapes, including distorted versions such as

the trigonal pyramid, disphenoid, trigonal antiprism or tetragonal bipyramid.

Other examples for frequently discussed shapes include trigonal or square planar

coordination, trigonal bipyramids, tetragonal pyramids, trigonal prisms, cubes,

tetragonal antiprisms, cuboctahedra, anticuboctahedra and icosahedra. However,

there are some clearly delineated shapes which do occur in crystal structures but

are almost never recognized as such when crystal structuresare described. Among

these are the gyrobifastigium [128], the elongated gyrobifastigium and the spheno-

corona. One of the main goals when developing the computer program Polynator

was to provide a simple way to suggest the most �tting name fora given polyhedron.

The program was initially conceived to quantify the distortions caused by oc-

tahedral tilting in perovskites. These distortions primarily a�ect the shape of the

cuboctahedron formed by theX ligands coordinating the A site. To quantify

the extent of the distortion, this X 12 cuboctahedron can be compared with an

undistorted Archimedean cuboctahedron. Like earlier programs such asPolyDis

[129], shape [62] or ChemEnv [63], Polynator does this by constructing a model

of the ideal polyhedron. The vertices of this model are then paired up with the
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ligand atoms and the model is �tted by rotating and resizing it with the goal of

minimizing the sum of the squared distances between pairs ofatom and model

vertices. In contrast to earlier programs8, the model can have rigid proportions,

but does not have to. For example, when �tting a trigonal prismin shape or

ChemEnv, a speci�c trigonal prism, such as the uniform (or equilateral) version,

has to be selected. This is also possible inPolynator. However, it often makes

sense to compare a coordination environment not to a prism with preselected

proportions, but to the closest �tting trigonal prism, whatever proportions it may

have. Polynator is able to do this by treating the height and width of the prism

as parameters to be �tted independently. A further parameter may allow the

model vertices to rotate around the axis of symmetry, creating a twisted prism.

In principle, by combining any number of parameters and applying constraints if

necessary, any model with nontrivial rotational symmetry can be constructed9.

This means models may not only represent polyhedra, but also molecular com-

ponents such as biphenyl or porphyrin units, making it potentially useful for

analyzing the structures of metal-organic frameworks and biomolecules [130]. To

cover any needs outside of the author's area of expertise,Polynator's graphical

user interface contains a dedicated menu for the construction of user-de�ned models.

The CoSyM software [131] is di�erent from Polynator and related programs

in that it is not primarily concerned with �tting models, but with analyzing

deviations from point groups and from achirality. In the case of polyhedra,

Polynator provides a reasonable substitute for this functionality in the form of its

dynamic models. However, usingCoSyM, the deviation from point group symmetry

or achirality of complex molecules with more or less arbitrary structures, such as

proteins, can be analyzed. This is practically impossible using Polynator at this

point. On the other hand, CoSyM is for the most part limited to the point groups

CS, Ci , Cn and Sn (Sch•onies notation, n represents arbitrary natural numbers)

[132]. Thus, di�erent tasks are served, withCoSyM handling deviations from low

symmetries much better, whilePolynator is generally superior for the analysis of

deviations from highly symmetrical ideal shapes.

8This is also possible withPolyDis, albeit in a severely limited capacity.
9Although constrained models can be quite challenging to construct.
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4.4.2 Substructure Search Algorithm

Coordination environments are selected by specifying a central atom and choosing

one of several methods for determining which atoms are part of the coordination en-

vironment. As briey discussed in publication 3, these methods are based on �xed

distances, atomic radii, the faces of Voronoi cells, gaps inthe histogram of atomic

distances or a target number of ligands. The �rst three of these can also serve as

criteria for the establishment of bonds. This way, molecules, clusters and cages such

as those present in zeolites, clathrates and fullerenes canbe evaluated. However, in

many crystal structures, these exist not in isolation, but as part of larger molecules

or frameworks. For this reason,Polynator features an elaborate substructure search

algorithm. A substructure search is a search for a structural unit, such as a molecule

or a fragment thereof, in a larger structure. Such an algorithm is generally based

on graph theoretical methods, speci�cally subgraph matching, not topology, as er-

roneously mentioned in publication 3. The substructure search algorithms used by

various databases such as theCSD [133] are predominantly designed to search iso-

lated molecular structures, which are smaller, do not feature translational symmetry

and are generally more sparsely connected than some inorganic crystal structures

can be. Such algorithms also often rely on preprocessing of the molecular structures

deposited in the respective database, which can be assessedmuch more quickly using

encoding such asSMARTS [134]. By contrast, Polynator has to construct atoms

and bonds anew for each input �le and �nds structural units onthis basis. It also

has to check multiple unit cells in case the desired structural unit is spread across

two or more cells, meaning translational symmetry in many cases has to be taken

into account.

Fig. 26: Porphine is traced in three stages. Depicted arrows are not to beconfused with
reaction arrows.
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The substructure search algorithm will be outlined using the example of the search

for porphine. It is executed only after all atoms and bonds have been established.

The algorithm traces this molecule in three stages, as illustrated in �g. 26. Fewer

or more stages may be employed, but complex substructures are always traced

with a similar, bottom-up approach for e�ciency reasons. First, all carbon atoms

are checked for C3N stars they can form with their direct neighbors. These stars

then form the primitive component for the next stage, in which they are treated as

abstract vertices in a new graph. The vertices in this graph are connected if the

underlying C3N stars share exactly one nitrogen atom. Doublets of connected C3N

stars then form a C6N unit if said unit is isomorphic to 2,5-dimethylpyrrole10. A

third graph is then constructed, which has abstract vertices representing C6N units.

Two vertices in this graph are connected if the underlying C6N units share a single

terminal carbon atom. All 4-rings in this third graph are traced by essentially

walking all possible 4-step walks from each vertex and checking if a ring is described

by any of these walks11. If so, the subgraph formed by the underlying atoms is

returned as an output as long as it is isomorphic to porphine.This example refers

to a molecular substructure for clarity, but equivalent searches can be made e.g.

for snub cubes in intermetallic compounds or for sodalite cages in zeolites. In all

cases, an appropriate setting for the connection of atoms isvital. Internally, the

procedure is optimized by exploiting symmetry. After all unique subgraphs are

traced, they are replicated by applying the relevant symmetry operations to them,

if necessary. Graph edges between them are similarly transferred.

Direct search prompts can currently only be given in the formof the name

of a target substructure (e.g. "pyridine" or "dodecahedron"). This has many

advantages, provided a search template for the desired substructure is de�ned in

the program. New search templates can be de�ned in a dedicatedwindow, but this

may require some familiarization. A simple drawing tool is currently not available,

as it would require a way to automatically generate valid andreasonably e�cient

search templates for arbitrary substructures, which seemspossible, but di�cult.

10Hydrogen atoms are always ignored. If necessary, they can be added after thetarget substructure
is otherwise fully constructed. This is computationally cheaper.

11This is not very expensive for 4-rings, but larger rings have to be constructed by a multi-step
process to avoid an exponential growth of the number of walks that need to be checked.
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4.4 Polynator

4.4.3 Applications

For future improvements, it may be of interest to evaluate how Polynator is used

in practice by other researchers. Since its publication, the program has been cited

several times. The most common use appears to be the classi�cation of coordination

polyhedra. This is sometimes done with the support of deviation values [135{137],

sometimes with a qualitiative statement (e.g. "nearly undistorted") [138{140] and

sometimes without either [141{143]. If a deviation value isgiven, it is not always

clear which model variant it refers to [136]. For example, asmentioned earlier, many

models come in a "rigid" and in one or more "dynamic" versions. The former have

rigid proportions, while multiple independent parametersallow for deformations of

the latter. The choice of model is ultimately up to the user. While either type may

be valid when describing a given polyhedron, the resulting deviation values can

di�er dramatically. Therefore, it is strongly recommendedto specify the particular

model a deviation value refers to or to compare multiple models.

Another popular feature seems to be the computation of polyhedral volumes

based on the convex hull. This was used by Grzechnik et al. [137]and very

e�ectively by Dialer et al. in conjunction with other "low-cost crystallographic cal-

culations" to determine whether tetrahedra in a number of nitridophosphosilicates

were occupied by phosphorus, silicon or statistically by either [144{146].

4.4.4 How Not to Use Polynator

The primary purpose of the classi�cation of coordination polyhedra is to facilitate

the comprehension of data that would otherwise be too abstract for the human

mind, making it much easier to group similar structures together and to recognize

structural trends and patterns. A common pitfall is inherent to the fact that

additional free parameters will generally yield "better" �ts as expressed by lower

deviation values. For additional parameters to be justi�ed, the respective �ts thus

have to be not just marginally better, but signi�cantly better. If this is ignored,

the resulting structure descriptions will have little value and may even be actively

confusing.

A related problem lies in the misconception that every polyhedron encoun-

tered in a crystal structure should be classi�ed as a distorted version of some

ideal shape. Unfortunately, it is not possible to give concrete threshold deviations
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4 Discussion

below which such a classi�cation is valid. It depends on the type of distortion and

the number of vertices. However, some coordination environments clearly have

irregular shapes that should not be identi�ed as distorted versions of any particular

ideal shape. In these cases,Polynator is best used as a way to con�rm no valid

classi�cations were overlooked.
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5 Conclusion

A total of eight di�erent inverse perovskite nitrides with the general formula

(M 3Nx )T t (M = Ca, Sr, Ba; T t = Si, Ge, Sn, Pb) were synthesized from sodium

ux. By restricting the amount of nitrogen available in the syntheses to a minimum,

an elpasolite-type superstructure was induced in each compound. (Ca3N0:77(2))Si,

(Ca3N0:669(6))Ge, (Sr3N0:5)Ge und (Ba3N0:5)Ge additionally feature octahedral

tilting according to a� a� c+ , leading them to crystallize in space groupP21=n.

(Ba3N0:5)Sn and (Ba3N0:5)Pb exhibt the same superstructure combined with a

di�erent tilting scheme a� a� a� , resulting in space groupR3. (Ca3N0:682(9))Sn and

(Ca3N0:559(7))Pb, exhibiting the superstructure but not the tilting, crystallize in

Fm3m. According to the deviation values� of their respectiveT tM 12 cuboctahedra,

the P21=n structures are less distorted than theR3 structures, while theFm3m

structures are less distorted than either. In these elpasolites, unoccupied and par-

tially occupied octahedral sites are always surrounded by larger M 6 octahedra than

occupied ones. At the same time, the occupied octahedra are contracted compared

to the octahedra in the respective regular perovskites, as far as their structure is

known. For this reason, the elpasolites typically have smaller unit cell volumes

per formula unit than the regular perovskites. Formally, these compounds feature

nitride ions N3� and germanide Zintl anions Ge3� . However, while (Ca3N0:669(6))Ge

and (Ca3N0:682(9))Sn come very close, none of these compounds seems to be bound

to a formal charge balance. Most of them have a surplus of electrons, lending

them metallic properties in addition to their ionic makeup. This is corroborated

by DOS simulations showing pseudogaps at or slightly above the Fermi level. Due

to the polarizability of the tetrelide ions, structural considerations based on ionic

radii have to be approached with caution. For instance, the Goldschmidt tolerance

factor does not seem to reliably predict the structure of these compounds. The

ionic radius of the germanide ion Ge4� in particular was shown to be much larger

than previously estimated [23].

A number of nitridogermanates, nitridosilicates and nitridoniobates were syn-

thesized and characterized for the �rst time. Among these were Sr6[Ge2N6]

and Ca6[Ge2N6], the �rst nitridogermanates(III), featuring staggered, ethane-like

Ge2N12�
6 anions. Sr8Ge2[GeN4], Sr17Ge2[GeN3]2[GeN4]2 and Sr15Ge[GeN4]3O all

contain tetrahedral GeIV N8�
4 units next to Ge4� anions, making them the �rst

known compounds to feature germanium in both its highest and lowest formal
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oxidation state. Ca12Si4[SiN4], which features tetrahedral SiIV N8�
4 units next to

Si4� anions, holds the same distinction for silicon. It was obtained alongside

Ca4(AlSiN5), a tecto-nitridoalumosilicate in which a three-dimensional framework is

formed by the combination of corner-sharing AlN4 and SiN4 tetrahedra. Sr4[GeN4]

is a simple neso-nitridogermanate crystallizing isostructurally to Ca4[GeN4].

Ba5[GeN4][CN2] also features tetrahedral GeN8�
4 units along with linear carbodi-

imide units CN2� . Sr6[Ge2N6O] contains doublets of corner-sharing GeX 4 units,

where X represents N or O. It has an isostructural analogon in the nitridoniobate

Sr6[Nb2N7], which most likely features niobium in an average oxidation state of 4.5.

The nitridoniobate Sr9[Nb3N10] features anionic chains of three corner-sharing NbN4

units, with niobium in an average oxidation state of 4. Ba12[NbN4][CN2]6N1:2(1)

crystallizes in space groupI 23 as a non-centrosymmetric modi�cation of the

otherwise isostructural Ba12[NbN4][CN2]6N5=3. Most likely due to its lower nitrogen

content and thus a reduced oxidation state of niobium, it hasa black color while the

latter compound is red. With the exception of Ca6[Ge2N6], all of these compounds

were obtained in the form of single crystals next to larger quantities of bulk product.

In order to better characterize the distortions in the inverse perovskites, the

computer program Polynator was developed. It is now capable of quantifying

distortions of coordination polyhedra, empty cages and molecules by �tting the

vertices of appropriate models to the respective atoms. The�tting process involves

rotation and scaling of the model to minimize the squares of vertex{atom distances.

