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KURZZUSAMMENFASSUNG 

Die Entdeckung neuer struktureller und funktioneller Materialien treibt das Materialdesign in 

der Material- und Festkörperchemie voran. Ziel ist es, den „trial-and-error“-Ansatz durch 

Prinzipien zu ersetzen, die Struktur-Eigenschaftsbeziehungen rationalisieren, um 

Synthesewege zu einer gewünschten Eigenschaft zu ermöglichen. Fortschritte in künstlicher 

Intelligenz und maschinellem Lernen sind vielversprechend für ein datengestütztes 

Materialdesign; der Designraum erfordert jedoch weiterhin definierte Designregeln. Die 

Herausforderung bleibt daher bestehen, die häufig zufällig entdeckte Funktion eines Materials 

zu verstehen, um seine Leistung zu optimieren oder es durch nachhaltigere, weniger toxische 

oder stabilere Alternativen zu ersetzen. Konzeptionelle und experimentelle Ansätze sind 

erforderlich, die eine Materialfunktion als nützliches, oft ungewöhnliches Antwortverhalten auf 

einen externen Stimulus betrachten. Koordinationspolymere wie molekulare Perowskite und 

metallorganische Gerüstverbindungen (MOFs) dienen aufgrund ihrer Modularität und 

chemischen Vielfalt als wichtige Modellplattformen, da sie Variationen der chemischen 

Zusammensetzung, Struktur und Eigenschaften ermöglichen. 

Diese Arbeit präsentiert vier Studien über Koordinationspolymere, die zum fundamentalen 

Verständnis der Struktur-Zusammensetzung-Eigenschaftsbeziehungen beitragen. Alle 

Studien diskutieren die Auswirkungen von Veränderungen der chemischen 

Zusammensetzung von Koordinationspolymere auf ihre makroskopischen Eigenschaften, um 

konzeptionelle Einblicke für die Entwiclkung von Designprinzipien zu liefern. Dies wird durch 

die Zugabe eines Modifizierungsalzes zum molekularen Perowskiten, gemischte Porphyrin-

basierte Linker in MOFs, sowie durch Änderung der Form und Größe von molekularen 

Bausteinen in Fe(II)-basierten MOFs oder in molekularen Perowskiten erforscht. Dabei 

charakterisieren strukturanalytische Methoden das jeweilige Antwortverhalten auf äußere 

Reize. Die Temperatur steht dabei im Fokus der ersten Studien, wobei der Einfluss eines 

Modifizierers auf das Schmelzverhalten des molekularen Perowskiten bzw. die thermische 

Expansion als Funktion der gemischten Linker erprobt wird. Die letzten Studien diskutieren 

das Verhalten bei hohen Drücken, wie die inverse Kompressibilität von MOFs und molekularen 

Perowskiten, die durch chemische Modifikation der Bausteine gesteuert werden kann. Zudem 

wird ein Zusammenhang zwischen der Chemie der organischen Baueinheiten und dem Spin-

Zustand der Fe(II)-basierten MOFs bzw. der Verzerrung des Perowskitnetzwerks hergestellt. 

Die wundersame Welt der molekularen Perowskite* ist das Leitthema dieser Dissertation, 

das in einer Einleitung mit einem umfassenden Literaturüberblick hervorgehoben wird. Darauf 

folgt ein methodischer Teil, der konzeptionelle und synthetische Einblicke in das Design neuer 

molekularer Perowskite gibt, die in dieser Arbeit synthetisiert wurden. 

*adaptiert aus “The Wondrous World of Perovskites” von Glazer im Jahr 2017 bei der Bragg Lecture der Royal Institution 
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ABSTRACT 

The discovery of new structural and functional materials is driving material design in the field 

of material and solid-state chemistry. It aims to replace the trial-and-error approach with 

principles that rationalise fundamental structure-property relationships, enabling targeted 

synthetic methods towards a desired functionality. Recent advances in artificial intelligence 

and machine learning offer great promise for data-driven material design and discovery; 

however, the design space still requires well-defined design rules. Hence, the key challenge 

in material design remains: understanding a certain material’s function – often initially 

discovered by chance – to optimise its performance or to replace it with sustainable, less toxic 

or more stable and durable alternatives. To conceptually and experimentally address this 

challenging task, approaches are required that consider the material’s functionality as a useful 

(often unusual) response of a material to an external stimulus. Coordination polymers, such as 

Molecular Perovskites and Metal-Organic Frameworks (MOFs), serve as powerful material 

platforms due to their modular building principle and both broad and deep chemical parameter 

space that allow to tune the chemical composition, structure and material’s function. 

This thesis demonstrates four studies on coordination polymers that contribute to the 

fundamental understanding of structure-composition-property relationships in Molecular 

Perovskites and MOFs. All studies discuss the impact of changing the chemical composition 

of coordination polymers on their macroscopic properties, providing conceptual insights for the 

development of design rules. This is explored, for instance, by adding a modifier salt to a 

Molecular Perovskite, by using mixed-linker porphyrin-based MOF systems, and by changing 

the size and shape of the triazolate-linker in Fe(II)-based MOFs or of piperidinium-based 

organic cations in Molecular Perovskites. Advanced structure analytical methods are applied 

to characterise the stimuli-responsive behaviour. The first studies focus on temperature as an 

external stimulus, with emphasis on the melting behaviour in the presence of a modifier salt 

and the thermal expansion behaviour as a function of mixed-linker systems. The latter studies 

highlight pressure responsiveness, in particular the bulk moduli of MOFs and Molecular 

Perovskites, which can be tuned by the choice of the molecular component. Additionally, the 

chemical modification of the molecular building units is linked to the spin-state in Fe(II)-based 

MOFs and to unit cell distortions in Molecular Perovskites.  

The Wondrous World of Molecular Perovskites* is the key theme of this thesis, which is 

highlighted in a review-style introduction complemented by a comprehensive literature survey. 

This is followed by a methodological section that provides conceptual and synthetical insights 

into the design of new Molecular Perovskites discovered in this thesis. 

*adapted from “The Wondrous World of Perovskites” by Glazer in 2017 at the Bragg Lecture of the Royal Institution 
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1.  INTRODUCTION 

1.1. Scientific Context  

1.1.1. The Evolution of the Perovskite Structure 

In material chemistry, understanding how – on a fundamental level – a material’s macroscopic 

responsiveness to external stimuli such as temperature, pressure, a magnetic/electric field, or 

chemical triggers can be controlled is key for the targeted design of functional materials. In this 

context, the simple act of substituting atoms in all-inorganic structure motifs – making the 

material a hybrid – has opened up many exciting research directions.1–5 Some fascinating 

examples are Metal-Organic Frameworks (MOFs) and Hybrid organic inorganic perovskites 

(HOIPs), referred to as the broad class of coordination polymers, that are composed of metal-

based nodes linked by organic ligands to form extended network structures.4,6 These 

framework materials provide a modular building principle, whilst the use of molecular building 

units unlocks a large, virtually unlimited chemical scope. In practice, this offers many 

possibilities for synthesising and developing new materials with optimised or even currently 

unknown functional responsiveness, e.g. chemically engineered HOIPs with tailored 

optoelectronic properties and photovoltaic performance.7 In addition to this, many framework 

materials are structurally related to their dense inorganic counterparts enabling the application 

of solid-state principles to rationalise structure-property relationships. Some typical examples 

are zeolitic imidazolate frameworks (ZIFs),8 diamondoids MOFs5, HOIPs4 and Ruddlesden 

Popper-type layered HOIPs.9,10 Given the large chemical parameter space available to these 

hybrid materials, there is clearly a need for developing principles that can serve as a compass 

for material development, avoiding time-consuming trial-and-error experiments. 

In this context, framework materials with the iconic ABX3 perovskite architecture11–13 have 

emerged as an important platform. From a historical perspective,14 inorganic perovskites have 

played a unique role in solid-state and materials chemistry. This dates back to the early 

discovery of the ferroelectric and piezoelectric properties in BaTiO3,15
 PbZr1-xTixO3

16 and 

PbMg1-xNbxO3.17 Over time, the compositional variability of the ABX3 perovskite structure has 

been explored, resulting in a broad material class of inorganic perovskites with diverse 

properties, e.g. ferromagnetic SrRuO3,18
 non-linear optical KNbO3,19 antiferromagnetic 

KNiF3,20,21
 multiferroic BiMnO3

22 and superconductive YBa2Cu3O7.23,24
 Going one step further 

in the structural and chemical evolution of the ABX3 structure motif, the use of molecules (e.g. 

A+ cations = [CH3NH3]+ or [(NH2)2CH]+) on the A-site has paved the way for the discovery of 

HOIPs or metal halide perovskites (MHPs).25–27 Their purely inorganic [BX3]– network 

structures are formed by corner-sharing BX6 octahedra, typically with halides on the X-site and 

divalent metals (e.g. Pb and Sn) on the B-site, in which small organic A-site cations are located 
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in the network cavities. Here, the discovery of [CH3NH3]PbI328 and [(NH2)2CH]PbI329,30 

semiconducting materials, with extraordinary optoelectronic properties for solar energy 

conversion and optoelectronic applications in general, marks a milestone that has inspired 

research on perovskite-based solar cells to date.  

The chemical substitution of single atoms with molecular components on the X-site has 

opened up another dimension to the ABX3 structure, expanding the ReO3-type network 

structure to Molecular Perovskites (Figure 1).4,27,31–33 This, in principle, marks a clear distinction 

from HOIPs, as molecular components are used on both the A- and X-site. Some typical 

examples are [(CH3)2NH2]Mn(HCOO)3,34 [(CH3)4N]Cd(N3)3
35 and [(C3H7)4N]Ni(C2N3)3.36 In such 

materials, the divalent B-site metal (B2+) is octahedrally coordinated to six coordinating atoms 

of the monovalent molecular X-site anion (X–) to form BX6 octahedra. These BX6 octahedra 

are corner-connected via μ-1,5-X– bridges to build a negatively charged 3D [BX3]– framework 

with pcu (α-Po type) topology. The molecular A-site cations (A+) are located in the framework 

Figure 1: Illustration of the schematic building principle of Molecular Perovskites, originating 
from the inorganic ABX3 perovskite structure (a). The incorporation of molecular 
components on the cationic A-site and the anionic X-site opens up the ReO3-type network 
structure (right side of (a) and (b)). (b) shows the structural development of the perovskite 
structure with schematic crystal structures exemplified with BaTiO3 (CCDC number: 
1032384; left side of (b); Colour code: Ba – pink, Ti – light purple and O – light grey) and 
[(C5H10)N-(iso-C4H9)2]Ni(C2N3)3 (studied within this thesis; right side of (b); Colour code: Ni 
– light purple, N – light grey and C – dark grey, with H atoms excluded for better 
visualisation).   
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cavities to enable charge balance and to adopt the perovskite architecture, plus they can 

interact with the [BX3]– network via hydrogen bonding and dispersion interactions. In principle, 

this makes Molecular Perovskites less promising for applications in optoelectronics such as 

HOIPs, as the bonding situation within the [BX3]– network is different compared to the electronic 

characteristics present in a purely inorganic [BX3]– network of HOIPs. However conceptually, 

the presence of molecules on the A- and X-site gives rise to new unconventional chemical and 

structural degrees of freedom31 – purely absent in ABX3 inorganics – that are directly linked to 

the functional response. This unlocks phase transition phenomena linked to the motion of the 

organic A-site37,38 or unconventional octahedral tilts and shifts related to the molecular nature 

of the X-site linker,39,40 making Molecular Perovskites promising candidates for exploring 

application-oriented research areas such as barocalorics41 or hybrid improper ferroelectrics.42 

1.1.2. Historical Remarks 

To give a very broad scientific context of the historical development of Molecular 

Perovskites over time, this thesis provides an up-to-date (June 2024) literature survey 

encompassing all reported Molecular Perovskite structures, which excludes metal-free organic 

halide perovskites and HOIPs. A detailed overview of all structures categorised by the used X-

site anion is given in the supporting information of this thesis, see Chapter 4.5.  