In addition, many models allow for deformations in order to better reect the

nature of polyhedra such as pyramids, bipyramids, prisms and twisted prisms.

Instead of single shapes with well de�ned proportions, suchas the Platonic solids,

these intuitively represent in�nite sets of non-congruentshapes. Since users might

have unforeseen needs, a menu for the creation of new models is included. In order

allow the user to quickly select a structural unit, a substructure search algorithm

was implemented. The program is also capable of computing the Voronoi diagram

of a crystal structure, as well as the volume of the convex hull of a given set of

atoms. The latter has been one of the more common applicationsin publications

citing Polynator, along with the assignment of names to coordination polyhedra

found in crystal structures based on the best �tting model.
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6 Outlook

Further research may be fruitful in several areas. As far as the inverse perovskites

in the systemsM � T t � N (M = Ca, Sr, Ba; T t = Si, Ge, Sn, Pb) go, the method

employed in this thesis appears to have reached its limits. However, it might be

possible to obtain samples of (Sr3Nx )Si or even (Ba3Nx )Si using a di�erent ux

or a di�erent method altogether. The homologuous magnesiumcompounds, the

syntheses of which were only briey attempted, might also exist.

Exploratory attempts to synthesize a nitridostannate wereunsuccessful and

did not show much promise for further experiments using the sodium ux method.

The same is not true for the systemsM � In � N (M = Ca, Sr, Ba). Here, a variety

of single crystals was obtained, though none of the structures could ultimately be

solved satisfactorily. A relatively obvious target is the synthesis of either untwinned

single crystals or a single-phase sample of Sr12Ge4[GeN4], which appears to be

isostructural to Ca12Si4[SiN4]. Re�ning the structure based on di�raction data

obtained from twinned crystals may also be possible, although all attempts made

so far were unsuccessful. While other strontium nitridogermanates probably exist,

quite a few have been synthesized at this point and diminishing returns are to

be expected. Fewer nitridogermanates of calcium or barium have been reported,

without obvious reasons as to why, suggesting these systemsmay be more promising.

In many cases, especially when it comes to the previously unpublished com-

pounds presented in this thesis, further characterizationwould be valuable. While

it was possible to re�ne the crystal structures with goodR values, some questions

regarding the actual compositions of these compounds remain open. X-ray spec-

troscopy (EDX or WDX) and Raman spectroscopy would be useful in this regard.

Furthermore, virtually nothing about the physical properties of these compounds

is known. Unfortunately, many analytical methods require appreciable amounts

of single-phase sample, wheras most of the nitridogermanates, nitridosilicates and

nitridoniobates presented here were only obtained in the form of vanishingly few

single crystals among much larger bulk products. Attempts to synthesize them in

bulk generally failed.

Polynator may certainly be improved further. A relatively recent addition

was the option to pair model vertices with atoms based on graph theoretical
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methods similar to those outlined by Alon and Tuvi-Arad [147]. It should be

possible to use this for a generalized point group symmetry analysis, which could be

applied to any structural unit whose bonds or polyhedral edges form a connected

graph. Appropriate models for any point group which is commensurate with the

automorphism group of that graph could then be constructed on the y. While

there are often multiple non-equivalent mappings of a graphonto a point group,

they are vastly reduced compared to the factorial number of mappings the brute

force approach requires. Such an algorithm is partially implemented in CoSyM

[131, 132], but currently only applicable to cyclic point groups. While this is

presumably enough for many applications, deviations from cubic, icosahedral and

other highly symmetrical point groups are often quite interesting for the analysis

of crystal structures. In the most common cases (Platonic and Archimedean solids

as well as prisms and antiprisms),Polynator currently includes this possibility via

the appropriate models, but deviations from the symmetry ofsome ideally highly

symmetrical structural units [130, 148] can currently not be fully analyzed without

excessive e�ort.

Another challenging project would be the implementation of a drawing tool,

combined with the ability to search for arbitrary user-generated substructures in

a user-friendly way. However, it is unclear how much value this would actually

provide, given that similar tools already exist in many chemical databases and

Polynator is currently most frequently used for coordination polyhedra, which do

not require the substructures. A much more simple addition would be to make

the program compatible with �le formats such as Mol�le (.mol). Enumerating

the models for easier reference might also help some users, as briey discussed in

section 4.4.3.
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7 Appendix

7 Appendix

7.1 Chemicals

Tab. 15: Reactants used for syntheses. Silicon and germanium were �nelyground prior to
being used as reactants.

name formula manufacturer purity comment

ammonia NH3 Air Liquide 99:999 % pressurized gas

barium Ba Aldrich 99:99 % dendritic crystals

calcium Ca Aldrich 99:99 % dendritic crystals

germanium Ge Aldrich 99:999 % crystalline chunks

magnesium Mg Aldrich 99:99 % dendritic crystals

nitrogen N2 Alphagaz 99:999 % pressurized gas

silicon Si store 99:9999 % crystalline chunks

sodium Na store n.a. peeled twice to remove crust

sodium amide NaNH2 n.a. 99 % prepared by C. B•aucker [73]

sodium azide NaN3 Carl Roth 99 % slightly sticky crystals

sodium cyanide NaCN store n.a. coarse crystalline powder

strontium Sr Aldrich 99 :99 % dendritic crystals

7.2 Computer programs

Single crystal structure solutions and re�nements were performed using ShelX [149].

Rietveld re�nements were performed using Fullprof [150]. Rietveld plots and some

other diagrams were created with Python 3.9 using matplotlib. Other illustrations

were created using Inkscape 1.2, Diamond 4.0 and Vesta 3.5. The accuracy of a

variety of results obtained with Polynator was con�rmed by comparison with results

obtained with shape2.1 [62]. Crystallographic data for structures reported byother

researchers was accessed via theICSD [151].
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2. Atomic Parameters from Rietveld Re�nements

The following tables contain the atom parameters for the title compounds as deter-

mined by Rietveld re�nement. In the case of the calcium compounds, the isotropic

displacement parameters of the N(2) atoms, located on the partially occupiedB 0site,

were set to a �xed value. They were not re�ned because the value of the isotropic

displacement parameter is strongly (inversely) correlated with the value of the oc-

cupancy parameter of the same atom. Re�ning both tends to yield unreliable data,

hence the parameter value was �xed at the same estimated value for all of these

compounds.

Table 1: Fractional coordinates, isotropic displacement parameters and occupancies for the
F m3m structure of (Ca3N0:682(9))Sn, as obtained from joint Rietveld re�nement of powder
X-ray and neutron di�raction data. The displacement of calcium was re�ned anisotropically
(see table 9), the given value is a spherical average.

atom Wycko� site x = a y = b z = c Uiso / pm 2 site occupancy

Ca(1) 24e 0.2415(3) 0 0 0.0114(10) 1

Sn(1) 8c 1=4 1=4 1=4 0.0080(3) 1

N(1) 4a 0 0 0 0.0110(16) 1

N(2) 4b 0 0 1=2 0.01267 0.364(17)

Table 2: Fractional coordinates, isotropic displacement parameters and occupancies for the
F m3m structure of (Ca3N0:559(7))Pb, as obtained from joint Rietveld re�nement of powder
X-ray and neutron di�raction data. The displacement of calcium was re�ned anisotropically
(see table 9), the given value is a spherical average.

atom Wycko� site x = a y = b z = c Uiso / pm 2 site occupancy

Ca(1) 24e 0.2431(7) 0 0 0.0174(20) 1

Pb(1) 8c 1=4 1=4 1=4 0.0120(7) 1

N(1) 4a 0 0 0 0.0115(14) 1

N(2) 4b 0 0 1=2 0.01267 0.118(14)
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Table 3: Fractional coordinates, isotropic displacement parameters and occupancies for the
R3 structure of (Ba3N0:5)Sn, as obtained from joint Rietveld re�nement of powder X-ray
and neutron di�raction data.

atom Wycko� site x = a y = b z = c Uiso / pm 2 site occupancy

Ba(1) 18h 0.6789(7) 0.8679(4) 0.0808(3) 0.0262(18) 1

Sn(1) 6c 2=3 1=3 0.0835(5) 0.022(2) 1

N(1) 3a 0 0 0 0.026(2) 1

Table 4: Fractional coordinates, isotropic displacement parameters and occupancies for the
R3 structure of (Ba3N0:5)Pb, as obtained from joint Rietveld re�nement of powder X-ray
and neutron di�raction data.

atom Wycko� site x = a y = b z = c Uiso / pm 2 site occupancy

Ba(1) 18h 0.6774(10) 0.8670(5) 0.0803(4) 0.026(2) 1

Pb(1) 6c 2=3 1=3 0.0830(4) 0.0192(15) 1

N(1) 3a 0 0 0 0.023(3) 1

Table 5: Fractional coordinates, isotropic displacement parameters and occupancies for the
P21=n structure of (Ca3N0:77(2) )Si, as obtained from joint Rietveld re�nement of powder
X-ray and neutron di�raction data.

atom Wycko� site x = a y = b z = c Uiso / pm 2 site occupancy

Ca(1) 4e 0.9576(18) 0.0106(12) 0.7645(19) 0.024(8) 1

Ca(2) 4e 0.273(3) 0.2110(19) 0.9791(19) 0.034(10) 1

Ca(3) 4e 0.267(2) 0.2269(17) 0.5232(18) 0.028(11) 1

Si(1) 4e 0.507(2) 0.0218(15) 0.243(4) 0.038(9) 1

N(1) 2a 0 0 0 0.013(6) 1

N(2) 2b 0 0 1=2 0.01267 0.54(3)
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Table 6: Fractional coordinates, isotropic displacement parameters and occupancies for the
P21=n structure of (Ca3N0:668(6))Ge, as obtained from joint Rietveld re�nement of powder
X-ray and neutron di�raction data.

atom Wycko� site x = a y = b z = c Uiso / pm 2 site occupancy

Ca(1) 4e 0.979(3) 0.006(2) 0.754(4) 0.019(5) 1

Ca(2) 4e 0.258(4) 0.235(4) 0.9891(19) 0.027(5) 1

Ca(3) 4e 0.274(3) 0.225(3) 0.5277(16) 0 1

Ge(1) 4e 0.499(3) 0.0096(13) 0.249(3) 0.0218(9) 1

N(1) 2a 0 0 0 0.0022(14) 1

N(2) 2b 0 0 1=2 0.01267 0.336(12)

Table 7: Fractional coordinates, isotropic displacement parameters and occupancies for the
P21=n structure of (Sr3N0:5)Ge, as obtained from joint Rietveld re�nement of powder X-ray
and neutron di�raction data.

atom Wycko� site x = a y = b z = c Uiso / pm 2 site occupancy

Sr(1) 4e 0.9358(4) 0.0111(3) 0.7612(6) 0.0216(9) 1

Sr(2) 4e 0.2919(8) 0.2060(6) 0.9665(8) 0.021(2) 1

Sr(3) 4e 0.2811(7) 0.2204(7) 0.5354(9) 0.027(2) 1

Ge(1) 4e 0.5080(5) 0.0263(3) 0.2557(12) 0.0230(10) 1

N(1) 2a 0 0 0 0.01267 1

Table 8: Fractional coordinates, isotropic displacement parameters and occupancies for
the P21=n structure of (Ba3N0:5)Ge, as obtained from joint Rietveld re�nement of powder
X-ray and neutron di�raction data.

atom Wycko� site x = a y = b z = c Uiso / pm 2 site occupancy

Ba(1) 4e 0.9253(12) 0.0143(9) 0.7650(13) 0.019(2) 1

Ba(2) 4e 0.292(3) 0.203(2) 0.9596(19) 0.022(6) 1

Ba(3) 4e 0.286(3) 0.216(2) 0.543(2) 0.020(6) 1

Ge(1) 4e 0.507(2) 0.0342(14) 0.250(4) 0.028(3) 1

N(1) 2a 0 0 0 0.016(5) 1
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Table 9: Anisotropic displacement parameters for the calcium atoms in (Ca3N0:682(9))Sn
and (Ca3N0:559(7))Pb, (both F m3m) as obtained from joint Rietveld re�nements of powder
X-ray and neutron di�raction data. The Wycko� sites of the other atoms yield spheri-
cal displacement ellipsoids by symmetry. Other compounds were re�ned with isotropical
displacement parameters only.

compound U11 / pm 2 U22 / pm 2 U33 / pm 2 U23 / pm 2 U13 / pm 2 U12 / pm 2

(Ca3N0:682(9) )Sn 0.0095(3) 0.0168(2) U22 0 0 0

(Ca3N0:559(7) )Pb 0.0199(5) 0.0247(3) U22 0 0 0

Table 10: Fractional coordinates, isotropic displacement parameters and occupancies for
the R3c structure of (Ba3Nx )Sn, as obtained from Rietveld re�nement of powder X-ray
di�raction data. The nitrogen occupancy could not be re�ned due to its vanishingly small
e�ect on the pattern.

atom Wycko� site x = a y = b z = c Uiso / pm 2 site occupancy

Ba(1) 18e 0.48278(19) 0 1=4 0.0267(6) 1

Sn(1) 6a 0 0 1=4 0.0126(15) 1

N(1) 6b 0 0 0 0.01267 1

Table 11: Fractional coordinates, isotropic displacement parameters and occupancies for
the R3c structure of (Ba3Nx )Pb, as obtained from Rietveld re�nement of powder X-ray
di�raction data. The nitrogen occupancy could not be been re�ned due to its vanishingly
small e�ect on the pattern.

atom Wycko� site x = a y = b z = c Uiso / pm 2 site occupancy

Ba(1) 18e 0.4910(5) 0 1=4 0.0292(5) 1

Pb(1) 6a 0 0 1=4 0.0157(7) 1

N(1) 6b 0 0 0 0.01267 1
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Table 12: Fractional coordinates, isotropic displacement parameters and occupancies for
the Pbnm structure of (Sr3Nx )Ge, as obtained from Rietveld re�nement of powder X-ray
di�raction data. The nitrogen occupancy could not be re�ned due to its vanishingly small
e�ect on the pattern.

atom Wycko� site x = a y = b z = c Uiso / pm 2 site occupancy

Sr(1) 4c 0.4547(12) 0.4926(15) 1=4 0.021(2) 1

Sr(2) 8d 0.7707(20) 0.2745(16) 0.0245(7) 0.062(2) 1

Ge(1) 4c 0.508(3) 0.0089(18) 1=4 0.035(3) 1

N(1) 4a 0 0 0 0.01267 1

3. Single Crystal Di�raction Data

Table 13: Crystallographic data for single crystals of (Ca3N0:86(6) )Si, (Ca3N0:578(10))Sn and
(Ca3N0:655(15))Pb.