Historically, first reports of Molecular Perovskites date back to 1973 (Figure 2),43 which was 

five years before the intial structure analysis of [CH3NH3]PbI3.25
 However, the conceptual 

relationships to their inorganic analogues have not been discussed in literature before 

2005.44,45 In the early stages, between 1973–2000, structures with smaller X-site molecules, 

i.e. X– = [HCOO]– and [N3]–, have been reported with emphasis on the preparation details and 

crystal structure determination of these newly discovered materials (Figure 2). Inspired by 

these early reports, the diffusion method under ambient conditions was established as a 

suitable crystallisation strategy in many follow-up studies to grow single crystals of new 

Molecular Perovskites. In subsequent years (from about 2003), the research direction turned 

to larger X-site anions, such as X– = [C2N3]– and [M(CN)2]–, providing new chemical freedom 

for synthetically exploring the A-site towards larger or chemically more complex A-site cations 

as the [BX3]– cage size increases.46–48 

 Hence, over the past two decades, this material class has become a rich field for exploring 

material properties, in particular via molecular substitution on the A-site, with approximately 50 

different A-site molecules incorporated in Molecular Perovskites to date. An overview of A-site 

cations used in different X-site families is given in Chapter 4.5. In total, over 160 Molecular 

Perovskites have been reported to date, which can be categorised into seven different X-site 

families: [A]2BB’(CN)6, [A]B(N3)3, [A]B(M(CN)2)3, [A]B(BX4)3, [A]2BB’(SCN)6, [A]B(ClO4)3 and 
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[A]B(H2POO)3 (Figure 2). Among these subclasses, formate- and dicyanamide-based 

Molecular Perovskites represent the most widely studied systems, as visualised in the pie-

chart of Figure 2. Both families occupy an important position within Molecular Perovskites, as 

some prominent examples of multiferroic [A]B(HCOO)3
44,49 and barocaloric [A]B(C2N3)3

41 

materials have mainly paved the way for functional Molecular Perovskites. In parallel, the 

structural analogy to their inorganic perovskites has been developed over the past 

decades,42,50 which has sharpened our understanding of material design to conceptually 

rationalise the stimuli-responsive behaviour of Molecular Perovskites. Since then, research 

interest, particularly in structure-property relationships, has been stimulated tremendously, 

resulting in a chemically diverse material class.  

Directly apparent from the pie-chart (Figure 2), it is very obvious that the other remaining X-

site families such as [A]2BB’(CN)6, [A]B(N3)3, [A]B(M(CN)2)3, [A]B(BX4)3, [A]2BB’(SCN)6, 

[A]B(ClO4)3 and [A]B(H2POO)3 still offer many opportunities to discover new Molecular 

Perovskites. In particular through synthetically exploring the A-site chemistry as mainly 

commercially available A-site cations have been used so far. However, it is unclear to what 

extent the molecular substitution approach will be further developed as design ideas for 

suitable molecular components (e.g. for the X-site building unit) and their synthetic realisation 

are currently scarce. Future research studies require systematic approaches that allow to 

identify structure chemical factors – which are crucial for the design of synthetic guidelines. In 

the context of this thesis, some key structure chemical phenomena that have been found in 

Molecular Perovskites will be discussed in the following chapters. Additionally, a selection of 

some topical research highlights, such as melting, barocaloric, ferroelectric and ferroelastic 

properties, with emphasis on the underlying structure-property relations, will be outlined. 

Figure 2: The chronological evolution of ABX3 Molecular Perovskite structures over recent 
decades, categorised by the X-site linker, shown with the number of published structures 
per year. A pie chart visualises the cross-category comparison of all X-site families. The 
corresponding source data for the literature survey can be found in Chapter 4.5. 
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1.2. Structure Chemical Properties of Molecular Perovskites 

This chapter focuses on the ramifications of using molecules in Molecular Perovskites, with 

particular emphasis on their structure chemical properties. As we will see, Molecular 

Perovskites are closely linked to their inorganic counterparts, which allows us to describe their 

structural chemistry and, hence, to understand how structure and composition dictate their 

properties. Yet, it is important to note that those fundamental insights set the basis for rational 

design concepts. From an experimental chemist's point of view, it can guide and motivate 

research with a focus on unlocking the synthetic goal, which enables the targeted design of 

Molecular Perovskites with a specific materials function. 

1.2.1. Tolerance Factor as a Synthetic Compass 

In the original geometrical approach, Goldschmidt described the dense ionic packing of 

conventional oxide ABX3 perovskite structures based on the relative relationship of the ionic 

sizes of cations and anions that a typical inorganic perovskite structure can tolerate.51,52 

Therefore, a geometrical parameter (α) – the tolerance factor – can be calculated following the 

equation: 

𝛼 =  
𝑟𝐴 + 𝑟𝑋

√2 (𝑟𝐵 + 𝑟𝑋)
,           (1) 

with ri = effective radii of ions on the A-, B- and X-site. It has been further developed for decades 

as a key synthetic guideline in solid-state chemistry. This semiempirical relation (eqn (1)) has 

sparked enormous attention for exploring the ABX3 composition via A-, B- and X-site 

substitution, making the ABX3 perovskite structure an iconic structure motif to date.  

In 2014,53 this solid-state principle was extended to HOIPs and Molecular Perovskites by 

estimating the sizes of both molecular ions. Here, the A-site cation and X-site anion were 

approximated as rigid bodies based on a semiempirical method using crystallographic data. A 

rigid sphere model was used to describe the A-site cation with an effective ionic radius 

(rA,eff = rmass + rion, with rmass obtained from crystallographic data, displaying the distance 

between the centre of mass of the A+ cation and the atom with the largest distance to this 

centre and rion being the associated ionic radii of this atom). The X– anions were modelled by 

rigid cylinders with an effective height (hX,eff) and effective radii (rX,eff). The ionic radii from 

Shannon54 were used for the effective radii of the B-site metals. Accordingly, eqn (1) has since 

been modified to eqn (2).  

 

𝛼 =  
𝑟𝐴,𝑒𝑓𝑓 + 𝑟𝑋,𝑒𝑓𝑓

√2 (𝑟𝐵 +  0.5 ∙ ℎ𝑋,𝑒𝑓𝑓)
,           (2) 
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Applying this rather simple relation as a synthetic compass50,55 for HOIPs and Molecular 

Perovskites yields many ABX3 permutations with α in the range between 0.8 and 1, which were 

predicted to form the ABX3 structure motif. In other words, it demonstrates the chemically rich 

playground within HOIPs and Molecular Perovskite as eqn (2) qualitatively captures the 

modular ABX3 building principle. Hence, the conceptual understanding of the extended 

tolerance factor as a stability criterion and guideline for the design of HOIPs55–58 and Molecular 

Perovskites41,46,59–62 has stimulated great research efforts. And for good reason: the beauty of 

this geometric concept lies in its simplicity. But this rather simple description of molecules by 

spheres also entails inaccuracies, in particular when larger X-site and A-site ions are involved. 

For instance, it has been shown that αs of [A]B(C2N3)3
63,64 and [A]B(M(CN)2)3

65 structures were 

slightly above the range proposed by Kieslich et al. with α > 1. Therefore, the calculated αs 

should be treated with care and only used for qualitative considerations. 

As already indicated above, the use of longer X-site anions and chemically more complex 

A-site cation, makes in principle an accurate calculation of rX,eff and rA,eff even more challenging, 

as the sizes of the ions are often overestimated and the centre of mass is difficult to estimate. 

Hence, other methods are required, that are easy to use and enable a more precise description 

of the large molecule sizes. Recently, a very promising method to calculate the effective 

volume and radii of A-site molecules was proposed.66 This approach allows to estimate the 

size of the A-site molecular species using the freely available software CrystalExplorer based 

on crystallographic data.67 Here, the isosurface of the A-site molecule’s electron density is 

calculated which gives a value of the A-site cation’s volume. Compared to the approach using 

the distance between the centre of mass and the most distant atom, this alternative procedure 

also considers the shape of the A-site cation, which minimises overestimation. Similar to the 

original approach, the volume is approximated by a sphere, which allows to calculate rA,eff. By 

following this approach, it was shown that αs of [A]B(C2N3)3 structures lie between 0.85 and 

0.925, which is within the initially proposed range. It further motivates to apply this alternative 

method to the other remaining X-site families, which would provide a comprehensive data set 

of αs that are in comparison to αs determined by Kieslich et al.. Until today, a simple but 

accurate ionic size estimation is still challenging and, hence, requires continuous validations 

and improvements, e.g. developing new methods to describe larger X-site anions, that 

minimise deviations from experimental observations.68 Nonetheless, the tolerance factor for 

Molecular Perovskites has sharpened the interpretation of their crystal chemistry and our 

chemical intuition guiding their synthesis – and the simplicity should be kept for synthetic 

chemists.  
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1.2.2. Framework Distortions: Octahedral Tilts and Shifts 

For small changes in the ABX3 composition, the overall symmetry of a perovskite can 

decrease, and structural unit cell distortions such as cation displacement, octahedral tilts and 

distortions of the octahedra can occur. In 1972, an important solid-state principle was 

established for inorganic perovskites that describes how corner-shared BX6 octahedra can 

rotate or tilt cooperatively. In the original concept, the octahedral tilt distortions from an ideal 

undistorted perovskite structure have been categorised by Glazer’s notation using the rigid-

unit modes (RUMs).69–71 The essence behind this concept is a rather simple idea based on 

geometrical considerations. For α < 1, it was shown that inorganic perovskites have a lower 

symmetry, i.e. they are distorted or tilted structures that can be derived from a cubic aristotype 

structure by simply tilting the rigid octahedra around different axes or angles. Here, group 

theoretical symmetry analysis has been established to identify the active octahedral tilt 

distortions with 3D irreducible representations (irreps) of the high symmetry parent structure in 

Pm-3m symmetry.71,72  

For Molecular Perovskites, the structural analysis of such framework distortions becomes 

more complex, as restrictions for the tilting of the corner-shared BX6 octahedra are unlocked 

when using molecular X-site ions to link the neighbouring rigid BX6 units (Figure 3). In this 

regard, it is crucial to consider the additional structural degrees of freedom and, hence, the 

available framework distortions unique to Molecular Perovskites to fully characterise all 

possible structural distortion modes of the octahedra. Consequently, new unconventional or 

‘forbidden’ types of structural distortions are present in Molecular Perovskites – “forbidden”, as 

these are absent and intrinsically not accessible in conventional inorganic perovskites.39,65  

This leads to a wide range of possible arrangement sets of framework distortions as rigid 

octahedra can rotate in the same direction and layers and columns of octahedra can translate, 

i.e. new types of octahedral tilt systems and shifts emerge, which can couple to break inversion 

symmetry.42 Framework distortions in Molecular Perovskites encompass conventional (𝑀2
+and 

𝑅5
−), unconventional tilting (𝑀5

+, 𝑋5
−, 𝑋1

− and Γ4
+) and columnar shifts (Γ5

+, 𝑋5
+ and 𝑀2

−). These 

can be described by using irreps with respect to a hypothetical high symmetry structure, 

analogous to Glazer’s notation.40 In total, nine RUMs are available to Molecular Perovskites, 

which can also couple to other distortion modes such as multipolar A-site ordering (e.g. via 

reorientation of polar A+)42 or Jahn-Teller distortions effects (e.g. by using B2+ = Cu2+ in 

[C(NH2)3]Cu(HCOO)3).73  

In 2018, the powerful concept of tilt engineering via group theoretical analysis, known from 

inorganic perovskites,74 was applied to Molecular Perovskites by M. S. Senn and A. L. 