(Ca3N0:86(6) )Si (Ca 3N0:578(10) )Sn (Ca 3N0:655(15) )Pb

space group P m3m (no. 221) F m 3m (no. 225) F m 3m (no. 225)

a / Å 4.8653(5) 9.8212(9) 9.8776(2)

V / Å 3 115.17(4) 952.748(9) 963.73(6)

Z 1 8 8

calculated density / ( g � cm� 3 ) 2.341 3.449 4.640

measurement temperature / K 293 293 293

wavelength / Å 0.71073 0.71073 0.56083

F (000) 81.0 912.3 1171.0

hkl range � 6 � h � 6 � 14 � h � 14 � 18 � h � 18

� 5 � k � 6 � 14 � k � 14 � 14 � k � 15

� 5 � l � 6 � 14 � l � 14 � 14 � l � 15

range di�raction angle 4:189 � 2� � 27:513 3:593 � 2� � 31:792 2:818 � 2� � 31:926

absorption coe�cient / mm � 1 3.647 8.44 20.639

R int 0.0242 0.0478 0.0409

R � 0.0121 0.0097 0.0114

R1 0.0367 0.0128 0.0134

wR2 0.0630 0.0256 0.0311

GooF 1.225 1.090 0.940

unique re�ections 38 109 216

number of re�ned parameters 7 8 8

Max. residual electron density / ( e � Å � 3 ) 0.39 0.40 1.16

Min. residual electron density / ( e � Å � 3 ) �0.37 �0.45 �1.38
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Table 14: Fractional coordinates, isotropic displacement parameters and occupancies for
the Pm3m structure of (Ca3N0:86(6) )Si, as obtained from single crystal X-ray di�raction
data.

atom Wycko� site x = a y = b z = c Uiso / pm 2 site occupancy

Ca(1) 24e 1=2 0 0 0.0443(16) 1

Si(1) 8c 1=2 1=2 1=2 0.0282(19) 1

N(1) 4a 0 0 0 0.020(6) 0.86(6)

Table 15: Fractional coordinates, isotropic displacement parameters and occupancies for
the F m3m structure of (Ca3N0:578(10))Sn, as obtained from single crystal X-ray di�raction
data.

atom Wycko� site x = a y = b z = c Uiso / pm 2 site occupancy

Ca(1) 24e 0.24116(7) 0 0 0.01440(17) 1

Sn(1) 8c 1=4 1=4 1=4 0.01142(16) 1

N(1) 4a 0 0 0 0.0115(14) 1

N(2) 4b 0 0 1=2 0.010 0.155(19)

Table 16: Fractional coordinates, isotropic displacement parameters and occupancies for
the F m3m structure of (Ca3N0:655(15))Pb, as obtained from single crystal X-ray di�raction
data.

atom Wycko� site x = a y = b z = c Uiso / pm 2 site occupancy

Ca(1) 24e 0.24179(18) 0 0 0.0231(2) 1

Pb(1) 8c 1=4 1=4 1=4 0.01947(9) 1

N(1) 4a 0 0 0 0.020(3) 1

N(2) 4b 0 0 1=2 0.010 0.31(3)
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Table 17: Anisotropic displacement parameters for the calcium atoms in (Ca3N0:86(6) )Si,
(Ca3N0:578(10))Sn and (Ca3N0:655(15))Pb, as obtained from single crystal X-ray di�raction
data. The Wycko� sites of the other atoms yield spherical displacement ellipsoids by sym-
metry.

compound U11 / pm 2 U22 / pm 2 U33 / pm 2 U23 / pm 2 U13 / pm 2 U12 / pm 2

(Ca3N0:86(6) )Si 0.0217(18) 0.0556(19) U22 0 0 0

(Ca3N0:578(10) )Sn 0.0095(3) 0.0168(2) U22 0 0 0

(Ca3N0:655(15) )Pb 0.0199(5) 0.0247(3) U22 0 0 0
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SUPPORTING INFORMATION          

3 
 

Experimental Procedures  

Preparation  
All experimental steps were carried out under an inert atmosphere in a glove box ���0�%�U�D�X�Q�����”�������S�S�P���22) due to the high reactivity of 
both products and educts towards oxygen and moisture. 
Calcium and strontium nitride, Ca3N2 and Sr2N, were prepared by placing a tantalum crucible with alkaline earth metal (dentritic, Sigma-
Aldrich, 99.99 %) in a quartz tube and heating for 8 hours at 550 °C under nitrogen atmosphere (Alphagaz, 99.999 %). The product 
was crushed and re-reacted for another 8 hours.  
Synthesis of dark grey Ca6[Ge2N6] was performed from Ca3N2 and Ge in molar ratio n(Ca) : n(Ge) : n(N) of 3 : 1 : 3.7 in sealed tantalum 
ampoules at 750 °C to 800 °C for 36 h  to 48 h (heating/cooling rate 100 °C · h–1) using NaN3 as a source of N2. Several 
heating/grinding/repelletizing cycles with additional NaN3 were needed to obtain a single phase sample and to remove Ca3GeN and 
Ca2[GeN2] impurities. After the reaction, excess Na was removed under dynamic vacuum at 300 oC.  
Black single crystals of Sr6[Ge2N6] were grown from strontium nitride, germanium powder and sodium azide NaN3 in sealed niobium 
ampoules using sodium metal as a flux. The ampoules were heated in a quartz tube under argon at 720 °C for three days, after which 
they were allowed to naturally cool to room temperature. The ampoules were cut open and the sodium was removed by extraction with 
liquid ammonia. Samples contained very few trigonal antiprismatic Sr6[Ge2N6] crystals and consisted mostly of black, rod-shaped 
Sr2[GeN2] [1] crystals, yellow platelets of Sr5[Ge2N6] [2] and red Sr7[GeN4]N2 [3] crystals.  
Microcrystalline powders of Ca2[GeN2],[4] Sr2[GeN2],[1] Ca4[GeN4],[4] Sr7[GeN4]N2,[3] and Ge3N4 [5-6] were prepared as reference materials 
according to previously reported protocols. 
 

X-ray diffraction  
Lattice and atomic parameters of Ca6[Ge2N6] were refined with the Jana2006 program package [7] employing pseudo-Voigt profile 
functions against laboratory powder X-ray diffraction data of �¿�Q�H�O�\���J�U�R�X�Q�G���S�R�Z�G�H�U���V�D�P�S�O�H�V���F�R�O�O�H�F�W�H�G���R�Q���D���+�X�E�H�U���*���������L�P�D�J�L�Q�J���S�O�D�W�H��
Guinier camera using a curved germanium (111) monochromator and Cu-�.�.�����U�D�G�L�D�W�L�R�Q���L�Q���W�K�H���U�D�Q�J�H��10.3° �”���������”��96° with an increment 
of 0.005° at 293(1) K. The powder samples were placed between Kapton foils to avoid degradation in air. The powder pattern depicted 
in Figure S1 showed small amounts of elemental sodium, which were included in the refinement, and small amounts of a hitherto 
unknown impurity phase, which were excluded from refinement. 
Single crystals of Sr6[Ge2N6] with well-defined features were selected and sealed in glass  capillaries and single crystal X-ray diffraction 
�G�D�W�D���Z�D�V���F�R�O�O�H�F�W�H�G���R�Q���D���%�U�X�N�H�U����-CCD diffractometer using Mo-K�. radiation. A numerical absorption correction was applied using X-
SHAPE and the structure model was solved and refined using the SHELX software.[8-9] Graphical representations of the structure were 
created in Diamond.[10] 
 

Figure  S1. Rietveld �¿t of Ca6[Ge2N6] powder X-ray diffraction data (above) together with the difference curve (below). Solely black areas refer to regions excluded 
from re�¿nement due to unidenti�¿ed impurities. 
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Table S1. Crystallographic data for the title compounds. 

Compound Ca6[Ge2N6] Sr6[Ge2N6] 

Crystal system Trigonal 

Space group R3 (No. 148) 

a / Å 9.2078(2) 9.6655(4) 

c / Å 9.2679(3) 9.7757(4) 

V / Å3 680.50 790.91 

Z 3 

Calculated density �! / g·cm–3 3.439 4.755 

Absorption coefficient µ / mm–1 37.75 35.68 

Temperature T / K 293 

Wavelength / Å 1.54056 0.71073 

F(000) 678 1002 

hkl range  ±12 each 

2��max 96° 55.6° 

Rint / R�1  5.66 % / 2.56 % 

R1 / wR2  1.91 % / 3.87 % 

wRP / wR (all Fo) 3.11 % / 3.51 %  

GooF 1.62 1.098 

Extinction coefficient  0.0019 

Unique reflections measured  417 

Parameters refined 14 23 

Highest electron diff. peak 0.48 Å–3 1.29 Å–3 

Deepest electron diff. hole –0.42 Å–3 –1.35 Å–3 

Table S2. Atom sites and isotropic displacement factors for Ca6[Ge2N6]. 

Atom Site x / a y / b z / c Ueq / pm2 

Ca 18f 0.0484(5) 0.2777(4) 0.1727(4) 0.0156(15) 

Ge 6c 0 0 0.3695(4) 0.0139(12) 

N 18f 0.2129(14) 0.1686(15) 0.3042(12) 0.004(4) 

Table S3. Atom sites and isotropic displacement factors for Sr6[Ge2N6]. 

Atom Site x / a y / b z / c Ueq / pm2 

Sr 18f 0.05184(4) 0.27783(4) 0.16719(3) 0.0106(2) 

Ge 6c 0 0 0.36725(6) 0.0099(2) 

N 18f 0.2062(4) 0.1639(4) 0.3098(3) 0.0100(6) 
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Table S4. Anisotropic displacement factors for Sr6[Ge2N6]. 

Atom U11 / pm2 U22 / pm2 U33 / pm2 U23 / pm2 U13 / pm2 U12 / pm2 

Sr 0.0090(2) 0.0100(2) 0.0103 (2) –0.0016(1) 0.0001(1) 0.0029(1) 

Ge 0.0062(2) U11 0.172(4) 0 0 ½ U11 

N 0.010(2) 0.007(1) 0.014(2) –0.002(1) 0.000(1) 0.005(1) 

 
Vibrational spectroscopy  
Raman spectra of microcrystalline powders of Ca6[Ge2N6] and a crystal of Sr6[Ge2N6] were collected at room temperature using a 
Horiba LabRam HR Evolution spectrometer equipped with a Laser Quantum Ventus diode laser (532 nm). The spectral resolution was 
about 0.42 cm�í1. The samples were sealed in capillaries for protection against air and moisture. Infrared spectra of finely ground powder 
samples of Ca6[Ge2N6] and reference samples of Ca2[GeN2], Sr2[GeN2], Ca4[GeN4], Sr7[GeN4]N2, and Ge3N4 were recorded in 
Attenuated Total Reflectance (ATR) mode using a PerkinElmer UATR-Two FTIR spectrometer inside a glove box (spectral range 4000 
�í 450 cm�í1). No signals indicating moisture in the samples have been detected by either IR or Raman spectroscopy. 
 

 

Figure  S2. IR spectra of various Ge-N compounds. Modes between 550 and 950 cm�í1 can be assigned to ����GeN) stretching vibrations. 
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Table S5. Synopsis of bond lengths /Å and ����GeN) stretching frequencies /cm�í1 as observed in IR spectra (Figure S2) in germanium nitride compounds. 

Compound Ge�íN distances [Å] ��(GeN) stretching  
frequencies [cm–1] 

Reference 

��-Ge3N4 1.83 – 1.85 721, 907 [5-6] 

Ca2[GeN2] 1.859(4), 1.872(4) 552 – 704 [4], this work 

Sr2[GeN2] 1.851(11), 1.877(9) 586 – 727  [1], this work 

Ca4[GeN4] 1.889(2), 1.892(2), 
1.906(2), 1.950(2) 

554 – 678  [4], this work 

Sr7[GeN4]N2 1.922(4), 1.923(5) 547 – 629  [3], this work 

Ca6[Ge2N6] 1.891(18) 585 – 722  this work 

 
Magnetic properties investigation  
Magnetism measurements were performed on a Quantum Design on a MPMS XL-7 SQUID magnetometer between 1.8 and 350 K in 
external fields up to 7 T, see fig. S1. Before the measurements, the sample was sealed into a quartz tube so that it could be safely 
measured without exposing it to oxidation. As the magnetic moment of the quartz tube was premeasured, it was be subtracted from 
the measured moment. 
Since it was observed that the high temperature part of the measured magnetizations shifts upwards with increasing field, it was 
concluded that the sample contains some ferromagnetic impurities. A simple Hondo-Wilson-like correction was applied to shift the 
curves back together.[11-12]  The required shift corresponds to 0.005 wt.% of iron, which is a reasonable quantity attributed to either 
impurities in the chemicals or contamination during sample handling. The magnetism after correcting for ferromagnetic impurities shown 
in fig. S1 is diamagnetic with paramagnetic tail at low temperature. As Ca6[Ge2N6] does not contain elements for which localized 
magnetic moments would be expected, the diamagnetism (~ –75·10–6 emu/mol) is attributed to Ca6[Ge2N6], whereas the paramagnetic 
tail is just due to small amounts of unspecified impurities.  
Calculation of the diamagnetic contribution of Ca6[Ge2N6] is difficult considering the limited data available. Values are listed for Ca2+ (–
8·10–6 emu/mol, –10.4·10–6 emu/mol)[13-14] and N3– (–13·10–6 emu/mol),[15] whereas for germanium, data are available only for Ge0 (–
15.7·10–6 emu/mol)[16] and Ge4+ (–7·10–6 emu/mol)[14]. Using these data, one can estimate a value of at least –140·10–6 emu/mol for   
Ca6[Ge2N6], however, in our opinion this overestimates the real value since no covalent bonds are taken into account.    
 

 

Figure  S2. Molar magnetic susceptibility, only 10000 Oe and 70000 Oe shown. Considering the high-temperature part, it is obvious that Ca6[Ge2N6] is diamagnetic. 

Electronic conductivity investigations  
Electrical resistivity measurements were performed on the Ca6[Ge2N6�@���S�R�Z�G�H�U���L�Q���W�K�H���W�H�P�S�H�U�D�W�X�U�H���U�D�Q�J�H���I�U�R�P���§���������.���W�R�����������.���Z�L�W�K���D��
sapphire pressure cell inside a helium flow cryostat at zero magnetic field. The measurement set-up was a van der Pauw four-terminal 
configuration using a Keithley DC current source and a Hewlett Packard nanovoltmeter. As the cryostat is attached to the glovebox, all 
sample handling could be done in Ar atmosphere. 
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The measured electrical resistivity in fig. S2 shows activated semiconducting-like behavior with a band gap of ~0.28 eV, as compared 
to value of 1.05 eV calculated from the electronic structure. However, repeated measurements of the same sample showed a peculiar 
rise of resistivity (by an order of magnitude) over previous experiments. There are several possible explanations for the increase of 
resistivity ranging from gradual degradation of the small contact points/current paths between the grains to the degradation of the 
sample via oxidation, or a reaction with residual nitrogen in the glovebox.  As no change of powder X-ray diffraction diagrams after the 
resistivity measurements could be observed, we can conclude that a bulk change of the sample did not occur. The reactions with 
oxygen or nitrogen also cannot be the only culprit as the resistivity was observed to also gradually increase after the actual resistivity 
measurements while the cryostat was still sealed off from the atmosphere of the glovebox (without the turbopump running though). 
Without a large amount of further experimentation, it is impossible to completely understand the measured resistivity of Ca6[Ge2N6], so 
the authors cannot unconditionally guarantee that the measured resistivity dependence should be attributed to the bulk of the sample. 
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Figure  S3. Electrical resistivity of Ca6[Ge2N6] as measured in a sapphire pressure cell. See text for discussion. Below 220 K, the resistivity is not shown as it 
becomes too large to be measured properly with our experimental set-up. 

 
Electronic structure calculations  
The electronic structure calculations were performed by using the all electron, local orbital full-potential method (FPLO) within the local 
density approximation.[17] The Perdew-Wang parametrization was employed.[18] The first Brillouin zone was sampled with a mesh of 20 
x 20 x 20 and the linear tetrahedron method was applied to evaluate the Brillouin zone integrals. The experimentally determined crystal 
structure data (see the supporting information) were used in the calculations. Real-space chemical bonding analysis based on the 
electron localizability approach combining electron density (ED) and electron localizability indicator (ELI) were carried out.[19-21] The ED 
and ELI were calculated by a module implemented in the FPLO method.[22] Topological analysis of the ED and the ELI using the 
quantum theory of atoms in molecules (QTAIM) was realized by the program DGrid.[23-24] The number of atoms contributing to a bond 
was determined by applying the basin intersection technique.[25] 
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1 Introduction

Polynator is a computer program written in Python. Its main purpose is to �t

models to atom arrangements. An atom arrangement is a set of atoms found in

a crystal structure, typically a coordination environment or a molecule. A model

represents a speci�c geometric shape, e.g. an octahedron or a pentagonal prism.

Models are de�ned by a set of vertices which may be manipulated according to

a set of rules speci�c to each model. In the context of computations, atoms and

model vertices are internally represented by vectors. A model may be rigid or

dynamic. Rigid models have �xed proportions, meaning they can be rotated and

resized, but not deformed in any other way. Dynamic models can be deformed

in a variety of ways (e.g. stretching, twisting, puckering...). Fitting a model to

an atom arrangement allows for the quanti�cation of the distortion of that atom

arrangement with respect to that model. This allows the user to more precisely

describe a coordination environment or molecule, compare distortions between

similar structures, or �nd trends within structural families. Polynator can also

be utilized to construct Voronoi polyhedra and to calculate angles, volumes and

surface areas. In addition, it provides a convenient way to extract structural units

from larger crystal structures. This documentation is intended to assist the user

in navigating these features. It also gives an overview of the code structure and

the mathematical methods fueling Polynator.

2 Getting Started

The program is available as a free download fromhttps://www.iac.uni-

stuttgart.de/forschung/akniewa/downloads/. This website currently gives the op-

tions of downloading the Python script or a .zip folder containing a Windows

executable �le. The Python version provides full access to the source code. It re-

quires Python 3.9 or a newer version of Python 3 (slightly older versions might be

�ne too). The graphical user interface is accessed by running the polynator_gui.py

script. The main program is contained in polynator_main.py and can be run in-

dependently. All imported modules are part of the Python standard library. The

executable version requires Windows 10 or a newer version of Microsoft Windows.

To get started with the latter, unpack the .zip folder wherever you would store

applications on your computer. Then start Polynator by executing polynator.exe.

The folder extracted from the .zip �le is self-contained, it doesn't create con�gura-
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ˆ The custom model construction window allows the user to create new models.

It is accessible from the main window viaas custom model.

ˆ The small custom carving instructions window allows the user to de�ne new

carving schemes (see section 3.3). It is accessible viaSettings ! de�ne new

carving scheme.

Each window contains several framed, labelled panels. Except for the custom

carving instructions window, each window has aviewer panel at the top right

position. On the main window, this allows for the visualization of atom ar-

rangements, models and �t results by clicking on entries of thepreview atom

arrangements, preview models, or results panels, respectively. The visualizations

for models include the deformations caused by free parameters. These can be

toggled separately at the bottom left corner of theviewer panel. Visualizations of

results show an overlay of atom arrangement and �tted model, each of which can

be hidden separately by clicking on the appropriate boxes at the top of the panel.

They also show the distances between paired atom and model vectors (� =pm).

Each window has some space on the bottom for the display of comments

and error messages. When hovering over a widget, a comment about that widget

is displayed there in most cases. This feature can be disabled in the settings

menu. When clicking on an entry in the preview models panel, some information

about that model is displayed in the comment bar.

To start working with the program, click on Load input �les on the bot-

tom left corner of the main window and locate any number of .cif or .xyz �les

on your computer. A click on Run starts Polynator's main process. However,

depending on the crystal structures and the type of atom arrangement which you

are interested in, some additional input may be required, as explained following

within this chapter.
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Table 1: Wildcards for groups of elements in the atom criteria panels (not case sensitive).

wildcard corresponding elements

* all elements

*Gr n all elements in periodic table groupn

*M all metals

*TM all transition metals (except rare earth metals and actinoids)

*RE all rare earth elements including Sc, Y, lanthanoids and actinoids.

*E all main group elements

*Ln lanthanoids including La and Lu

*An actinoids including Ac and Lr

*X typical anions (N, P, O, S, Se, F, Cl, Br and I)

By default, any atom with a distance from the central atom larger thandmin = 0:1

Å and smaller than dmax = 3:5 Å will qualify as a ligand. These values can be

freely adjusted in the atom arrangement �lters panel. The same is true for the

maximal coordination number CNmax . If necessary, the most distant ligands in

excess of this number will be dropped until the number of ligands is equal to CNmax .

As alternatives to these simple cap values, the�t settings panel gives ac-

cess to two algorithms which select the ligands for a coordination environment

according to speci�c rules. Thegap method looks for gaps in the distance

distribution of ligands from the central atom. If a gap between two consecutive

ligands is larger than a threshold value, this is considered the beginning of a

new coordination sphere. The threshold value is calculated as the product of the

smallest central�ligand distance times a coe�cient with a default value of 0.2 (gap

size). The gap method often allows easy access to any of the �rst few coordination

spheres. However, for more disordered coordination environments, it becomes

much less useful, as coordination spheres aren't as neatly separated anymore. The

Voronoi method is based on the construction of a Voronoi polyhedron around the

central atom. Atoms are considered ligands if their respective Voronoi polyhedron

shares a face with the Voronoi polyhedron of the central atom and this shared

face subtends a solid angle greater than a given threshold (20� by default) from

the perspective of the central atom. A similar algorithm is implemented in

ChemEnv by Waroquiers et al. [1], who took inspiration from O'Kee�e [2]. Note

that all methods to select ligands come with their own biases and will work better
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for some types of coordination environments than for others. That said, the

Voronoi method generally yields reasonable results as long as the coordination

environment is non-planar.

Atomic radii allow for more selectivity when it comes to manually de�ning

a coordination environment. If atomic radii are de�ned for the central and/or

the ligand atoms and the sum of both is smaller thandmax , it replaces dmax for

this combination of atoms. To use atomic radii, �rst select one or more entries in

either central atom or ligand atom criterion box, then enter a number into the

respectiveset radius �eld and press enter.

Polynator will by default not include the central atom in the arrangement

of atoms which are to be �tted. To include the central atom, check the box�ts

include central atoms in the �t settings panel. In this case, the central atom

is �tted against the centroid of all atom vectors and will also factor into the

centering of the model. This panel also gives you the option to �t the vertices of

a Voronoi polyhedron constructed around the central atom instead of the actual

ligands.
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atom and ligand criteria for that). Additional schemes can be de�ned viaSettings

! de�ne new carving scheme.

Table 2: List of prede�ned carving scheme names (various sizes for schemes with *).

rings* cubes sodalite cages

pyramids* icosahedra ZTA-type supercages

bipyramids* pentagonal dodecahedra faujasite-type supercages

prisms* rhombic dodecahedra fulvalene skeletons

antiprisms* ethene units biphenyl skeletons

deltahedra cuboctahedra norbornene skeletons

fullerenes anticuboctahedra barrelene skeletons

tetrahedra snub cubes naphthalene skeletons

octahedra adamantane cages porphyrin skeletons

3.4 Selecting Speci�c Models

By default, all available models with the respectively appropriate number of ver-

tices will be �tted to each atom arrangement. The name of each model contains

some clarifying information in the square brackets. Platonic, Archimedean, Cata-

lan and Johnson solids, as well as uniform prisms and antiprisms are marked as

such. Dynamic models have their point group in square brackets if they represent

the set of all shapes with that point group and that topology. If 'rigid' or 'dy-

namic' is in square brackets, the model has a speci�c shape which is in most cases

explained in the comment line upon selecting such a model. Themodel criteria

panel allows you to select or exclude speci�c models. This panel will also accept

fragments of valid entries. This is in contrast to atom criterion panels discussed

above (otherwise 'N' would also �nd Nb, Ni, Zn etc.). A model may have more

than one valid name. These synonyms are displayed in the comment line upon

selecting a model in themodel previewpanel. Models can also be �ltered by tags

(see tab. 3) and by point group. You may select the '� f_max' mode and enter

an integer to exclude all models with more degrees of freedom than that number

(not counting the three translational and two rotational degrees of freedom avail-

able to every model). For example, entering '1' will exclude all dynamic models,

leaving only rigid models such as the Platonic and Archimedean solids. Themodel

exclusion criteria in the Settings menu serves a similar function, but will exclude

unwanted models permanently.
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Table 3: Model tags. In contrast to earlier versions, tags do not bestow any properties
onto a model. However, they may hint at speci�c behaviors. For example, models with
the #prolate or #oblate tags use strategies 2 and 3 for their assignment, respectively.

#rigid #dynamic #symmetry_aligned

#prolate #oblate #constrained_parameters

#molecule #cage #occupied

#pseudopolyhedron #chiral #essential

#equilateral #equidistant #planar

#regular_polygon #platonic #archimedean

#johnson #catalan #deltahedron

#fullerene #frank_kasper #capped_cube

#pyramid #bipyramid #heterobipyramid

#scalenohedron #prism #antiprism

#twisted_prism #frustum #antifrustum

#equator-capped_prism #axis-capped_prism #fully_capped_prism

#capped_frustum #capped_antifrustum

3.5 Custom Model Axis

The user has the option of manually entering a model axis (see chapter 5, �g. 6).