Goodwin.42 They proposed design rules for Molecular Perovskites, i.e. several coupling sets 

of structural distortions that lead to bulk polarisation and potentially to ferroelectricity via a 
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hybrid improper ferroelectric coupling mechanism. One topical example is [NH4]Cd(HCOO)3,75 

which exhibits a polar symmetry, resulting from a combination of a columnar shift (𝑋5
+) and an 

unconventional tilt (𝑋5
−), that results in Cmc21 symmetry, and couples with 𝑀2

+ to Pna21. Yet, 

the concept of tilt engineering, which helps to understand and identify combinations of 

structural framework distortions as design criteria, which are crucial for a specific material 

function, is only just developing. 

In 2020, the group theoretical method was applied to a large set of Molecular Perovskites 

with X-site anions such as [HCOO]–, [H2POO]–,  [N3]–, [C2N3]– and [M(CN)2]–, highlighting 

favoured tilt and shift modes, most notably in dependence on the used multiatomic X-site 

linker.40 Here, the linker geometry was identified as an important criterion, with bent X-site 

anions showing a tendency for conventional tilting, while linear X-site molecules such as [N3]– 

drive unconventional tilting. Columnar shifts are typically found in large [BX3]– network sizes. 

In such a typical tilt and shift analysis, the freely available web-based software ISODISTORT 

is used,76,77 which identifies and describes all active framework distortion modes of the 

Molecular Perovskite structure by their irreps and distortion mode amplitudes. Therefore, a 

simplified crystal structure of the distorted Molecular Perovskite is analysed compared to an 

ideal undistorted structure. 

Since not only the use of molecules on the X-site leads to new structural degrees of freedom 

within the [BX3]– network, it can be expected that chemically more complex A-site molecules, 

with their own e.g. point symmetry or accessible degrees of rotation, also impact such 

symmetry breaking phenomena. In other words, it can be assumed that the A-site molecule’s 

size and shape themselves have a templating effect on the surrounding [BX3]– network 

structure and its degree of distortion. Therefore, symmetry breaking design principles must 

Figure 3: Schematic 2D illustration of tilts and shifts of rigid BX6 octahedra, showing the 
structural degrees of freedom available to Molecular Perovskites. X-site linkers are 
simplified as black lines and the A-site cations were neglected to highlight the [BX3]– 

framework distortions. 
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consider both molecular components to understand and potentially control the framework 

distortions in Molecular Perovskites. This will be the focus of study IV, discussed in Chapter 

2.4. From the author’s perspective, the group-theoretical analysis will provide important 

fundamental insights and become a more widely established method for structurally 

characterising newly synthesised Molecular Perovskites – and, beyond that, for engineering 

functional ABX3 materials by synthetically tailoring and combining distinct framework distortion 

types.   

1.2.3. Tilt and Shift Polymorphism in Molecular 

Perovskites 

Inorganic materials are famous for their rich polymorphic nature in dependence on temperature 

and pressure, with prominent examples such as CaCO3 and carbon, covering different 

physicochemical properties depending on their polymorphic phase.78,79 This phenomenon 

describes the ability of a crystalline material to exhibit different polymorphs without changing 

the overall chemical composition.80 Inorganic perovskites adopt a large number of perovskite 

polymorphs when changing the crystal symmetry in response to temperature or pressure, 

which is directly linked to framework distortions when tilting octahedra compared to the high 

symmetry cubic structure.81–83  

In 2019, ReO3-type polymorphs have been identified for A-site deficient hypophosphite-

based M(H2POO)3 materials (with M3+ = V3+, Al3+ and Ga3+). These materials transform from 

the α-phase into a less distorted structure (β/γ-phase) upon temperature or pressure change.84 

Two years later, a so far unknown polymorphism type was found that is unique to Molecular 

Figure 4: Representation of crystal structures of two polymorphic phases of [(CH3)N-(n-
C3H7)3]Ni(C2N3)3, with (a) available from CCDC number: 2068712 and (b) from CCDC 
number: 2068844. (a) represents the kinetically favoured polymorphic structure, while (b) is 
the thermodynamic stable polymorph. Particular emphasis is given to the different binding 
modes of [C2N3]– anions in both network structures. Colour code: Ni – light purple, C – dark 
grey, N – light grey and H – light pink. 
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Perovskites.85 Using molecules on the X-site allows for different binding modes of the X-site 

linkers within the [BX3]– network. This conformational isomerism of the X-site anions enables 

the formation of new Molecular Perovskite polymorphs, i.e. tilt and shift polymorphs, which are 

close in energy. Here, a new concept of tilt and shift polymorphism was introduced to Molecular 

Perovskites with a family of [A]B(C2N3)3 materials (with A+ = tripropylmethylammonium and 

B2+ = Mn2+, Co2+ and Ni2+), which adopt two polymorphs with the same composition but 

different framework distortions, which can be irreversibly transformed into each other with 

increasing temperature (Figure 4). In addition, both polymorphs are synthetically accessible 

when changing the synthetic conditions. To understand the structural origin of both 

polymorphs, the underlying framework distortions of the low- and high-temperature 

polymorphic structure were described via Glazer notation,40,69 showing different tilting 

periodicities. The observed irreversible symmetry breaking from the kinetically favoured Pnma 

to the thermodynamic stable R-3c polymorph is related to changes in the activated 

conventional tilt modes. This can be rationalised by observed changes in the binding modes 

of the X– linkers, i.e. conformational isomerism from anti-anti to syn-anti connectivity of the 

[C2N3]– anions, which is closely related to conformational polymorphism found in molecular 

crystals.86 This polymorphism concept can be extended for unconventional tilts and columnar 

shifts as demonstrated by the irreversible phase transition of [A]Cd(C2N3)3 (with A+ = 

azaspiroundecanium).46  

Since irreversible perovskite to perovskite phase transitions are so far only observed in 

Molecular Perovskites with X-site anions such as  [H2POO]– and [C2N3]–,87–90 it can be assumed 

that an interplay of several factors leads to the formation of one metastable polymorph, which 

is close in energy to the thermodynamic stable polymorphic structure. This includes X-site 

anions with conformational degrees of freedom that allow variations of binding arrangements, 

torsion angles and distortions of the molecules within the [BX3]– network. Likewise, relatively 

large A-site cations, such as tripropylmethyl-,85 benzyltriethyl-,89 tributylmethyl-ammonium87 

and tetraethyl-,90 tributylmethyl-phosphonium,90 that are capable of forming hydrogen bonding 

interactions (e.g. guanidinium), are favoured.88 Tilt and shift polymorphism is another blueprint 

for conceptualising the role of structural degrees of freedom that are not present in inorganic 

perovskites. So far, this phenomenon has rarely been described in Molecular Perovskites due 

to challenges in identifying both polymorphs, as it is difficult to access both polymorphs 

synthetically. However, from the author's perspective, the structural and chemical factors 

driving tilt and shift polymorphism are expected to be further explored alongside developments 

in the field of tilt engineering.  
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1.2.4. Structure Analytical Concept: Complexity of 

(Molecular) Perovskites 

It is already apparent from the previous chapters that the chemical scope of Molecular 

Perovskites exceeds that of inorganic perovskites. Therefore, it becomes more important to 

achieve the goal of overarching design principles for Molecular Perovskites. This requires the 

development of further concepts that help to understand the crystal chemistry of their new 

structural degrees of freedom and how they can be further used to formulate more 

thermodynamic rules. In this pursuit, considering the crystal structure as an information source 

has paved the way for such a structure analytical concept. In 2012, a seminal approach was 

introduced that describes a structural complexity measure using the information content of the 

crystal structure based on Shannon’s formula – the more complex a structure is, the more 

information is required to describe its crystal structure.91,92 Here, S. V. Krivovichev has applied 

the Shannon entropy to quantify the complexity of a structure based on the derived structural 

information content from the reduced unit cell of the crystal in bits per atom, which is defined 

as follows: 

𝐼𝐺 [
𝑏𝑖𝑡

𝑎𝑡𝑜𝑚
] =  − ∑

𝑚𝑘

𝑣
𝑘

∙ 𝑙𝑜𝑔2

𝑚𝑘

𝑣
,           (3) 

, with IG = information content of a crystal structure and its complexity, k = crystallographic 

orbits, mk = the multiplicity of the crystallographic orbits and v = the number of atoms in the 

reduced unit cell. Further, S. V. Krivovichev presented an inverse relation between the 

complexity of a crystal structure and the configurational entropy of a crystalline material, 

meaning more complex structures exhibit lower entropies than simple ones.93 In 2020, the 

established correlation of eqn (3) has been further improved from IG to the combinatiorial 

complexity (IG,comb) and coordinational complexity (IG,coor) to distinguish the structural complexity 

of structures that have the same number of atoms in their reduced cell but differ in their intrinsic 

degrees of freedom (e.g. different site occupancies). In addition, the configurational complexity 

(IG,conf) was proposed as sum of combinatorial and coordinational complexity.94 One year later, 

our group implemented this updated concept using eqn (3) into a Python-based program 

crystIT.95 This structure analytical program offers an easy-to-use calculator of the complexity 

(IG) and configurational entropy (Scfg) of a crystal structure based on a reliable crystallographic 

information file (i.e. *.cif file) defined by crystallographic orbits.  

More recently, our group has demonstrated a comprehensive complexity analysis using 

crystIT for a broad dataset (178 *.cif files) of perovskite materials,96 including inorganic 

perovskites, HOIPs and Molecular Perovskites. Here, a complexity trend has been observed 

among all perovskite subclasses categorised by their X-site ion, showing a logarithmic 



 

 
 

17 
 

relationship between their calculated configurational complexities (IG,conf) and the B–B 

distances that serve as a relative approximation to capture the ReO3-type network size. The 

structural evolution of the ABX3 perovskite structure from inorganics to HOIPs and further to 

Molecular Perovskites is captured by their complexity, which significantly increases when a 

larger number of crystallographic orbits is used to describe the structure, which is entirely 

consistent with chemical intuition.  

Future perspectives were showcased that couple the underlying structural complexity of an 

ABX3 structure to their structural distortions from the ideal, undistorted perovskite structure, 

e.g. higher IG,conf for systems with activated octahedral shifts. This highlights the potential for 

applying a structural complexity analysis combined with tilt and shift analysis to understand 

symmetry breaking phenomena in Molecular Perovskites, such as the phase transition 

thermodynamics related to barocaloric Molecular Perovskites. We believe that thermodynamic 

guidelines based on the crystal structure complexity method may potentially emerge, following 

further advances in the information theory for calculating Scfg and IG,conf . Additionally, links 

between configurational entropies and complexities and the experimentally obtained phase 

transition thermodynamics could be identified by studying all parameters in a carefully selected 

model series of functional materials (e.g. barocaloric Molecular Perovskites).  

1.2.5. Molecular Perovskites and Beyond: AB2X6 Materials 

In the search for new design concepts for functional Molecular Perovskites, we have started 

to interpret the material’s structure from the perspective of its structural and chemical degrees 

of freedom and the function of the material as an interplay of these structure chemical 

elements.31 Looking for new degrees of freedom and making them accessible to external 

stimuli, ReO3-type network structures have proven to be an extraordinary platform for their 

structural evolution from inorganic to Molecular Perovskites.4 A typical example of a new type 

is the A-site order pattern in [A]Mn2(H2POO)6 (with a divalent A-site cation (A2+) such as 1,4-

diazabicyclo[2.2.2.]octane-1,4-dabconium),88 showing an ordering of vacancies and divalent 

A-site cations (A2+) in a perovskite-type structure.  

In 2022, another A-site order pattern was introduced as a new type of structural degree of 

freedom – of geometrical nature – with the discovery of a new material class, referred to as 

AB2X6 coordination networks.97 Their extended ReO3-type network materials are closely 

related to Molecular Perovskites; composed of metal nodes (i.e. Mn2+), which are octahedrally 

linked by [C2N3]– anions to build the host network structure [Mn(C2N3)3]– (Figure 5). Compared 

to the typical ABX3 perovskite structure motif, a divalent A-site cation (A2+) with two spatially 

separated charges is located between two neighbouring pseudocubic [Mn(C2N3)3]– cages for 

charge balancing. Here, the incorporation of [(C3H7)3N(CH2)nN(C3H7)3]2+ (with n = 4 and 5) 
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generates spatial orientation of A2+ in the ReO3-type network, i.e. a new geometrical degree of 

freedom in addition to the structural degrees of freedom available to Molecular Perovskites, 

see Figure 4. Hence, depending on the choice of A2+ cation, different order patterns were found 

to be synthetically accessible: the herringbone (for n = 4) and head-to-tail (for n = 5) motif. 

Further, their ramifications on the stimuli-responsive properties have been investigated in 

response to temperature and pressure. As expected from related materials with a herringbone 

motif in their framework topology,98–100 AB2X6 with A2+ = [(C3H7)3N(CH2)4N(C3H7)3]2+ exhibits 

counterintuitive large uniaxial negative thermal expansion (NTE) and negative linear 

compressibility (NLC) which can be rationalised by a “hinging” mechanism of A2+ molecules in 

combination with [Mn(C2N3)3]– framework distortions. When changing the A2+ cation ordering 

to a head-to-tail arrangement, the responsive behaviour of AB2X6 is different as only moderate 

NTE and zero linear compressibility are observed for A2+ = [(C3H7)3N(CH2)5N(C3H7)3]2+. Hence, 

the herringbone ordering provides a larger margin for pressure- and temperature-induced 

structural distortion pathways. This work showcases that the famous ReO3-type network 

structure still provides chemical scope for exploring new as well as known types of structure 

chemical elements when molecular substitution is extended to a new dimension – e.g. by using 

trivalent A-site molecules (i.e. A3+).  

 

Figure 5: Structural development of the ReO3-type network structure, starting from the 
Molecular Perovskites (a) and extending to AB2X6 materials (b), with emphasis on the 
molecular A-site cations. For a better visualisation of the A-site molecules, the crystal 
structures were simplified by removing all H atoms and using grey lines as X-site anions (X– 
= [C2N3]–). In addition, the size of all C and N atoms on the A-site was increased (Colour 
code: BX6 octahedra – grey, C – dark purple and N – light purple). A prototypical Molecular 
Perovskite with the general formula [(C5H10)N-(n-C3H7)2]Ni(C2N3)3 (new and discuessed 
within this thesis) and [(C3H7)3N(CH2)4N(C3H7)3]Mn2(C2N3)6  (available from CCDC number: 
2059110) were used to illustrate the crystal structures. 
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1.3. Research Highlights and Advances 

While the outlined introductory points demonstrate fundamental aspects, this chapter will 

highlight some key functional properties of Molecular Perovskites that have attracted the most 

attention in the past decade. In principle, these properties have fascinated material scientists 

to date, with emphasis on their origin, which can be understood and potentially controlled using 

structure chemical factors that are directly linked to a specific property, as outlined above. 

1.3.1. Melting of Molecular Perovskites 

With the recent discovery of meltable Molecular Perovskites in 2021, research interest has 

turned to a new research dimension: the non-crystalline Molecular Perovskites and their liquid 

and glassy states.101 Molecular Perovskite-based glasses, e.g.  [Pr4N]B(C2N3)3 ([Pr4N]+ = 

tetrapropylammonium and B2+ = Mn2+, Co2+ and Fe2+),101 [Bu3NMe]B(C2N3)3 ([Bu3NMe]+ = 

tributylmethylammonium and B2+ = Mn2+, Fe2+, Co2+ and Ni2+)87 and [Pr3NBu]Mn(C2N3)3 

([Pr3NBu]+ = tripropylbutylammonium)102 are referred to as the emerging material class of 

glass-forming coordination polymers, which are accessible by rapid quenching of coordination 

polymer liquids (Figure 6). These cover all dimensions available for coordination polymer 

structures, including other 3D network materials (e.g. carboxylate-based MOFs103,104 and 

predominantly ZIFs)105,106  as well as structures connected in 1 or 2 dimensions (e.g. gold 

thiolate-based107 and Zn-phosphate-based108,109 coordination polymers) that form liquids and 

glasses.110,111  

In principle, the liquid state of coordination polymers is accessible when heating results in 

the melting of the material (with the melting temperature Tm) before thermal decomposition 

(with the temperature of decomposition Td) processes occur, i.e. Tm < Td, which is a rather 

atypical behaviour for most MOFs and Molecular Perovskites.112–114 Upon quenching the liquid 

Figure 6: Schematic presentation of the formation of Molecular Perovskite-based glasses, 
starting from the crystalline state via the liquid towards the glassy state of Molecular 
Perovskite.  
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coordination polymer, the glassy state can be obtained, characterisied by the absence of bragg 

peaks (i.e. amorphous phase) and a glass transition temperature (Tg). So far, only a few 

combinations of organic and inorganic building units were discovered to melt with such a high 

ionicity character, stabilising the liquid state when accessing Tm < Td.115 One prototypical 

example is demonstrated in study I, which achieved a widening of the ΔT between Tm and Td 

in a Molecular Perovskite. Here, similarities to ionic liquids (ILs) are recognised,64,116,117 

considering the melting process of coordination polymers as the partial dissociation of 

coordination bonds forming an IL-like fragmented coordination network.113  

For the design of Molecular Perovskite-based glasses, the choice of the organic X-site anion 

(e.g. X– = [C2N3]–) seems to be key together with suitable divalent metals (e.g. B2+ = Mn2+, Fe2+, 

Co2+ or Ni2+) to lower the metal-ligand (e.g. B-N) coordination bond strength, and hence, the 

energy pathway for the bond breaking required for melting. So far, the melting has only been 

observed for a few members of the [A]B(C2N3)3 family,118 highlighting the unique role of the 

[C2N3]– ligand in coexistence with quaternary ammonium species such as A+ = [Pr3NBu]+, 

[Pr4N]+ and [Bu3NMe]+, which are known from ILs composed of the same organic moieties.119 

This indicates that meltable [A]B(C2N3)3 can be designed by a rational choice of a suitable 

ABX3 combination for controlling Tm, which has been investigated in a recent study by Shaw 

et al..64 Here, the size effect of the A-site cation on Tm was systematically investigated through 

A-site substitution in a [A]B(C2N3)3 series, where an increase of the A-site cation, i.e. by an 

increase of the alkyl chains from [Pr4N]+ < [Bu4N]+ < [Pe4N]+ (with [Bu4N]+ = 

tetrabutylammonium and [Pe4N]+ = tetrapentylammonium), decreases Tm while lowering the 

symmetry – forming different structure types compared to the ABX3 structure for the smallest 

A-site cation (A+ = [Pr4N]+).64 In addition, the impact of the divalent metal was tested, showing 

a decrease of Tm when changing the size of the B-site metal (e.g. along Mn2+ > Fe2+ > Co2+);64 

explained by the “hard and soft acids and bases” concept suggesting strong interactions 

between the soft Mn2+ and the soft [C2N3]– ligand.101 However, we would like to note here that 

this trend is not found for the meltable B-site series of  [Bu3NMe]B(C2N3)3 with B2+ = Mn2+, Fe2+, 

Co2+ and Ni2+.87 Here, the highest Tm is observed for [Bu3NMe]Ni(C2N3)3, which could be 

rationalised by the large ligand field stabilisation energy (LFSE) with the smallest B-site metal, 

which increases the metal-ligand bond strength compared to the analogue structure with B2+ 

= Mn2+.120 The conclusion based on the LFSE of the B-site metal and the B-N bond strength 

has been widely used to describe differences in the mechanical properties120–122 and phase 

transition temperatures85 as a function of the B-site metal choice. At this point, we can conclude 

that further studies are required to understand the role of the B-site metal, but so far, the close 

link to ILs is an ideal starting point for the A-site choice, suggesting suitable candidates with 

long alkyl chains, and hence, larger entropic contributions for the design of meltable Molecular 

Perovskites. 
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More recently, the approach for engineering glassy Molecular Perovskites was extended, 

i.e. for controlling Tm, from the intrinsically available ABX3 compositional range towards using 

modifier salts – see more details of this concept in study I presented in Chapter 2.1.102 This 

study was inspired by work on inorganic glasses where modifiers have been added to tune the 

glass properties.123 In our work, we showcased how a suitable modifier, e.g. Li(C2N3), can be 

identified for lowering Tm of [Pr3NBu]Mn(C2N3)3 while an eutectic mixture of both components 

is formed. This has widened the window (ΔT) between Tm and Td, which hinders partial 

decomposition when melting is too close to the decomposition onset. In addition, slow cooling 

of the mixture enables a scalable glass formation instead of established melt quenching 

methods, e.g. thermogravimetric analysis-differential scanning calorimetry (TGA-DSC) based 

routines of only small amounts in aluminium oxide crucibles. 