This bypasses the automatic belt assignment step and forces Polynator to assign

belts according to this axis. This might be useful if an automatic belt assignment

appears suboptimal. An axis is entered in the form of fractional coordinates,

separated by commas or spaces. Unless theallow optimization box is ticked, this

axis will remain unchanged throughout the entire �tting process.

3.6 The Settings Menu

The settings menu comprises several options to customize Polynator's behaviour.

Changes made in this menu are remembered between sessions (they are stored in

.cfg �les located in the same folder as the main .exe or .py �le.). The available

options are as follows:

ˆ Output behavior: Checkboxes allow the user to select which types of output

�les to produce. They also give the options to overwrite existing output �les,

to automatically produce outputs after every �t and to have only the best

�tting model for each atom arrangement appear in the output.
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ˆ Skipping redundant models: If a model turns out to �t perfectly, versions of

that model with additional degrees of freedom are not evaluated if theskip

redundant modelsbox is checked.

ˆ Fit metric: Distortion values can be displayed either in the native� metric

or as CS(h)M-type valuesS (See section 5.1). The �tting procedure is not

altered by either choice, since both values are minimized in the same fashion.

ˆ Point group notation: The user is given the choice to have point group

symbols displayed in Hermann-Mauguin (default) or Schön�ies notation.

ˆ Maximal � value: Provides an upper threshold for the distortion. Models

with a higher value do simply not appear in the output or the results box.

ˆ Variable tax: The internal parameter � taxed is obtained by adding a small

number (the variable tax) to the neutral � value of a �tted model for each free

variable that model has. The value of� taxed is not displayed anywhere, does

not appear in the output �les and does not in�uence the �tting procedure.

However, it is consulted when deciding on the best �tting model, it in�uences

the grayscale in theresults box and determines the order of the list of models

in the .out �les.

ˆ Model �lter: The active modelspanel makes it possible to customize the set

of models Polynator is actively using without having to specify preferences

in the model criteria panel of the main window every time. For example, if

'exotic' model polyhedra are generally not useful to you, it may be bene�cial

to enter and con�rm the exclusion criterionnot #essential (see tab. 3 for a

list of such model tags).

3.7 The Custom Model Construction Menu

The custom model construction window is accessible from the main window via

as custom model(select a model in the box above to use it as a starting point) or

via Settings ! new custom model. It allows for the creation of new models. The

central component of this is worked out in thebelts panel, where the user can add

or remove belts (see �g. 6) with a number of verticesn. There is also a number

of optional parameters which can be applied to a belt (see section 5.4). These

parameters are perhaps best understood by selecting various model polyhedra in

the preview modelsbox at the bottom of the main window and observing them in
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the viewer panel. Click at the boxes at the bottom of that panel to toggle the

e�ects of each parameter separately. Alternatively, it is highly recommended to

just play around and create your own models. The comment panel at the bottom

of the window will guide you to some extent.

In order to guarantee a valid optimization procedure, some limits are placed on

the customizability of a model. Firstly, the centroid of each belt must rest on

the model axis. This means it is not possible to de�ne e.g. a capped pentagonal

pyramid (with the cap on a triangular face). Allowing imbalanced belts would

introduce a nontrivial optimization problem for the centering of the model. For

similar reasons, the centroid of all model vertices must rest on the origin at all

times. Secondly, the frequency of each modulated parameter in a belt must be

a product of one or more prime factors of the number of verticesn in that belt.

Otherwise, imbalances and coupling between the optimization of orientation and

shape would arise. If a model contains one or mores parameters, the average

distance from the origin to the model vertices scaled by that parameter must be

exactly 1.0. This ensures that the optimized parameter value matches the actual

size of the model. Finally, if a belt contains a' parameter, there must either

be another belt with the same number of vertices and the same' parameter

in counterrotation (e.g. '-phi1'), or another belt with a ' parameter entitled

'phi*'. This eliminates or at least minimizes coupling between the optimization of

orientation and those torsion angles, which would lead to slow convergence.

The new model also needs a name. Additionally, you have the option of assigning

a point group, a symmetry operation pertaining to the model axis, a list of parent

models, i.e. preexisting models with higher symmetry or fewer degrees of freedom,

as well as a list of search terms or categories for the new model. However, these

have no functionality other than being displayed at various points and allowing

the user to search for them.

Lastly, constraints ('bundles') may be added. These are useful for dynamic

models which do not have all of the degrees of freedom their point group would al-

low. De�ning these is not always a simple task and may require some calculations.

Some guidelines will be given here, but it is recommended to look at existing

models with constrained parameters (They all share the#constrained_parameters

tag). There are three types of models with constrained parameters:
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ˆ The �rst type is based on a rigid base polyhedron, which is modi�ed by

a number of constrained parameters which depend on a single variablev1.

There is also a scaling parameter that is independent fromv1. Modifying the

value ofv1 may change the shape of the model in a variety of ways. However,

the average distance of the vertices from the center must be invariant under

such modi�cations (otherwise calulations will be inaccurate, potentially in a

subtle way). The parameters for this type of model typically work together

to manipulate the angular components of the spherical vertex coordinates.

This type is best suited for models with a cubic point group. Models of this

type include the pyritohedral icosahedron and the elpasolite cuboctahedron.

ˆ Some models have rigid components (e.g. vertically oriented regular poly-

gons), but are not altogether rigid. This includes the fulvalene and biphenyl

skeletons, among others. In these cases, the�h parameter type is useful for

constraining the vertical expansion of the rigid parts. However, to fully pre-

serve the shape of such a rigid part while allowing it to change size, the

value of the �h parameter must be coupled with that of a�w parameter. The

parameter values are linear functions of the variablev1 in these cases.

ˆ The third type of model is entirely managed by a number of variablesv1, v2,

etc. Each parameter tends to depend on more than one variable with this

type of model, which makes them the most computationally expensive mod-

els de�ned in Polynator. There is currently only one built-in example; the

truncated hexagonal trapezohedron, which requires constrained parameters

to keep its pentagonal faces planar.

4 Output Files

Output �les for all evaluated objects can be generated viaGenerate output �les.

They will be put into a subdirectory of the folder holding the input �les that were

evaluated. There are seven types of output �les, the generation of which can be

toggled in the Settings menu: two types of data tables, general output �les, atom

speci�c output �les, two types of minimal .cif �les and .log �les.

12 163



4.1 Data Tables (.csv)

Two data tables may be generated as single .csv �les which contain the most rele-

vant information about all atom arrangements and �tted models, respectively. The

real_atom_arrangements.csv �le contains the composition, volume and number

of atoms for each atom arrangement, as well as� values referring to a the closest

line, plane, or sphere containing all model vectors (see section 5.5). This �le can

be generated without �tting any models. The model_�ts.csv �le includes the dis-

tortion value, the volumes of the convex hulls of atom arrangements and model

polyhedra, the averaged linear distance between paired atom and model vectors,

the radial and angular portions of said distance and the free and constrained pa-

rameter values for each �tted model.

4.2 General Output Files (.out)

General output �les are purely text-based. One such �le is generated for each

atom arrangement. It contains general information about the atom arrangement

at the top and a section with information about each individual �t after that.

These sections are separated from each other by wide horizontal lines. Each

section is further divided into paragraphs.

The paragraph at the very top should mostly be self-explanatory. It con-

tains general information for the evaluated atom arrangement, such as the

number of atoms, chemical composition and volume. The excentricity vector is

the distance between the central atom and the centroid of all atoms. The three

special � values are explained in section 5.5. The second paragraph contains

a Python dictionary with all input instructions to document the setup for this

batch of results.

The �rst model-speci�c paragraph gives general information such as the

name, point group, distortion value and volume of the model polyhedron. The

third block holds some statistical information. This includes averages for the

linear di�erence measures from the previous block. The standard deviation given

for the length of the di�erence vector should not be confused with a quanti�cation

of measurement errors; Polynator's statistical errors are negligible (many tests

suggest the same is true for systematic errors). In addition, this block gives the�

value for a central projection of all atom and model vectors onto a unit sphere and
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for a cylindrical projection onto the model axis. The model constructor gives a

Python dictionary of the model belts and their parameters. For more information

on this entry, see sections 5.2 and 5.4. It might help to try out the custom model

construction window. Lastly, the .out �le lists the parameter values broken down

into free and constrained parameters. These can be quite useful to measure e.g.

the average height of a coordination environment or the torsion angle between

the hexagonal rings in a biphenyl unit. However, it is important to be aware of

prefactors! For instance,' parameters often apply to two counterrotating belts,

as marked by a minus sign before one of the 'phi' parameter names in the 'model

constructor' block above. In that case, the value given for the' parameter must

be doubled to obtain the correct torsion angle between the two belts.

4.3 Atom Speci�c Output Files (.aso)

These are structured similarly to the .out �les, but they contain information on

the level of individual atoms and model vertices. Each �le starts by listing the

coordinates of all �tted atoms and their distance from the central atom (or from

the centroid if a molecule or cage was evaluated). If Voronoi vertices were �tted,

a similar list is generated for them.

The �le continues with model-speci�c vectors and related information. All

coordinates given are fractional (the same format you would �nd in a .cif �le).

Each atom vector comes with a vertical component (parallel to the model axis)

and a horizontal component (orthogonal to the model axis). The 'angular

di�erence' refers to the angle a given ligand vector is displaced from its model

counterpart, from the perspective of the model center. 'Radial di�erence' means

the di�erence between the distances of that atom vector and its model counterpart

from the centroid. The 'angular di�erence' is just the angle between atom and

model vertex from the perpective of the centroid. It is split into the spherical

coordinate components 'phi di�erence' and 'theta di�erence'.

4.4 Minimal Coordinate Files (.cif)

The minimal .cif �les Polynator creates are intended mostly for visualization and

perhaps veri�cation in an external program. They have space groupP1 regardless

of the original space group and contain only the atoms and model vertices involved

in the respective �t. There are two versions of these �les: fractional and cartesian.
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2. Finding the optimal coordinates to center the model at.

3. Finding the optimal orientation of the model. This has a reliable solution in

the Kabsch algorithm [5], which will not be discussed here.

4. Optimizing one or more parameters to obtain the ideal shape of the model.

Table 4: Mathematical symbols presented in this chapter do not always match their
counterparts in the code or the GUI. This table translates the code names.

symbol code name location in the code

~aij vec_real ModelFit.belts_real (a list of lists of vectors)

~vij vec_model ModelFit.belts_model (a list of lists of vectors)

M var_matrix get_covariance_matrix_eigenvectors function

m̂ model_axis ModelFit.model_axis

S HALF_SPHERE assign_to_belts_from_scratch function

q1 estimated_cost AtomArrangement.get_assignment_cost

_estimate method

q2 total_cost ModelFit.match_real_vecs_to_model method

Pij (various names) ModelFit.adjust...() methods

s 'sc' ModelFit.belt_dicts, ModelFit.dict_parameters
�h, �w '>h', '>w' ModelFit.belt_dicts, ModelFit.dict_parameters

5.2 Pairing Up Atom and Model Vertices

This problem is in theory easily solved by just checking every permutation of

vertex pairings. However, since the number of permutations grows factorially

with the number of vertices and each 'checking' step comes with a signi�cant

computational cost, this approach was discarded. As far as we are aware, there is

no substitute that is determined to yield the perfect solution for any distribution

of atom vectors while allowing for a computationally cheap implementation.

However, some observations about the typical shape of coordination environ-

ments and simple molecules can be exploited to develop strategies that come

very close to this goal. Using these strategies, deviations from the optimal

solution of the assignment problem will sometimes occur if the atom arrangement

is unrecognizably dissimilar from the model, but are extremely unlikely if the
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assignment is �rst re�ned as follows:

1. The centroid~ci of the atom vertices in each belti is calculated and subtracted

from each atom vector~aij in the respective belts to obtain an auxiliary vector
~b:

~bij = ~aij � ~ci : (3)

2. A covariance matrix M is constructed from the cartesian coordinatesx, y

and z of the~bij vectors:

M =

0
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3. The unit eigenvector ofM with the smallest eigenvalue is chosen as the model

axis m̂.

4. The estimated costq1 for this assignment can now be calculated as

q1 =
X

i

j~ci � m̂j2 � ni +
X

ij

(~aij � m̂)2 (5)

where ni is the number of vertices in belti . The �rst term represents hor-

izontal displacements of the belts, the second vertical displacements of the

individual vertices within each belt.

The four belt assignments with the smallest costq1 are evaluated further, the rest

is discarded.

Some models, for example those for the biphenyl and porphyrin skeletons,

do not work very well with strategy 1. Instead, atom vertices are assigned to their

belts based on the much simpler strategies 2 or 3, respectively (this is encoded

by a 'shape_type' entry in the dict_info of those model blueprints). Strategy

2 is designed to assign atom vectors to the belts of very prolate models. To do

this, the most prolate axis of the atom arrangement has to be identi�ed �rst.

Thankfully, this is easily achieved: it is the eigenvector with the largest eigenvalue

of the covariance matrix constructed from all atom vectors. The atom vertices

are then simply ranked according to their dot product with the prolate axis and

sequentially �lled into belts in this order. Strategy 3, designed for complex oblate
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models, such as the porphyrin skeleton, works similarly. The most oblate axis of

the atom arrangement is obtained as the eigenvector with the smallest eigenvalue

of the covariance matrix constructed from all atom vectors. Atom vertices are

ranked according to their cross product with this axis and sequentially assigned

to belts.

Some models can be thought of as derivative of one or more other models.