Moving forward, the next development step will potentially be the targeted introduction of 

functionality, possibly by the use of functional modifiers or functional Molecular Perovskites 

per sé. As already demonstrated for MOF-based glasses, other perspectives are received 

when considering Molecular Perovskite-based glasses as a new glass matrix to form crystal-

glass composite materials. At the same time, overarching principles for tailoring Tm and/or Td 

are needed. In particular, the control of Td is challenging but crucial to understand why 

[A]B(C2N3)3 materials melt and other X-site families do not. Here, the stability of [C2N3]– in the 

liquid state seems to be key, and hence, its decomposition, i.e. through a trimerisation 

mechanism forming triazine, must be linked across meltable compounds to access the open 

window for melts. Yet, the entire accessible range of Molecular Perovskite-based glasses is 

largely unknown, providing a great playground for future studies that can address the 

challenging task of developing functional Molecular Perovskite-based glasses.  

1.3.2. Molecular Perovskites as Barocalorics  

In 2017, the responsive nature of Molecular Perovskites, which typically undergo single or 

multiple phase transitions with large temperature changes in response to external stimuli, has 

been recognised as a useful stimuli-responsive behaviour for the design of caloric materials.41 

In principle, solid-state caloric materials,  including magneto-, electric-, mechano- (i.e. elasto- 

and barocalorics) calorics, make use of the strong changes in entropy and temperature across 

the phase transition induced by external stimulation. When those caloric effects are very large 

(i.e. ΔS > 10 J K−1 kg−1), they offer potential as an alternative cooling system to replace 

environmentally harmful refrigerants used today in common vapour compression 

technologies.124 The cooling process of caloric materials works very similar to compressor-

based cooling, i.e. when the working material is exposed to an external field, it heats up and 

cools down again when the field is removed.125,126  
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Some Molecular Perovskites are striking examples of barocalorics, e.g.  [Pr4N]B(C2N3)3 

(with B2+ = Mn2+ and Cd2+)41,59 and [Me4N]B(N3)3 (with [Me4N]+ = tetramethylammonium and 

B2+ = Mn2+ and Cd2+),35,127,128 which undergo structural phase transitions when hydrostatic 

pressure is applied. Akin to other state-of-the-art barocalorics such as plastic crystals of 

neopentylglycol ((CH3)2C(CH2OH)2)129  or molecular Fe(II) spin-crossover compounds 

([FeL2][BF4]2 with L = 2,6-di(pyrazol-1-yl)pyridine),130 which require high driving pressures 

(p > 1000 bar),131 Molecular Perovskites generate extremely high isothermal entropy changes 

(ΔS > 10 J K−1 kg−1) at relatively small working pressures (p < 70 bar) and low temperatures 

(i.e. near room temperature).41 Notably here, [(CH3)2NH2]Mg(HCOO)3 presents one example 

which shows a giant barocaloric effect (ΔS ~ 39 J K−1 kg−1) at a relatively large driving pressure 

(p < 2000 bar).132 However, when considering now barocalorics and their operating pressures 

and temperatures by using the barocaloric strength (i.e. ΔS/Δp), [Pr4N]Mn(C2N3)3 outperforms 

the other competing barocalorics.66  

From a broader perspective, there are many potential barocaloric materials – but what they 

all have in common is that individual challenges still remain work-in-progress.131 For instance, 

plastic crystals show colossal reversible isothermal entropy changes (ΔS > 250 ~ 

500 J K−1 kg−1)129,133,134 across the solid to solid phase transition, but many practical concerns 

such as large thermal hysteresis, moderate sensitivity to low pressures and low thermal 

conductivity for heat transfer predominantly prevent further development towards 

commercialisation as the cooling efficiency is limited.135–137 More recently, the solid to liquid 

transition in n-alkanes (e.g. C16H34, C18H38 and C20H42)138,139 has turned out to be extremely 

promising for barocalorics, as extremely large barocaloric effects (ΔS > 700 J K−1 kg−1) were 

found upon changing the phase, similar to the well-known gas to liquid transition used in vapour 

compression cooling systems; yet, their low thermal conductivity remains a major drawback. 

Compared to plastic crystals and long-chain n-alkanes, Molecular Perovskites show much 

smaller reversible entropy changes (ΔS > 10 ~ 80 J K−1 kg−1) but under practically more feasible 

conditions, in particular under lower working pressures. Here, we can conclude that all potential 

barocalorics require targeted material optimisation, and hence, there is still large space for 

improvement to finally discover the ideal material fitting all requirements. Therefore, design 

concepts are required that go beyond a specific material class, inspiring the discovery and/or 

improvement of materials ideally suited for barocaloric cooling. Here, a distinct design feature, 

e.g. structural disorder of long-chain alkanes, has been adapted to metal-halide perovskites, 

where long alkylammonium cations (i.e. A+ = [C10H21NH3]+ and [C9H19NH3]+) have been 

incorporated into a 2D layered metal-halide perovskite network leading to a colossal 

barocaloric effect (ΔS > 200 J K−1 kg−1 at p < 300 bar).140 This example showcases that 

formulated design features are key, and thus, the combination of them across several material 

classes is a powerful concept. Further, it motivates optimising barocaloric Molecular 
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Perovskites by exploiting their compositional range accessible to the molecular building units, 

e.g. by incorporating alkylammonium or alkylphosphonium species with long alkyl chains on 

the A-site. Additionally, we consider Molecular Perovskites as a suitable playground to 

systematically study barocaloric performance parameters as a function of chemical changes. 

For instance, the phase transition temperature (Ttrs.) has been found to be sensitive to the 

choice of the B-site metal with Ttrs increasing along the metal series (B2+ = Mn2+ > Co2+ > Ni2+).85 

A similar tunability has been reported for the compressibility, which improves the barocaloric 

performance when being large (i.e. small bulk modulus) – the softer materials are the better 

barocalorics.134 Here, two substitution approaches have been introduced to increase the 

compressibility of Molecular Perovskites, either by increasing the B2+ radius141 or via changing 

the A-site shape, and hence, reducing the overall [BX3]– framework distortion.142 The latter has 

been explored in depth in study IV, presented in Chapter 2.4. These are blueprints on how to 

identify first design rules, which at the same time unlock the potential of many more to come – 

e.g. studies with particular emphasis on the ΔS, which are currently scarce.  

1.3.3. Ferroelectric and Ferroelastic Ordering in Molecular 

Perovskites 

Typical ferroic materials encompass ferroelectrics (exhibting spontaneous polarisation), 

ferroelastics (exhibting a spontaneous strain) and ferromagnetics (exhibting spontaneous 

magentisation).143 These are characterised by spontaneously forming domains that can be 

reversibly reoriented (switched) under an external field, such as an electric, stress or magnetic 

field, which is observed in a hysteresis loop. This switching behaviour between different 

domains makes ferroics fascinating materials for many diverse applications such as sensors, 

capacitors, piezoelectric and memory devices.144 

The phenomenon of ferroelectricity describes materials that exhibit intrinsic lattice 

polarisation, which can be reversed by an electric field. This switching of ferroelectric 

polarisation is closely related to the iconic ABX3 perovskite structure.145 With the discovery of 

ferroelectricity in BaTiO3, research on structurally related ferroelectrics has experienced a 

boom as demonstrated by the extensive history of ferroelectric perovskites such as SrTiO3
146 

and LiTaO3.147 This also involves the well-known piezoelectric PbZr1-xTixO3 (PZT) 

material,145,148 that converts mechanical energy into electrical energy, important for many 

applications from ultrasound devices, energy harvesting systems to sensors.144 Upon cooling, 

those materials undergo a symmetry lowering phase transition across the ferroelectric Curie 

Temperature (Tc) from a paraelectric (i.e. non-ferroelectric) into the ferroelectric state with non-

centrosymmetric crystal symmetry.149 In principle, the ferroelectric nature arises from the 

crystal structure per sé, i.e. spontaneous dipole moments must exist (e.g. charge displacement 

induces TiO6 dipoles in BaTiO3)150 within the crystal structure, which can be reoriented by an 
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external electric field. Among all 32 crystallographic point groups, 21 point groups have no 

centre of symmetry. Out of these non-centrosymmetric point groups, 20 are piezoelectric, with 

10 being polar. These polar point groups (with a unique polar axis) can be ferroelectric if the 

polarisation is switchable upon application and removal of an external electric field.149 

Since ferroelectricity exists in many ABX3, it is not surprising that this phenomenon has 

been found in HOIPs151–153 and Molecular Perovskites. Both can serve as a playground for 

discovering new promising ABX3 ferroelectrics42,153–155 or even for optimising the ferroelectric 

properties compared with their purely inorganic counterparts.156 In this pursuit, the molecular 

design strategies of “molecular ferroelectrics”157 have proven to be a powerful approach for 

tuning ferroelectric HOIPs,156,158 which can be adapted to the field of Molecular Perovskite 

ferroelectrics. Here, design criteria for the molecular component on the A-site have been 

identified as the origin of polarisation, such as order-disorder and displacive characteristics of 

the A-site cation, inducing dipole moments.158 Additionally, subtle but tailored modifications of 

the A-site molecules can also contribute to the spontaneous polarisation, e.g. via lowering 

molecular symmetry of [Me4N]+ to [Me3NCH2Cl]+159 or [Me3NCH2Br]+160 in HOIP systems, that 

induce additional dipole moments within the A-site cation. Similar advances are expected when 

applying these design features, e.g. by a suitable choice or tailored chemical modification of 

the molecular A-site ion, to some prototypical examples such as [A]Mn(C2N3)3 (A-site cations 

such as [Et4P]+ = tetraethylphosphonium and [TriBuMeP]+ = tributylmethylphosphonium),90  

[Me2N]Mn(N3)3,161 [Me2N]Mn(HCOO)3
162 ([Me2N]+ = dimethylammonium) and 

[Me3NOH]2KFe(CN)6 ([Me3NOH]+ = trimethylhydroxylammonium).163 Additionally, Molecular 

Perovskites have been explored as a platform for identifying some main ferroelectric coupling 

schemes of individual distortion modes of the [BX3]– network.42 By understanding how these 

structural degrees of freedom can be synthetically controlled through tailored chemical 

modifications of the molecular components, we can formulate design strategies towards polar 

coupling schemes and, hence, ferroelectric Molecular Perovskites. In this context, the 

molecular solid solution approach offers great opportunities for engineering the framework 

distortions and consequently ferroelectricity. It potentially unlocks the systematic on/off 

switching of a particular irrep, inducing a polar coupling combination, and secondly, the control 

of the amplitudes of individual framework distortions, allowing fine-tuning the macroscopic 

polarisation. Moreover, a carefully selected solid solution series of Molecular Perovskite 

ferroelectrics shows great promise for understanding and manipulating key ferroelectric 

features as a function of the molecular component, as demonstrated by tuning Tc in a series 

of mixed chiral cations in metal halide perovskites.164 

Closely related to ferroelectrics are ferroelastics, where a spontaneous strain generates 

ferroelastic domains in a material below Tc when mechanical stress is applied.165 Upon heating, 
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those materials typically undergo a structural phase transition into the paraelastic state where 

no ferroelastic domains exist. Symmetry lowering into the ferroelastic state is observed in many 

ABX3 structures166,167 as captured by Aizu’s notation168,169 encompassing 94 structural lattice 

distortions from the paraelastic phase, potentially generating ferroelasticity. Compared to some 

prototypical examples of purely inorganic ferroelastic materials, e.g. BaTiO3,170 BiVO4
171 and 