For example, the tetragonal prism can be derived from the cube by adding a

degree of freedom (independent height and width parameters instead of a single

scaling parameter). For such a derivative model, the belt assignment step can

e�ectively be skipped if the parent model �ts su�ciently well. The belt assignment

is then simply inherited from the parent model according to instructions encoded

for each derivative model.

To pair up atom and model vectors, the combinations that maintain the

order of dihedral angles (up to one per atom) are ranked by their estimated cost

q2. To do this, the model is �rst rotated around m̂ so that the atom vector~a11

lies in the plane containingm̂ and an arbitrarily picked model vertex~vtare . For

each atom and model vector, the dihedral angle� in relation to ~v0 is measured

(m̂ serves as the hinge). Atom and model vectors are then (separately) ordered

within the individual belts according to their dihedral angles and tentatively

paired up in this order. The estimated costq2 is measured as

q2 =
X

ij

j~vij � m̂j � j � � ij j (6)

where � � ij is the angular di�erence between the paired vectors with belt and

vector numbersi and j . This is repeated until each atom vector~aij has been in

the � = 0 position once. The pairing scheme with the smallestq2 is evaluated

further, the rest is discarded.

5.3 Centering the Model

Each models in Polynator are de�ned such that the centroid of all model vertices

always rests on the origin. Due to the nature of the least squares �t, the centroid of

all �tted atom vectors must also be located at the origin to achieve an optimal �t.
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The properties of the least squares �t entail that the optimal orientation and shape

of the model vertices can be computed independently from the centering. Thus, the

atom vectors could in principle be kept in place, correcting for the misalignment

of the two centroids only retroactively. However, Polynator translates the atom

vectors such that the two centroids coincide before starting the �tting procedure.

5.4 Optimization of Shape Parameters

In the simplest case, the model is a rigid body and the only parameter to be

optimized is its sizes. To do this, the length P of each each atom vector~aij when

projected onto its corresponding model vector~vij is aquired as

Pij = ~aij � v̂ij : (7)

If all model vectors have the same length, the problem can be solved analytically

by taking the arithmetic mean of all lengthsP:

sopt =

P
ij Pij

P
ij 1

: (8)

Otherwise it is solved by iteratively minimizing the sum of the squared di�erences

between j~vij j and Pij . This is still very straightforward, as the corresponding

function is always a parabola, so there are no problems with local minima or

discontinuities. Sometimes, for example with the dynamic model of the fully

capped cube, there are two or more size parameters (one for the cube vertices,

the other for the caps). These can just be solved separately with the same methods.

Many models, such as dynamic prisms, antiprisms, pyramids..., require the

separate optimization of height and width parametersh and w (instead of a

singles parameter, not in addition). Thanks to the Pythagorean theorem, this is

easily done. To optimizeh, instead of projecting the atom vectors onto the model

vectors, as was done before, they are projected onto the model axism̂:

Pij = ~aij � m̂ : (9)

Similarly, to optimize w, they are projected onto the normal plane of̂m:

Pij = ~aij � n̂ij where ~nij = ~aij � (~aij � m̂) � m̂ : (10)
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As with the s parameter, the optimal values ofh and w can usually be obtained

analytically by computing the arithmetic mean of the P values. However,

there are the special variants�h and �w which may have di�erent proportionality

constants for di�erent belts. These, again, need to be solved iteratively.

Parameters ' for rotations (used e.g. in twisted prisms) are also straight-

forward, but computationally more expensive, as they require vector operations

during iterations. In each cycle of such an iteration, the model vectors are

incrementally rotated aroundm̂. Subsequently, the sum of the squared distances

between atom and model vectors is measured. If the �t deteriorated compared

to the last cycle, the increment is multiplied with � 1
2 . Once the magnitude

of the increment falls below10� (4+ n) , where n is the loop count of the overall

optimization (ModelFit.loop_count), the iteration is terminated. To make

the computation slightly more e�cient, the atom and model vectors are �rst

transformed into two-dimensional cartesian and polar coordinates, respectively

(as evident from the Pythagorean theorem, the component in the direction of

m̂ doesn't a�ect the result). In the built-in models, ' is always balanced by a

counterrotation ' � in a di�erent belt in order to minimize the dependence on the

model orientation.

There are also modulating versions ofh, w and ' which allow the modelling of

normal mode 'vibrations' of orders higher than 0. As an example, a square is

modelled by a single belt containing four vertices, with a singlew parameter.

By adding ~h, ~w or ~' , the disphenoid, rhombus or rectangle, respectively, can be

derived from it. Modulated parameters are not applied equally to all vertices in

a belt, but rather with a prefactor generated by a sinusoidal function (cos for~h

and ~w, sin for ~' ). The frequencyf and o�set � of these functions are determined

when a model is de�ned and never changed or optimized. Hence, the value of

modulating parameters corresponds solely to the amplitude of the respective

sinusoidal function. The prefactorg for each vertex is obtained as a function of

its position p in an n-membered belt (belts are sorted according to the dihedral

angles of their member vertices around̂m, enumeration starts at 0):

g(p) =

8
<

:

~h; ~w ! cos
�

2 � �f �(p+ � )
n

�

~' ! sin
�

2 � �f �(p+ � )
n

� (11)
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the covariance matrix of all atom vectors. For each atom vector, the correspond-

ing 'model vector' is the nearest point on that line or plane. For� spherical , the

most closely �tting sphere surface centered at the centroid has a radius equal to

the average distance of each atom vector from the centroid. Note that� spherical

does not necessarily refer to the most closely �tting sphere surface with freely se-

lected centering. This becomes obvious when evaluating the case of four randomly

distributed atom vectors: absent degenerate cases, it is always possible to �nd

a perfectly �tting sphere surface by centering it on the circumcenter of the four

vectors, which generally does not coincide with the centroid.

6 Navigating the Code

6.1 General Structure

Polynator is written in a loosely object-oriented style. While most of the code

consists of class de�nitions, there are also some global constants (located at the

beginning of the script) and independent functions (towards the end). There are

17 classes relevant to the backend and 15 other classes which manage the graphical

user interface (GUI). Other than the modules imported from the standard library,

all of the code is contained in the polynator_gui.py and polynator_main.py �les.

This short guide will ignore the GUI and focus exclusively on the backend.

6.2 Classes

The MainProcess class orchestrates the backend at the highest level. It holds gen-

eral information such as the user input and the blueprints used to construct models.

Its run_full method starts the process by instantiating Structure objects. Each of

these then parses one of the input �les provided by the user with its parse_cif or

parse_xyz methods. It performs symmetry operations on the raw atom vectors

to generate one or more coordination environments or molecules. The latter may

or may not be helped by the TopologicalKnife class, which connects atoms and

employs a large number of methods to �nd speci�c molecular subunits or cages

within the network. Each set of atoms is then further processed by an AtomAr-

rangement object instantiated by the MainProcess.create_atom_arrangements

method. An AtomArrangement object contains information about a single

molecule, coordination environment or Voronoi polyhedron and is responsible
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for administering models to it. After retrieving the appropriate ModelPrecursor

containers from the MainProcess.dict_model_precursors dictionary, it starts to

assign the atom vectors to the belts of the �rst model with its assign_to_belts

method. Only after this assignment step is complete, a ModelFit object is

instantiated by the AtomArrangement.run_assignment method. The actual

�tting procedure is then carried out by this object.

Voronoi polyhedra are constructed by the VoronoiDiagram class and its

subordinate DelaunayTetrahedron, VoronoiPolyhedron and VoronoiFace classes

using a �ip-based incremental insertion algorithm for the construction of the dual

Delaunay tetrahedralization. Convex hulls are constructed by the ConvexHull

class and its subordinate ConvexFace class via a divide and conquer algorithm.

The information about each atom generated by the Structure class is stored in

Atom containers. The NetworkNode and Ring classes store connections between

atoms, which makes them useful to the TopologicalKnife class. To make the

process of connecting atoms more e�cient, the CellSubdivision class implements

a spatial hash, which is accesssed by the Structure and TopologicalKnife classes.

6.3 Global Constants

A notable constant is the rather large DICT_BLUEPRINTS, which has atom

counts as keys and lists of tuples as values. The tuples are referred to as blueprints.

They store all the information needed to construct the models. Each has three

entries, which are referred to as name, dict_info and belt_dicts, respectively.

DICT_CARVING_INSTRUCTIONS holds information utilized by the Topo-

logicalKnife class to carve various molecular subunits and cages out of a larger

network of atoms. Each set of instructions is encoded as a dictionary. Each such

dictionary (also found as the target_dict attribute of a TopologicalKnife object)

has a 'strategy' key. This strategy determines, which method or combination of

methods will be utilized by the TopologicalKnife.

DICT_SYMMETRY_RELATIONS encodes relationships between models.

This means mostly symmetry relations, but also other relations between topolog-

ically equivalent models with di�erent degrees of freedom (e.g. between a rigid

and a dynamic trigonal prism). It allows a derivative model to inherit its belt

25176



assignment from a previously �tted parent model (not to be confused with class

inheritance). This is encoded in the encapsulated lists of lists of integers. Each

integer is the index of an atom vector in the �attened belts_real attribute of the

parent ModelFit object. If an entry is a 'same' string, the belts_real attribute of

the parent ModelFit may just be copied outright when constructing the derivative

ModelFit.

6.4 Utility Functions

The parse_math() function has the main purpose of processing the mathematical

expressions binding parameters to variables. This could also be done using

eval() or probably some function from a module, but the custom function allows

for dealing with �oating point issues (e.g. arccos(1:000000000000002)nested

somewhere in a mathematical expression).

The atom_search and blueprint_search functions process the raw strings

input by the user to translate them into atoms found in crystal structures and

valid model names, respectively. The majority of the other utility functions

implement vector algebra and special iterators.

6.5 Model Parameters

All parameter types other than 'sc' have a version with an '_init' su�x, which

signals a �xed parameter, as opposed to a free or dependent one. These '_init'

values are applied when the model prototypes are constructed by the ModelPre-

cursor.construct_prototype function. They are useful for the construction of many

rigid models, including the rigid base models for dynamic models with constrained

parameters. The modulating parameters described in section 5.4 go along with suf-

�xes '_frq' and '_o�' for the frequency and o�set of the sinusoidal wave function,

respectively. If a model requires more than one modulated parameter of the same

type in the same belt, the type name of the second parameter, as well as its '_frq'

and '_o�' supplements are pre�xed with one or more additional leading '� ' char-

acters. As discussed in section 5.4, some models require multiple parameters to be

constrained as a function of a single variable. If a blueprint contains one or more

such 'parameter_bundles', they are de�ned in the dict_info section, along with a

'bundle_domains' dictionary, which de�nes the domain of each bundle variable as

a tuple with the minimal, maximal and starting value, respectively.
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Appendix

Table 5: Names and free parameters for each model prede�ned in Polynator.

3 triangle[regular] sc1

linear_molecule[1 /mmm] sc1

psi-1_planar_triangle[rigid] sc1

psi-2_tetrahedron[rigid] sc1

right_angle[rigid] sc1

isosceles_triangle[mm2] h1, h*, w1

kinked_molecule[mm2] h1, h*, w1

linear_molecule[1 mm] h1, >h1

4 square[regular] sc1

tetrahedron[platonic] sc1

trigonal_star[-6m2] sc1

psi-1_tetrahedron[rigid] sc1

fac-psi-3_octahedron[rigid] sc1

T_shape[rigid] sc1

disphenoid[-42m] h1, w1

rectangle[mmm] w1, phi1

rhombus[mmm] w1, w1

trigonal_pyramid[3m] h1, h*, w1

twisted_disphenoid[222] h1, phi1, w1

heterodisphenoid[mm2] h1, w1, w2

trapezoid[mm2] h1, w1, w2

parallelogram[2/m] w1, phi1, w1

tripod[3m] h1, h*, w1
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5 pentagon[regular] sc1

tetragonal_star[4/mmm] sc1

trigonal_bipyramid[johnson] sc1

tetragonal_pyramid[johnson] sc1

trigonal_bipyramid[equidistant] sc1

tetragonal_pyramid[equidistant] sc1

psi-1_trigonal_bipyramid[rigid] sc1

berry_pseudorotation[dynamic] sc1, v1

trigonal_bipyramid[-6m2] h1, w1

tetragonal_pyramid[4mm] h1, h*, w1

tetrapod[4mm] h1, h*, w1

trigonal_heterobipyramid[3m] h1, h2, h*, w1

rhombic_pyramid[dynamic] h1, h*, w1, w1

rectangular_pyramid[mm2] h1, h*, w1, phi1

6 hexagon[regular] sc1

octahedron[platonic] sc1

trigonal_prism[uniform] sc1

pentagonal_pyramid[johnson] sc1

pentagonal_pyramid[equidistant] sc1

psi-1_octahedron[rigid] sc1

bailar_twist[dynamic] sc1, v1

tetragonal_bipyramid[4/mmm] h1, w1

tetragonal_heterobipyramid[4mm] h1, h2, h*, w1

didigonal_scalenohedron[-42m] h1, w1, h1

rhombic_bipyramid[mmm] h1, w1, w1

rectangular_bipyramid[mmm] h1, w1, phi1

parallelogrammic_bipyramid[2/m] h1, w1, phi1, w1

trigonal_antiprism[-3m] h1, w1

twisted_trigonal_prism[32] h1, phi1, w1

trigonal_antifrustum[3m] h1, w1, w2

trigonal_prism[-6m2] h1, w1

trigonal_frustum[3m] h1, w1, w2

isosceles_wedge[mm2] h1, h*, w1, w2, phi1

pentagonal_pyramid[5m] h1, h*, w1

ethene_unit[dynamic] h1, v1
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7 heptagon[regular] sc1