Gd2(MoO4)3,172 HOIPs and Molecular Perovskites show great promise for discovering new 

types of ferroelastic materials with one-, two- or multi-step ferroelastic phase 

transitions.35,173,174 In particular, Molecular Perovskites offer a large chemical and structural 

parameter space for studying and tailoring ferroelastic characteristics, as ferroelastic 

behaviour has been reported across many Molecular Perovskite families (with X-site anions 

such as [HCOO]–,175 [BF4]–,176,177 [C2N3]–,178 [SCN]–179 and [N3]–35). This allows to develop 

design strategies towards ferroelastics with an emphasis on the role of the molecular 

components either on the A- or X-site, as ferroelastic phase transitions mainly originate from 

molecular dynamics rather than from the BO6 tilting mechanism in conventional perovskites.175  

In particular, the A-site chemistry has been explored as a powerful design tool for tuning the 

ferroelastic transition as demonstrated by the choice of a suitable polar and flat A-site cation 

in [H2hpz]K(BF4)3 ([H2hpz]+ = homopiperazine-1,4-diium),176 or by targeted modifications of 

phosphonium and ammonium species in [A]B(C2N3)3 (e.g. A+ = [Et3P(CH2)2Cl]+, [Et3P(CH2)2F]+, 

[Pr3(CH2CHOHCH3)N]+ and [Pr3(CH3CHCH2OH)N]+)178,180,181 and [A]B(SCN)3 (e.g. A+ = 

[(CH3)3PCH2F]+).179 Beyond the widely explored A-site substitution approach, even in a first 

ferroelastic solid solution series with [Et3P(CH2)2F]x[Et3P(CH2)2Cl]1-xMn(C2N3)3,182 the ordering 

effect of the X-site linker has only been studied in [Me4N]Cd(N3)3.35 This leaves many more 

possibilities to systematically study the overall interplay of order-disorder behaviour of the A- 

and the X-site, the chemical interactions within the network, as well as octahedral distortions, 

which in combination contribute to the ferroelastic phenomenon. 

Molecular Perovskites have proven to exhibit both ferroic properties; however, the potential 

for advanced material design has not been fully exploited – still leaving open questions that 

are currently being investigated to unlock the ferroelectric and ferroelastic origin in Molecular 

Perovskites. 
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1.4. Concluding Remarks  

When we reconsider the introductory points about material design, there is a very clear 

objective for coordination polymers, i.e. to design materials with a tailored functional response. 

Among this very broad material class, Molecular Perovskites, with their molecular substitution 

principle and resulting chemical and structural diversity, have emerged as a unique platform 

for identifying fundamental structure chemical principles to date. Moreover, they show great 

promise in different application-oriented research branches, often related to their propensity 

for phase transitions.  

Current research on Molecular Perovskites has already yielded considerable progress in 

emerging new structure chemical paradigms, but to move to the next stage of development we 

need to focus on how to control the macroscopic behaviour. To better understand the interplay 

between crystal structure, composition and the overall macroscopic response, systematic 

approaches are necessary to study how and to what (potential) extent the functional response 

can be chemically controlled. Here, two scenarios are possible, in which selective 

compositional ABX3 variations or targeted chemical modifications of the molecular species are 

tested as a function of the responsive properties. In particular, the latter, the systematic 

approach will be investigated within this thesis, as outlined in more detail in the following 

Chapter 1.5, introducing the general methodology of studying new Molecular Perovskites with 

emphasis on small chemical changes on a molecular level. 
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1.5. Methodology of Synthesis and Characterisation of 

Molecular Perovskites  

In addition to the studies outlined in Chapter 2, further results have been obtained in the 

course of this thesis that both experimentally and conceptually contribute to the development 

of designing new Molecular Perovskites. Therefore, this chapter provides a comprehensive 

overview of all discovered and characterised Molecular Perovskite structures. The underlying 

methodology, including conceptual design ideas, subsequent material synthesis routines and 

experimental standard and advanced characterisation techniques, will be presented in the 

following.   

As a first step, a model system was defined that allows to study the impact of molecular 

substitution in Molecular Perovskites, i.e. small targeted chemical changes of the molecular 

component. In this pursuit, the [C2N3]– organic linker was chosen as a suitable and robust X-

site anion in combination with divalent B-site metals (B2+ = Mn2+, Co2+ and Ni2+) for hosting 

different ammonium species on the A-site. The A-site cation was selected as the key tool for 

synthetically exploring molecular substitution within this thesis (Figure 7). Motivated by the 

incorporation of azaspiroundecanium into the [B(C2N3)3]– network,46 several tailormade 

piperidinium derivatives were designed and consequently synthesised by simple organic 

chemistry as they are commercially not available (Figure 7).183 Various alkyl chain 

modifications of the piperidinium nitrogen were obtained by adapted synthetic procedures, all 

based on nucleophilic substitution reactions (i.e. one- or two-step SN2-type reactions) of 

nucleophilic secondary or ternary amines with alkyl bromides. Typical reaction schemes and 

Figure 7: Representation of conceptual design ideas developed in this thesis for the 
synthesis of new Molecular Perovskites that allow for systematic investigation of molecular 
substitution on the A-site. The wide range of substituted piperidinium cations chosen for 
the A-site is highlighted in the pink box. 
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preparation details are given in the supporting information of study I and IV. After work-up 

procedures (e.g. recrystallisation), ten different tailor-made organic precursor salts were 

yielded in high purity, as confirmed via 1H NMR and 13C NMR spectroscopy (see Figure 7 for 

organic A-site cation structures).  

In a subsequent step, crystallisation experiments were performed to incorporate the 

potential A-site cations into the [B(C2N3)3]– network. Therefore, the well-established mild 

solution crystallisation routine46,85,102 was applied in multiple batch experiments with varying 

ratios and concentrations of all aqueous precursor salt solutions (using commercially available 

sodium dicyanamide, various metal salts and the respective synthesised A-site precursor salts) 

in glass vials at ambient conditions or in the refrigerator. For each batch, observations such as 

crystal formation, precipitation of polycrystalline powder, or no precipitation at all were carefully 

documented to screen and subsequently optimise the crystallisation conditions. Diffraction 

techniques such as powder X-ray diffraction (PXRD) and single crystal X-ray diffraction 

(SCXRD) were used to control and analyse the crystalline materials and, in the best cases, 

confirm the formation of crystalline Molecular Perovskites. Among the entire potential range of 

different A-site candidates, crystallisation attempts with dimethylpiperdinium, 

diisopentylpiperidinium and dipentylpiperidnium failed (Figure 8). This indicates that they are 

either too small or too large to be incorporated into the [B(C2N3)3]– network, underlining that 

the size criteria (of the A- and B-site cation selection) are key in the formation step of crystalline 

[A]B(C2N3)3 materials (Figure 8).  In total, eight suitable A-site cations were identified (Figure 

9), resulting in 23 new [A]B(C2N3)3 materials (Table 1). Therefore, suitable crystals were taken 

from the bottom of the glass vial and mounted on a microsample loop with perfluorinated ether 

to determine the crystal structure by performing SCXRD experiments at 100 K (or 300 K).  

Figure 8: Illustration of different A-site cations, which have been used in the synthesis of 
dicyanamide-based Molecular Perovskites. All A-site cations highlighted in the green area 
were successfully incorporated, while molecular A-site cations shown in the red area were 
found to be unsuitable for the synthesis of Molecular Perovskites.  
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After working up the crystalline Molecular Perovskites in several washing steps with 

ultrapure water, drying in vacuo, crushing and finely grounding the crystals, a subsequent 

characterisation of the bulk material was performed. In the first step, the phase purity of the 

bulk material was checked by PXRD and confirmed by Pawley184 (and/or Rietveld)185 

refinements of the collected PXRD data using space groups as determined from SCXRD. In 

addition, elemental analysis quantifications were carried out by the technical staff of the 

Catalysis Research Centre of TU Munich to check for impurities. Several samples of each 

newly synthesised material (approx. 20 – 30 batch vials, depending on the amount of crystals 

obtained per experiment) were combined into one polycrystalline sample of approximately 

100 mg, which is required for subsequent analysis. Next, thermal analysis was performed 

using a TGA-DSC to measure the mass loss (TGA curve) and heat flow (DSC) in one 

experiment from room temperature to 1073.15 K using a heat rate of 10 K min -1. This allows 

for simultaneously screening changes of the sample mass upon heating (in the TGA curve), 

which identifies thermal stability and endothermic and exothermic events (in the DSC curve) 

when no mass loss is observed, that can indicate melting, crystallisation or phase transition 

phenomena. From this experiment, the thermal decomposition temperatures (Td) of all 

Molecular Perovskites were determined (Table 1). Further, reversible DSC measurements with 

subsequent heating and cooling runs were performed using controlled heating rates of 10 or 

20 K min-1, well below Td, to better characterise the heat flow signals associated with the 

thermal transitions within a material. The analysed characteristics of the heat signals, such as 

peak shape, area and direction, provide important information for material properties such as 

exothermic (crystallisation and cold crystallisation) and endothermic processes (solid to solid 

phase transition, melting and glass transition). To provide a comprehensible thermal analysis 

data set, it is important to give information about the heating rate and the temperature 

determination of a respective heat signal when using different methods such as peak onset, 

offset, or maximum. Therefore, Td of all [A]B(C2N3)3 materials were determined as the onset of 

significant decomposition in the TGA curve. The endothermic events observed in cyclic DSC 

runs across all [A]B(C2N3)3 compounds were assigned to irreversible or reversible solid to solid 

phase transitions with the respective phase transition temperatures (Tss), determined as peak 

onset (Table 1). Especially in study I, the DSC technique was further explored to follow the 

impact of a modifier salt on thermal events of a Molecular Perovskite, i.e. melting (Tm) during 

heating and crystallisation (Tc) during cooling. Further, the DSC data was applied to create a 

temperature-composition phase diagram of the binary system (i.e. modifier salt and Molecular 

Perovskite). 
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In a further characterisation step, we used X-ray diffraction methods to monitor the structural 

response of these flexible materials upon temperature or pressure influence in situ, thus 

characterising their stimuli-responsive properties.186,187 Variable-temperature powder X-ray 

diffraction (VTPXRD) experiments were conducted in the laboratory or at synchrotrons to 

follow the behaviour in response to temperature changes (typically in the temperature range 

between 100 – 400 K at laboratory experiments and 290 – 485 K at synchrotron facilities with 

small defined temperature step sizes of 5 – 20 K). This provides diffraction information about 

thermally induced solid to solid phase transitions, melting events, or decomposition processes 

[A]B(C2N3)3 Materials Molecular A-site ion A+  Space group Decomposition Td / K Phase 
Transition Tss / K  