pentagonal_bipyramid[johnson] sc1

monocapped_trigonal_prism[johnson] sc1

pentagonal_bipyramid[equidistant] sc1

hexagonal_pyramid[equidistant] sc1

psi-1_pentagonal_bipyramid[rigid] sc1

pentagonal_bipyramid[-10m2] h1, w1

pentagonal_heterobipyramid[5m] h1, h2, h*, w1

monocapped_trigonal_prism[dynamic] v1, v2, v3

monocapped_isosceles_wedge[mm2] h1, h2, h*, w1, w2, phi1

hexagonal_pyramid[6mm] h1, h*, w1

monocapped_trigonal_frustum[3m] h1, h2, h*, w1, w2

monocapped_trigonal_antifrustum[3m] h1, h2, h*, w1, w2
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8 octagon[regular] sc1

cube[platonic] sc1

tetragonal_antiprism[uniform] sc1

triangular_dodecahedron[johnson] sc1

gyrobifastigium[johnson] sc1

bicapped_trigonal_prism[johnson] sc1

hexagonal_bipyramid[equidistant] sc1

edge-sharing_tetrahedron_doublet[rigid] sc1

triakis_tetrahedron[-43m] sc1, sc2

tetragonal_prism[4/mmm] h1, w1

twisted_tetragonal_prism[422] h1, phi1, w1

tetragonal_frustum[4mm] h1, w1, w2

triangular_dodecahedron[-42m] h1, w1, w2, h1

anticuboid[-42m] h1, w1, phi1

cuboid[mmm] h1, w1, phi1

rhombic_prism[dynamic] h1, w1, w1

parallelogrammic_prism[dynamic] h1, w1, phi1, w1

rhombohedron[dynamic] w1, >h1

bicapped_trigonal_antiprism[-3m] h1, h2, w1

tetragonal_antiprism[-82m] h1, w1

tetragonal_antifrustum[4mm] h1, w1, w2

gyrobifastigium[-42m] h1, w1, w2

bicapped_trigonal_prism[dynamic] v1, v2, v3

biaugmented_isosceles_wedge[mm2] h1, w1, w2, h1, phi1, w1

hexagonal_bipyramid[6/mmm] h1, w1

hexagonal_heterobipyramid[6mm] h1, h2, h*, w1

elongated_trigonal_bipyramid[-6m2] h1, h2, w1

digonal_orthobicupola[mmm] h1, w1, w2, phi1
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9 tricapped_trigonal_prism[johnson] sc1

monocapped_cube[johnson] sc1

tridiminished_icosahedron[johnson] sc1

trigonal_cupola[johnson] sc1

monocapped_tetragonal_antiprism[johnson] sc1

tricapped_trigonal_prism[-6m2] h1, w1, w2

monocapped_tetragonal_frustum[4mm] h1, h2, h*, w1, w2

monocapped_tetragonal_antifrustum[4mm] h1, h2, h*, w1, w2

trigonal_cupola[3m] h1, h*, w1, w2, phi1

10 pentagonal_prism[uniform] sc1

pentagonal_antiprism[uniform] sc1

bicapped_tetragonal_antiprism[johnson] sc1

trans-bicapped_cube[johnson] sc1

meta-bidiminished_icosahedron[johnson] sc1

sphenocorona[johnson] sc1

adamantane_cage[rigid] sc1

cis-bicapped_cube[rigid] sc1

naphthalene_skeleton[rigid] sc1

tetracapped_octahedron[-43m] sc1, sc2

pentagonal_prism[-10m2] h1, w1

pentagonal_antiprism[-5m] h1, w1

twisted_pentagonal_prism[52] h1, phi1, w1

bicapped_tetragonal_antiprism[-82m] h1, h2, w1

bicapped_tetragonal_prism[4/mmm] h1, h2, w1

monocapped_trigonal_cupola[3m] h1, h2, h*, w1, w2, phi1

fulvalene_skeleton[dynamic] h1, v1

11 monodiminished_icosahedron[johnson] sc1

monocapped_pentagonal_prism[johnson] sc1

edshammar_polyhedron[rigid] sc1

fac-tricapped_cube[rigid] sc1

mer-tricapped_cube[rigid] sc1

face-sharing_octahedron_doublet[rigid] sc1

edshammar_polyhedron[dynamic] w1, >h1

fully_capped_trigonal_prism[-6m2] h1, h2, w1, w2

monocapped_pentagonal_frustum[5m] h1, h2, h*, w1, w2

monocapped_pentagonal_antifrustum[5m] h1, h2, h*, w1, w2
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12 icosahedron[platonic] sc1

cuboctahedron[archimedean] sc1

truncated_tetrahedron[archimedean] sc1

hexagonal_prism[uniform] sc1

hexagonal_antiprism[uniform] sc1

bicapped_pentagonal_prism[johnson] sc1

anticuboctahedron[johnson] sc1

tetracapped_cube[rigid] sc1

icosahedron[m-3] sc1, v1

icosahedron[-5m] h1, h2, w1

icosahedron[-3m] h1, w1, w2, h1

cuboctahedron[-43m] sc1, v1

cuboctahedron[4/mmm] h1, w1, w2

cuboctahedron[-3m] h1, w1, w2

cuboctahedron[422] h1, phi1, w1, w2

cuboctahedron[4mm] h1, h2, h*, w1, w2, w3

cuboctahedron[-42m_a] h1, w1, w2, h1, w1

cuboctahedron[-42m_b] h1, w1, w2, h1, phi1

cuboctahedron[4/m] h1, phi*, phi1, w1, w2

cuboctahedron[mmm_a] h1, w1, w2, phi1, w1

cuboctahedron[mmm_b] h1, w1, w2, h1, phi1, w1

cuboctahedron[32] h1, phi1, w1, w2, w1

cuboctahedron[3m] h1, h2, h*, w1, w2, w3, phi1

cuboctahedron[-3] h1, phi*, phi1, w1, w2, h1

truncated_tetrahedron[-43m] sc1, v1

hexagonal_prism[6/mmm] h1, w1

hexagonal_antiprism[-122m] h1, w1

anticuboctahedron[-6m2] h1, w1, w2, phi1

bicapped_pentagonal_prism[-10m2] h1, h2, w1

elongated_gyrobifastigium[dynamic] >w1, h1, h2

twisted_biphenyl_skeleton[dynamic] h1, phi1, v1

1) There are two distinct dynamic cuboctahedra for each of the point groups42m and mmm,

labelled a and b, respectively.
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13 pentacapped_cube[rigid] sc1

monocapped_hexagonal_frustum[6mm] h1, h2, h*, w1, w2

monocapped_hexagonal_antifrustum[6mm] h1, h2, h*, w1, w2

14 rhombic_dodecahedron[catalan] sc1

fully_capped_cube[m-3m] sc1, sc2

fully_capped_tetragonal_prism[4/mmm] h1, h2, w1, w2

heptagonal_prism[-14m2] h1, w1

heptagonal_antiprism[-7m] h1, w1

bicapped_hexagonal_prism[6/mmm] h1, h2, w1

bicapped_hexagonal_antiprism[-122m] h1, h2, w1

15 pentacapped_pentagonal_prism[-10m2] h1, w1, w2

tricapped_ditrigonal_prism[-6m2] h1, h2, w1, w2, w3

16 snub_tetragonal_antiprism[johnson] sc1

disphenocingulum[johnson] sc1

hexakis_truncated_tetrahedron[rigid] sc1

hexakis_truncated_tetrahedron[-43m] sc1, sc2, v1

octagonal_prism[8/mmm] h1, w1

octagonal_antiprism[-162m] h1, w1

17 fully_capped_pentagonal_prism[-10m2] h1, h2, w1, w2

18 elongated_trigonal_orthobicupola[johnson] sc1

elongated_trigonal_gyrobicupola[johnson] sc1

gyroelongated_trigonal_bicupola[johnson] sc1

elongated_rhombic_dodecahedron[rigid] sc1

hexacapped_cuboctahedron[m-3m] sc1, sc2

elongated_rhombic_dodecahedron[dynamic] h1, >h1, >w1

hexacapped_hexagonal_prism[6/mmm] h1, w1, w2

18-crown-6_skeleton[-3m] w1, h1, phi1, w1, h1

20 dodecahedron[platonic] sc1

pyritohedron[dynamic] sc1, v1

faceted_pyritohedron[m-3] sc1, sc2, v1

fully_capped_hexagonal_prism[6/mmm] h1, h2, w1, w2
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24 truncated_octahedron[archimedean] sc1

rhombicuboctahedron[archimedean] sc1

truncated_cube[archimedean] sc1

snub_cube[archimedean] sc1

elongated_tetragonal_gyrobicupola[johnson] sc1

porphyrin_skeleton[rigid] sc1

truncated_octahedron[m-3m] sc1, v1

rhombicuboctahedron[m-3m] sc1, v1

truncated_cube[m-3m] sc1, v1

twisted_rhombicuboctahedron[432] sc1, v1, v2

porphyrin_skeleton[dynamic] sc1, sc2, v1

truncated_hexagonal_trapezohedron[dynamic] v1, v2, v3

26 deltoidal_icositetrahedron[catalan] sc1

fully_capped_cuboctahedron[m-3m] sc1, sc2, sc3

28 truncated_triakis_tetrahedron[rigid] sc1

truncated_triakis_tetrahedron[dynamic] sc1, v1

30 icosidodecahedron[archimedean] sc1

pentagonal_orthobirotunda[johnson] sc1

hexacapped_truncated_cube[m-3m] sc1, sc2, v1

32 rhombic_triacontahedron[catalan] sc1

chamfered_cube[rigid] sc1

fully_capped_platonic_dodecahedron[-5m-3] sc1, sc2

38 pentagonal_icositetrahedron[catalan] sc1

48 truncated_cuboctahedron[archimedean] sc1

faujasite_supercage[rigid] sc1

60 truncated_icosahedron[archimedean] sc1
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7.5 Supporting Information for Publication 3 { Polynator: A Tool to Identify and

Quantitatively Evaluate Polyhedra and other Shapes in Crystal Structures
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7 Appendix

7.6 Supporting Information for Publication 4 { Diversity of

Strontium Nitridogermanates(IV): Novel Sr 4[GeN4],

Sr8Ge2[GeN4] and Sr17Ge2[GeN3]2[GeN4]2

published 2020 inZeitschrift f•ur anorganische und allgemeine Chemie
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7 Appendix

7.8 Unpublished Crystallographic Data { Atomic Parameters

Tab. 16: Atom sites and isotropic displacement parameters for Sr15Ge[GeN4]3O.

Atom Wycko� site x = a y = b z = c Uiso / pm 2

Sr(1) 18e 0.27337(4) 1/3 1/12 0.0152(2)

Sr(2) 36f 0.15070(3) 0.04268(3) 0.07698(3) 0.01331(18)

Sr(3) 36f 0.39857(4) 0.20670(3) 0.07560(3) 0.01466(17)

Ge(1) 6a 2/3 1/3 1/12 0.0213(3)

Ge(2) 18e 0.06124(4) 1/3 1/12 0.0105(2)

O(1) 6b 0 0 0 0.0013(18)

N(1) 36f 0.0353(3) 0.4136(3) 0.0170(2) 0.0160(9)

N(2) 36f 0.0944(3) 0.2582(2) 0.0193(2) 0.0156(9)

Tab. 17: Anisotropic displacement parameters for Sr15Ge[GeN4]3O. The atom O(1) was
re�ned with spherical displacement.

Atom U11 =pm2 U22 =pm2 U33 =pm2 U23 =pm2 U13 =pm2 U12 =pm2

Sr(1) 0.0138(2) 0.0196(4) 0.0141(3) 0.0031(2) 0.00155(13) 0.0098(2)

Sr(2) 0.0135(2) 0.0135(2) 0.0129(2) 0.00009(19) {0.00070(19) 0.0067(2)

Sr(3) 0.0141(2) 0.0169(2) 0.0131(2) {0.00149(18) {0.00074(18) 0.0078(2)

Ge(1) 0.0219(4) U11 0.0202(7) 0 0 0.0109(2)

Ge(2) 0.0106(3) 0.0108(3) 0.0100(3) {0.0002(2) {0.00008(13) 0.0054(2)

N(1) 0.020(2) 0.015(2) 0.015(2) 0.0013(17) {0.0044(18) 0.0101(19)

N(2) 0.017(2) 0.013(2) 0.017(2) 0.0008(17) 0.0037(17) 0.0076(19)
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Tab. 18: Atom sites and isotropic displacement parameters for Sr6[Ge2N6O]. Although the
structure was re�ned with nitrogen as the only light element, atoms X represent nitrogen
or oxygen.