[DEP]Co(C2N3)3 diethylpiperidinium C2/c 546.3 rev. 352 

[DEP]Ni(C2N3)3 diethylpiperidinium P21/c 595.15 rev. 312, 338 

[DIP]Mn(C2N3)3 diisopropylpiperidinium P21/c 558.65 rev. 300, 332, 

445 

[DIP]Co(C2N3)3 diisopropylpiperidinium P21/c 546.25 rev. 393 

[DIP]Ni(C2N3)3 diisopropylpiperidinium P21/c 568.95 rev. 415 

[DPP]Mn(C2N3)3 dipropylpiperidinium C2/c 561.15 rev. 365 

[DPP]Co(C2N3)3 dipropylpiperidinium C2/c 552.25 rev. 412 

[DPP]Ni(C2N3)3 dipropylpiperidinium C2/c 598.05 rev. 433 

[PEP]Mn(C2N3)3 ethylpropylpiperidinium P21/c 560.65 rev. 225, 331, 

370 

[PEP]Co(C2N3)3 ethylpropylpiperidinium P21/c 549.65 rev. 236, 355, 

391 

[PEP]Ni(C2N3)3 ethylpropylpiperidinium P21/c 598.35 rev. 236, 360, 

397 

[BEP]Mn(C2N3)3 butylethylpiperidinium P21/c 555.65 rev. 368, 382, 
443 

[BEP]Co(C2N3)3 butylethylpiperidinium P21/c 548.65 rev. 347, 378, 
450 

[BEP]Ni(C2N3)3 butylethylpiperidinium P21/c 575.95 rev. 329, 386, 
438 

[DBP]Mn(C2N3)3 dibutylpiperidinium C2/c 569.95 irrev. 368 rev. 
382, 450 

[DBP]Co(C2N3)3 dibutylpiperidinium C2/c 555.25 rev. 346, 378, 
450 

[DBP]Ni(C2N3)3 dibutylpiperidinium C2/c 576.45 irrev. 329 rev. 
386, 438 

[EPP]Mn(C2N3)3 ethylpentylpiperidinium P21/n 570.05 rev. 405 

[EPP]Co(C2N3)3 ethylpentylpiperidinium P21/n 551.85 rev. 476 

[EPP]Ni(C2N3)3 ethylpentylpiperidinium P21/n 576.25 rev. 499 

[DIB]Mn(C2N3)3 diisobutylpiperidinium P21/c 549.15 rev. 419, 448 

[DIB]Co(C2N3)3 diisobutylpiperidinium P21/c 533.75 rev. 399, irrev. 

424 

[DIB]Ni(C2N3)3 diisobutylpiperidinium P21/c 581.85 rev. 402, 458 

Table 1: Overview of all synthesised [A]B(C2N3)3 materials with the respective space group 

(from SCXRD data), decomposition temperature (obtained as onset of weight loss from 

weight TGA-DSC experiment) and phase transition temperature (obtained as peak onset 

of the 1st heating cycle in the DSC runs).  
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that support observations from the DSC data. For instance, in study I, we observed a crystalline 

to crystalline phase transition and, for higher temperatures, a thermal amorphisation, which we 

assigned to a crystalline to liquid phase transition, i.e. the melting process of the Molecular 

Perovskite. Notably here, high-resolution pair distribution function (PDF) measurements by X-

ray total scattering at synchrotrons would provide further diffraction information about the local 

structure, i.e. the interatomic distances and coordination environment within a structure, of the 

crystalline (e.g. with long-range order > 20  Å) and the glassy (e.g. with short-range order up 

to 8 Å) state of a Molecular Perovskite.188 In addition, the thermal response of a Molecular 

Perovskite can be further described by using thermal expansion coefficients. Therefore, the 

web-based software tool PASCal,189 i.e. a principal axis strain calculator, can be applied using 

lattice parameters extracted from Pawley fits of the VTPXRD data as input. This identifies the 

direction of the three principal axes relative to the crystallographic axes (a, b and c), and hence, 

the linear coefficients of thermal expansion with projections of the principal axes on the unit 

cell axes. High-pressure experiments (HPPXRD) were performed at synchrotron facilities 

using a custom-built “high-pressure jump cell”190 to probe the response of the Molecular 

Perovskites to the application of mechanical pressure under hydrostatic conditions (typically in 

the range between ambient pressure and 0.4 GPa with a small defined pressure step size of 

0.02 GPa). Therefore, silicon oil (AP100, polyphenyl-methylsiloxane) was used as a non-

penetrating pressure transmitting medium (PTM) with a hydrostatic limit of up to 0.9 GPa.191,192 

HPPXRD data allows to characterise the material’s pressure response (e.g. described with the 

bulk modulus (B) as the inverse of the material’s compressibility) and follow pressure-induced 

phase transitions or pressure-induced amorphisation processes.193 For instance, the 

mechanical response of a new family of dicyanamide-based Molecular Perovskites (study IV) 

and Fe(II)-based MOFs (study III) was tested within this thesis. These studies offer 

fundamental insights into factors that dictate the mechanical properties, i.e. the impact of A-

site chemistry in Molecular Perovskites or the spin-state in Fe(II)-containing MOFs. The 

mechanical resistance of a material can be described with B determined by fitting a Birch-

Murnaghan (B-M) equation of state to the HPPXRD data derived from Pawley profile fitting. 

Therefore, two different methods can be applied, i.e. PASCal189 and EOSFit7-Gui,194 that both 

in combination provide a comprehensive data set of 2nd and 3rd order B-M equation of state 

fits. In addition, it is important to include the obtained standard errors (σB) in relation to the σB 

of the measured standard material (e.g. Ni(dmgH)2 with dmgH– = anionic form of 

dimethylglyoxime). 

Seeking for relationships to rationalise the different stimuli-responsive properties found in 

various Molecular Perovskites (study IV), we analysed structural differences of the ambient 

[B(C2N3)3]– network in more detail via group theoretical analysis76,195 using the web-based 

software ISODISTORT.40 For a complete mode decomposition analysis of the distorted 



 

 
 

32 
 

[B(C2N3)3]– structures, a low-symmetry structure (*.cif file generated from SCXRD of 100 or 

300 K of the corresponding Molecular Perovskite), simplified by removing the A-site cation, 

was applied compared to a hypothetical cubic perovskite structure with selected and fixed 

lattice parameters (a = 8 Å and α = 90°). An overview of distortion modes associated with a 

Figure 9: Illustration of all synthesised [A]Ni(C2N3)3 materials exhibiting a ABX3 perovskite 
structure motif, emphasising the use of various A-site cations explored within this thesis. 
Colour code: NiN6 octahedra are shown in grey, A-site cations are highlighted with N atoms 
in the corresponding lighter colour and C atoms in the darker colour, H atoms were omitted 
for visualisation purposes. 
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combination of irreps of the space group symmetry of the cubic parent structure (e.g. 

conventional (𝑀2
+and 𝑅5

−), unconventional tilting (𝑀5
+, 𝑋5

− and Γ4
+) and columnar shifts (Γ5

+)) 

active in the distorted Molecular Perovskite structures (from SCXRD data of 100 K) is given in 

Table 2. This involves the displacive mode amplitudes for each irrep and the overall distortion 

amplitude (Ap) displaying an amplitude for the entire framework distortion that is normalised to 

the parent structure given in the Angström unit.   

Among all structures, a trend is apparent when exchanging the B-site metal from B = Mn2+ 

to Ni2+ towards decreasing Ap, which can be rationalised by a decrease in the network size and 

an increase in chemical bond strength within the [B(C2N3)3]– network. In addition, these 

materials allow to study the impact of the A-site chemistry, as no hydrogen bonding interactions 

are formed between the A-site cations and the surrounding [B(C2N3)3]– network. This 

systematic approach is demonstrated in study IV with four A-site cations (A+ = [DEP]+, [PEP]+, 

[DIP]+ and [DPP]+) to seminally link the overall distortion amplitude to the mechanical response 

of Molecular Perovskites. Looking at the role of the A-site cations across the range of all 

structures studied in this thesis (Table 2), an overall higher Ap was observed for structures with 

Compounds R5
- M2

+ Γ4
+ X5

- M5
+ Γ5

+ Ap / Å  

[DEP]Co(C2N3)3 2.72057  2.66098   2.10449 4.44101 

[DEP]Ni(C2N3)3 1.17738 1.64960 0.19103 0.56322 0.44891 0.60846 2.27946 

[DIP]Co(C2N3)3 1.75947 0.75824 0.25789 0.37910 0.74124 0.46496 2.18627 

[DIP]Ni(C2N3)3 1.67136 0.74040 0.23561 0.37122 0.69707 0.42617 2.08543 

[DPP]Mn(C2N3)3 2.71438  2.94609   2.06009 4.64034 

[DPP]Co(C2N3)3 2.45929  2.88500   2.04785 4.43172 

[DPP]Ni(C2N3)3 2.39294  2.86078   2.09049 4.39524 

[PEP]Mn(C2N3)3 2.19862 0.36080 0.15364 0.24872 0.54656 0.99173 2.53338 

[PEP]Co(C2N3)3 1.97319 0.33600 0.12671 0.28525 0.46274 0.85763 2.26516 

[PEP]Ni(C2N3)3 1.91172 0.33760 0.12105 0.25950 0.45264 0.83306 2.19858 

[BEP]Mn(C2N3)3 1.63275  0.56897   0.85014 3.59065 

[BEP]Co(C2N3)3 1.73766  0.05922   0.78830 3.33381 

[BEP]Ni(C2N3)3 1.66915  0.07020   0.75743 3.25922 

[DBP]Mn(C2N3)3 2.19137  3.02642   2.09179 4.36724 

[DBP]Co(C2N3)3 1.89228  2.97777   2.12375 4.20041 

[DBP]Ni(C2N3)3 1.79236  2.93138   2.11207 4.11649 

[EPP]Mn(C2N3)3 1.21124 1.69792 0.23386 0.67870 0.22471 0.63569 2.32713 

[EPP]Co(C2N3)3 0.78342 1.79676 0.15449 0.64727 0.28505 0.37693 2.15039 

[EPP]Ni(C2N3)3 0.74223 1.72080 0.13899 0.60864 0.28978 0.34933 2.05837 

[DIB]Mn(C2N3)3 1.48893 1.25168 0.06081 0.69917 0.59837 0.33807 2.20021 

[DIB]Co(C2N3)3 1.25360 1.17232 0.07733 0.60772 0.48270 0.27477 1.93254 

[DIB]Ni(C2N3)3 1.16664 1.06960 0.04695 0.55048 0.43568 0.24295 1.78037 

Table 2: Distortion mode decomposition analysis details (determined from group theoretical 

analysis of SCXRD data of 100 K) of the distorted [A]B(C2N3)3 structures compared to the 

cubic parent cell. 
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symmetric cations (A+ = [DEP]+, [DPP]+ and [DBP]+) compared to the Molecular Perovskites 

with asymmetric (A+ = [PEP]+, [BEP]+ and [EPP]+) and more branched (A+ = [DIP]+ and [DIB]+) 

substituted piperidinium cations. In addition, more predominant distortion modes are active 

when Ap is reduced, while structures with higher Ap exhibit less but individually stronger 

distortion modes. These observations underline the templating role effect of the A-site cations 

for octahedral distortions of the overall network discovered in study IV. Moreover, the analysis 

of distortion modes, as showcased in study IV, provides a future perspective to understand the 

impact of molecular substitution on the material’s properties by linking active framework 

distortion modes to the stimuli-responsive behaviour. 