Atom Wycko� site x = a y = b z = c Uiso / pm 2

Sr(1) 2i 0.09181(10) 0.79703(9) 0.62956(6) 0.01786(18)

Sr(2) 2i 0.21000(11) 0.02106(9) 0.07747(6) 0.02034(19)

Sr(3) 2i 0.21004(12) 0.50398(11) 0.11548(7) 0.0266(2)

Sr(4) 2i 0.26993(9) 0.44497(8) 0.43264(5) 0.01170(17)

Sr(5) 2i 0.35946(10) 0.36744(9) 0.81165(6) 0.01624(18)

Sr(6) 2i 0.45524(10) 0.98795(8) 0.36181(5) 0.01225(17)

Ge(1) 2i 0.05200(11) 0.20686(9) 0.67538(6) 0.01115(18)

Ge(2) 2i 0.31325(11) 0.78952(9) 0.86390(6) 0.01270(18)

X (1) 2i 0.0731(12) 0.6753(10) 0.8991(7) 0.0389(18)

X (2) 2i 0.0847(8) 0.4507(7) 0.6610(5) 0.0128(11)

X (3) 2i 0.1966(10) 0.0603(8) 0.8216(5) 0.0405(15)

X (4) 2i 0.1992(8) 0.1160(7) 0.5342(4) 0.0136(11)

X (5) 2i 0.2393(9) 0.8013(8) 0.2952(5) 0.0211(13)

X (6) 2i 0.4782(11) 0.7509(10) 0.9876(6) 0.0365(17)

X (7) 2i 0.4833(9) 0.6917(8) 0.7325(5) 0.0224(13)

Tab. 19: Anisotropic displacement parameters for Sr6[Ge2N6O]. Although the structure
was re�ned with nitrogen as the only light element, atoms X represent nitrogen or oxygen.

Atom U11 =pm2 U22 =pm2 U33 =pm2 U23 =pm2 U13 =pm2 U12 =pm2

Sr(1) 0.0153(3) 0.0118(3) 0.0273(3) {0.0045(2) {0.0021(2) {0.0042(2)

Sr(2) 0.0266(3) 0.0164(3) 0.0167(3) {0.0053(2) {0.0068(2) 0.0021(2)

Sr(3) 0.0254(4) 0.0346(4) 0.0196(3) {0.0064(3) {0.0026(3) {0.0060(3)

Sr(4) 0.0119(3) 0.0115(3) 0.0113(3) {0.0028(2) {0.0009(2) {0.0016(2)

Sr(5) 0.0174(3) 0.0195(3) 0.0133(3) {0.0031(2) {0.0034(2) {0.0060(2)

Sr(6) 0.0122(3) 0.0121(3) 0.0128(3) {0.0038(2) {0.0015(2) {0.0022(2)

Ge(1) 0.0106(3) 0.0082(3) 0.0142(3) {0.0029(2) {0.0000(2) {0.0017(2)

Ge(2) 0.0141(3) 0.0110(3) 0.0117(3) {0.0027(2) 0.0002(2) {0.0014(2)

X (1) 0.036(4) 0.036(4) 0.048(4) {0.013(3) {0.008(3) {0.007(3)

X (2) 0.014(2) 0.008(2) 0.018(2) {0.005(2) {0.003(2) {0.002(2)

X (3) 0.044(3) 0.034(3) 0.041(3) {0.009(2) {0.004(2) {0.006(2)

X (4) 0.016(2) 0.013(2) 0.012(2) {0.002(2) {0.001(2) {0.003(2)

X (5) 0.017(3) 0.023(3) 0.024(3) 0.001(2) {0.007(2) {0.009(2)

X (6) 0.038(4) 0.038(4) 0.032(4) {0.009(3) {0.012(3) 0.000(3)

X (7) 0.019(3) 0.020(3) 0.026(3) {0.006(2) {0.003(2) 0.003(2)
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Tab. 20: Atom sites and isotropic displacement parameters for Sr6[Nb2N7].

Atom Wycko� site x = a y = b z = c Uiso / pm 2

Sr(1) 2i 0.09878(8) 0.78252(7) 0.63042(5) 0.01599(13)

Sr(2) 2i 0.22674(8) 0.04358(7) 0.07139(5) 0.01375(13)

Sr(3) 2i 0.19722(8) 0.50490(6) 0.10934(5) 0.01299(13)

Sr(4) 2i 0.27504(8) 0.44095(6) 0.43725(4) 0.01214(12)

Sr(5) 2i 0.37969(8) 0.37327(6) 0.80709(4) 0.01320(13)

Sr(6) 2i 0.42812(8) 0.96864(6) 0.37421(4) 0.01295(13)

Nb(1) 2i 0.05330(7) 0.20038(6) 0.68927(4) 0.01010(12)

Nb(2) 2i 0.32994(7) 0.79770(6) 0.86237(4) 0.00942(12)

N(1) 2i 0.0919(6) 0.6776(5) 0.8952(4) 0.0150(9)

N(2) 2i 0.0744(7) 0.4491(5) 0.6645(3) 0.0138(9)

N(3) 2i 0.2260(7) 0.0706(5) 0.8223(4) 0.0174(10)

N(4) 2i 0.1826(6) 0.1167(5) 0.5436(4) 0.0129(9)

N(5) 2i 0.2379(7) 0.8170(6) 0.2668(4) 0.0171(9)

N(6) 2i 0.4842(6) 0.7451(5) 0.9940(4) 0.0147(9)

N(7) 2i 0.5223(7) 0.7012(6) 0.7381(4) 0.0201(10)

Tab. 21: Anisotropic displacement parameters for Sr6[Nb2N7].

Atom U11 =pm2 U22 =pm2 U33 =pm2 U23 =pm2 U13 =pm2 U12 =pm2

Sr(1) 0.0186(2) 0.0123(2) 0.0181(2) {0.0032(2) {0.0024(2) {0.0049(2)

Sr(2) 0.0143(2) 0.0132(2) 0.0136(2) {0.00326(19) {0.00144(19) {0.00219(19)

Sr(3) 0.0122(2) 0.0128(2) 0.0138(2) {0.00136(19) {0.00276(19) {0.00277(19)

Sr(4) 0.0119(2) 0.0128(2) 0.0115(2) {0.00199(19) {0.00180(19) {0.00238(19)

Sr(5) 0.0140(2) 0.0127(2) 0.0138(2) {0.00211(19) {0.0041(2) {0.00346(19)

Sr(6) 0.0133(2) 0.0129(2) 0.0124(2) {0.00253(19) {0.00131(19) {0.00236(19)

Nb(1) 0.0104(2) 0.0093(2) 0.0109(2) {0.00205(18) {0.00139(18) {0.00241(18)

Nb(2) 0.0097(2) 0.0091(2) 0.0095(2) {0.00187(17) {0.00164(17) {0.00170(17)

N(1) 0.011(2) 0.013(2) 0.020(2) {0.0013(18) {0.0047(18) {0.0016(17)

N(2) 0.020(2) 0.013(2) 0.010(2) {0.0019(17) {0.0044(18) {0.0047(18)

N(3) 0.020(2) 0.013(2) 0.020(2) {0.0054(19) {0.007(2) {0.0006(19)

N(4) 0.015(2) 0.009(2) 0.015(2) {0.0030(17) {0.0022(18) {0.0021(17)

N(5) 0.012(2) 0.022(2) 0.016(2) {0.0017(19) {0.0034(18) {0.0021(18)

N(6) 0.014(2) 0.014(2) 0.015(2) {0.0024(18) {0.0042(18) {0.0014(18)

N(7) 0.022(2) 0.017(2) 0.019(2) {0.0034(19) 0.001(2) {0.0031(19)
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Tab. 22: Atom sites and isotropic displacement parameters for Sr9[Nb3N10].

Atom Wycko� site x = a y = b z = c Uiso / pm 2

Sr(1) 8f 0.32132(4) 0.07546(9) 0.05945(3) 0.01302(15)

Sr(2) 8f 0.15162(4) 0.07962(9) 0.39762(3) 0.01283(15)

Sr(3) 8f 0.44618(4) 0.25145(9) 0.43321(3) 0.01447(16)

Sr(4) 8f 0.27961(4) 0.22950(9) 0.24745(3) 0.01346(16)

Sr(5) 4e 0 0.44404(13) 1/4 0.0152(2)

Nb(1) 4e 1/2 0.42848(12) 1/4 0.01027(18)

Nb(2) 8f 0.09449(3) 0.25424(8) 0.10650(3) 0.01010(14)

N(1) 8f 0.4243(3) 0.2638(7) 0.1757(2) 0.0147(11)

N(2) 8f 0.0973(3) 0.0764(8) 0.2017(2) 0.0184(11)

N(3) 8f 0.1286(3) 0.1235(8) 0.0178(2) 0.0143(10)

N(4) 8f 0.1809(3) 0.4725(7) 0.1385(2) 0.0147(10)

N(5) 8f 0.0308(3) 0.3538(8) 0.4228(2) 0.0168(11)

Tab. 23: Anisotropic displacement parameters for Sr9[Nb3N10].

Atom U11 =pm2 U22 =pm2 U33 =pm2 U23 =pm2 U13 =pm2 U12 =pm2

Sr(1) 0.0125(2) 0.0128(3) 0.0136(2) {0.0006(2) 0.0016(2) {0.0003(2)

Sr(2) 0.0136(2) 0.0122(3) 0.0128(2) {0.0008(2) 0.0023(2) {0.0003(2)

Sr(3) 0.0149(2) 0.0161(3) 0.0123(2) 0.0003(2) 0.0016(2) {0.0012(2)

Sr(4) 0.0129(2) 0.0153(3) 0.0125(2) 0.0010(2) 0.0028(2) 0.0012(2)

Sr(5) 0.0174(4) 0.0116(4) 0.0170(4) 0 0.0039(3) 0

Nb(1) 0.0107(3) 0.0105(4) 0.0094(3) 0 0.0009(2) 0

Nb(2) 0.0092(2) 0.0111(3) 0.0100(2) 0.0003(2) 0.00169(19) 0.0004(2)

N(1) 0.016(2) 0.015(3) 0.012(2) 0.001(2) 0.0001(19) 0.004(2)

N(2) 0.019(2) 0.021(3) 0.016(2) {0.005(2) 0.005(2) 0.003(2)

N(3) 0.012(2) 0.014(2) 0.016(2) 0.000(2) {0.0009(18) 0.001(2)

N(4) 0.015(2) 0.015(2) 0.015(2) 0.000(2) 0.0040(19) 0.003(2)

N(5) 0.015(2) 0.019(3) 0.016(2) 0.000(2) 0.0001(19) {0.001(2)
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Tab. 24: Atom sites and isotropic displacement parameters for Ba5[GeN4][CN2].

Atom Wycko� site x = a y = b z = c Uiso / pm 2

Ba(1) 4i 0.06820(7) 0 0.19571(9) 0.0165(2)

Ba(2) 4i 0.35938(7) 0 0.61428(9) 0.0175(2)

Ba(3) 4g 0 0.33337(8) 0 0.0178(2)

Ba(4) 8j 0.15821(5) 0.24501(5) 0.75795(6) 0.0168(2)

Ge(1) 4i 0.24863(11) 0 0.00636(14) 0.0128(3)

C(1) 4f 1/4 1/4 1/2 0.012(2)

N(1) 4i 0.4099(9) 0 0.1916(12) 0.019(2)

N(2) 8j 0.1467(5) 0.1389(7) 0.0041(8) 0.0151(16)

N(3) 4i 0.2813(9) 0 0.8254(11) 0.018(2)

N(4) 8j 0.1425(8) 0.2252(9) 0.3978(10) 0.033(2)

Tab. 25: Anisotropic displacement parameters for Ba5[GeN4][CN2]. The atom C(1) was
re�ned with spherical displacement.

Atom U11 =pm2 U22 =pm2 U33 =pm2 U23 =pm2 U13 =pm2 U12 =pm2

Ba(1) 0.0145(4) 0.0178(4) 0.0170(4) 0 0.0068(3) 0

Ba(2) 0.0164(4) 0.0171(4) 0.0178(4) 0 0.0069(3) 0

Ba(3) 0.0152(3) 0.0170(4) 0.0230(4) 0 0.0101(3) 0

Ba(4) 0.0163(3) 0.0177(3) 0.0173(3) 0.0003(2) 0.0084(2) 0.0002(2)

Ge(1) 0.0112(6) 0.0113(8) 0.0163(6) 0 0.0066(5) 0

N(1) 0.021(5) 0.012(6) 0.023(5) 0 0.010(4) 0

N(2) 0.010(3) 0.014(4) 0.018(3) 0.002(3) 0.005(2) 0.003(2)

N(3) 0.018(5) 0.021(6) 0.014(5) 0 0.008(4) 0

N(4) 0.035(5) 0.028(5) 0.036(5) 0.003(4) 0.017(4) 0.004(4)

Tab. 26: Atom sites, isotropic displacement parameters and site occupancies for
Ba12[NbN4][CN2]6N1:2(1) .

Atom Wycko� site x = a y = b z = c Uiso / pm 2 occupancy

Ba(1) 24f 0.50750(4) 0.32235(3) 0.20607(3) 0.02271(14) 1

Nb(1) 2a 0 0 0 0.0127(3) 1

C(1) 12e 1/2 0.1548(6) 0 0.0221(16) 1

N(1) 8c 0.1004(4) x x 0.025(2) 1

N(2) 8c 0.2631(12) x x 0.015(9) 0.29(3)

N(3) 24f 0.6080(4) 0.1603(4) 0.0029(7) 0.0330(11) 1
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Tab. 27: Anisotropic displacement parameters for Ba12[NbN4][CN2]6N1:2(1) . The displace-
ment ellipsoids for Nb(1), N(1) and N(2) are spherical due to symmetry.

Atom U11 =pm2 U22 =pm2 U33 =pm2 U23 =pm2 U13 =pm2 U12 =pm2

Ba(1) 0.0273(2) 0.01934(19) 0.0215(2) 0.00166(12) {0.00182(17) {0.00243(19)

C(1) 0.032(4) 0.019(3) 0.015(3) 0 {0.001(5) 0

N(3) 0.034(2) 0.033(2) 0.032(2) 0.002(3) {0.004(3) 0.001(2)
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