Among all the studies presented in the following chapters, the heart of this thesis lies in 

study IV (Chapter 2.4), which provides a systematic study of how the modular Molecular 

Perovskite structure allows studying how small changes on an atomic level impact the 

macroscopic response. From the author’s perspective, this study captures the beauty of 

Molecular Perovskites by combining both the purely inorganic and the molecular 

characteristics, i.e. with particular emphasis on the chemically rich playground for the 

molecular components and the applicability of solid-state principles. As we will see in the 

following chapters, study I (Chapter 2.1, tuning the melting behaviour of Molecular Perovskites 

by adding a modifier salt), study II (Chapter 2.2, characterising and understanding mixed-linker 

porphyrin-based MOF systems) and study III (Chapter 2.3, studying the impact of different 

triazolate-based linkers on the spin-state and overall mechanical response) contribute 

experimentally and conceptually to the understanding of composition-structure-property 

relations in coordination polymers in general.  
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2. RESULTS AND DISCUSSION 

2.1. Study I: Li(C2N3) as Eutectic Forming Modifier in the 

Melting Process of the Molecular Perovskite 

[(C3H7)3N(C4H9)]Mn(C2N3)3 

While the crystalline state of Molecular Perovskites has attracted much attention in the past, 

there are only a few, however very promising, studies on their melted and glassy state. 

Molecular Perovskites, which melt before thermal decomposition and thus enable the 

formation of Molecular Perovskite-based glasses, offer great potential as they combine both 

the liquid and solid state. Yet, the impact of glass modifiers on the thermal and functional 

properties of glass-forming Molecular Perovskites has not been explored.  

In this work, we draw inspiration from inorganic glasses where modifiers have been established 

to tune the thermal and physicochemical properties of the resulting glasses.  Herein, we report 

the synthesis of a new Molecular Perovskite [(C3H7)3N(C4H9)]Mn(C2N3)3 and investigate its 

solid-liquid and liquid-glass transition. We systematically study the impact of Na(C2N3) and 

Li(C2N3) as potential modifiers on its melting and glass-forming properties. We showed how a 

modifier, i.e. Li(C2N3), can be used to lower the melting temperature while forming a eutectic 

mixture that allows for a straightforward synthesis of a Molecular Perovskite-based glass by 

slow cooling. This work showcases the applicability of an established concept that can be used 

to tune the thermal properties of melting Molecular Perovskites and other coordination 

networks. The manuscript further describes the following unprecedented findings: 

While Na(C2N3) shows no potential as a modifier in the first TGA-DSC screening runs, Li(C2N3) 

influences the melting behaviour significantly. Systematically varying the Molecular Perovskite-

modifier ratio by increasing the amount of Li(C2N3) – studied by comprehensive DSC 

experiments – shows that the melting temperature monotonically decreases towards the 

eutectic mixture is reached. This widens the window between the melting and decomposition 

temperature, avoiding any potential decomposition processes. Upon slowly cooling down the 

eutectic mixture melt, no recrystallisation is observed in the DSC and PXRD, enabling an easy 

scale-up synthesis of Molecular Perovskite-based glasses. This seminal study of a modified 

Molecular Perovskite-based glass unlocks the potential to tailor the macroscopic glass 

properties by carefully selecting an additive that can act as a modifier and incorporate 

promising physicochemical properties.  

S. M. Kronawitter performed the experiments, including project design and optimisation, data 

analysis and interpretation, with contributions to the DSC experiments and data discussion by 

A. Alhadid. S. Burger, S. A. Hallweger, J. Meyer; while C. Pedri contributed to the material 
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synthesis. S. Henke provided input for the discussion of the results and data validation, with 

G. Kieslich providing overarching scientific guidance and project design ideas. The manuscript 

was written by S. M. Kronawitter and G. Kieslich and subsequently critically reviewed and 

edited by all co-authors. 

Reprinted with permission from APL Materials. Copyright (2023) AIP Publishing.  

S. M. Kronawitter, S. A. Hallweger, J. Meyer, C. Pedri, S. Burger, A. Alhadid, S. Henke and G. 

Kieslich: Li(C2N3) as Eutectic Forming Modifier in the Melting Process of the Molecular 

Perovskite [(C3H7)3N(C4H9)]Mn(C2N3)3, APL Mater 2023, 11, 31119 
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2.2. Study II: Understanding and Controlling Molecular 

Compositions and Properties in Mixed-Linker Porphyrin 

Metal-Organic Frameworks 

Zr-based MOFs with porphyrins as linkers offer intrinsic properties such as high porosity for 

the incorporation of guest molecules and a porphyrin core for the integration of metals. 

Therefore, they have been established as model platform for studying and designing 

multifunctional systems for catalysis. However, the synthesis and characterisation of phase-

pure Zr-based MOFs and, thus, of multifunctional systems still remain a challenge.  

This work addresses the challenge of incorporating chemically modified porphyrins (ß-ethyl-

functionalised porphyrin linkers) into the well-known PCN-222. By using the mixed-linker 

strategy, we presented a series of solid solution PCN-222 analogues with synthetic control 

over a broad range of varying ethyl-porphyrin content. Thus, these materials enabled a 

systematic study of the impact of the non-planar linkers on structure-property relations in PCN-

222 systems. Therefore, we thoroughly analysed the structural and chemical properties, 

showing controllable features such as the BET surface area or linker fluorescence as a function 

of increasing amount of modified linker. Further, we show rather unexpected complexity, such 

as different crystallinity, defect concentration and thermal response, resulting from only minor 

chemical changes of the porphyrin linker. Our study highlights that the design of Zr-based MOF 

systems with controllable properties requires a combination of complementary techniques, 

which is often poorly explored in literature.  

K. Hemmer performed the bulk of experiments, including material synthesis. Further 

experiments, data analysis, interpretation and conceptualisation were conducted by K. 

Hemmer and S. M. Kronawitter with the support of N. Grover and B. Twamley. M. Cokoja, R. 

A. Fischer, G. Kieslich and M. O. Senge gave overarching scientific guidance. R. A. Fischer 

and G. Kieslich provided financial support and resources. The manuscript was written equally 

by K. Hemmer and S. M. Kronawitter and subsequently edited with support from G. Kieslich 

and reviewed by all co-authors. 

Reprinted with permission from Inorganic Chemistry. Copyright (2024) American Chemical 

Society.  

K. Hemmer,† S. M. Kronawitter,† N. Grover, B. Twamley, M. Cokoja, R. A. Fischer, G. Kieslich, 

M. O. Senge: Understanding and Controlling Molecular Compositions and Properties in Mixed-

Linker Porphyrin Metal-Organic Frameworks, Inorg. Chem. 2024, 63, 4, 2122-2130 

† Equal contribution 
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2.3. Study III: Spin-State Dependent Pressure 

Responsiveness of Fe(II)-based Triazolate Metal-Organic 

Frameworks 

Switching response in Fe(II)-containing MOFs, i.e. thermally induced spin-crossover 

phenomena, shows great potential for technological development of microsensors, memory, 

or data storage devices. The understanding of how MOF`s crystal chemistry determines the 

mechanical behaviour relevant for application-oriented purposes, such as the material`s 

processability and longevity, is only just developing.  

In this work, we focus on the impact of the metal centre spin-state and investigate its impact 

on the mechanical response under hydrostatic conditions. In this pursuit, we designed two new 

Fe(II)-based MOFs, i.e. Fe(cta)2 ((cta)– = 1,4,5,6-tetrahydrocyclopenta[d][1,2,3]triazolate) and 

Fe(mta)2 ((mta)– = methyltriazolate), that are in high-spin at ambient conditions compared to 

the isostructural Fe(ta)2 ((ta)– = 1,2,3-triazolate), which is in its low-spin state. Here, we were 

able to synthetically control the Fe(II) spin-state via chemical modification of the triazolate 

linker. HPPXRD allowed the determination of the bulk moduli, showing surprisingly similar B 

values despite significantly different void fractions of Fe(ta)2 and Fe(cta)2. Hence, we 

emphasise the role of the spin-state as a design criterion for the pressure response over other 

determining factors such as steric effects, the coordination bond strength, and void fraction.  

S. M. Kronawitter conducted experiments and data analysis, with R. Röß-Ohlenroth 

contributing to material synthesis, supported by M Hirrle and H. Krug von Nidda for magnetic 

measurements. S. A. Hallweger, E. Myatt, J. Pitcairn and D. Daisenberger assisted during 

HPPXRD beamtime at the beamline I15 (Diamond Light Source, UK). J. Wojciechowski 

performed 3D ED experiments. S. M. Kronawitter, R. Röß-Ohlenroth, D. Volkmer and G. 

Kieslich designed the project and discussed the results.  D. Volkmer and G. Kieslich gave 

overarching academic guidance and financial support. M. J. Cliffe provided input for data 

interpretation. The manuscript was written by S. M. Kronawitter and G. Kieslich and 

subsequently edited by all co-authors.  

Reprinted with permission from the Royal Society of Chemistry.  

S. M. Kronawitter,† R. Röß-Ohlenroth,† S. A. Hallweger, M. Hirrle, H. Krug von Nidda, T. 

Luxenhofer, E. Myatt, J. Pitcairn, M. J. Cliffe, D. Daisenberger, J. Wojciechowski, D. Volkmer, 

G. Kieslich: Spin-state dependent pressure responsiveness of Fe(II)-based triazolate metal-

organic frameworks, J. Mater. Chem. C 2024, 12, 4954-4960 

† Equal contribution 

 



 

 
 

54 
 

 

 

 

 



 

 
 

55 
 

 

 

 

 



 

 
 

56 
 

 

 



 

 
 

57 
 

 

 

 

 



 

 
 

58 
 

 

 

 



 

 
 

59 
 

 

 



 

 
 

60 
 

 

 

 

 



 

 
 

61 
 

 

 



 

 
 

62 
 

2.4. Study IV: Tuning the Mechanical Properties of Molecular 

Perovskites by Controlling Framework Distortions via A-site 

Substitution  

The substitution of atoms by organic molecules – realised in ABX3 Molecular Perovskites on 

the A- and X-site – has opened up a new research dimension. In particular, the discovery of 

Molecular Perovskites with multifunctional responses to external stimuli, e.g. dicyanamide-

based materials ([A]B(C2N3)3), is now driving research that is both academically and 

technologically relevant for material design. Yet, the community is seeking to establish design 

principles and our understanding of how crystal chemistry factors and composition – e.g. 

network distortions and molecular substitution – dictate their macroscopic properties, such as 

the mechanical response, is only developing. 

Herein, we showcase the design strategy of molecular substitution, i.e. A-site substitution, for 

tailoring material’s functionalities. In this pursuit, we designed a new family of [A]Ni(C2N3)3 

materials with varying A-site cations, i.e. different alkylated piperidinium species 

(A+ = [C9H20N]+, [C10H22N]+, [C11H24N]+ and [C11H24N]+). This series allowed us to study the 

templating role effect of A+’s size and shape on the framework ([Ni(C2N3)3]–) distortions and its 

ramifications on the mechanical response while avoiding hydrogen bonding interactions. 

Therefore, we applied a combination of group theoretical considerations for framework 

distortion analysis of the ambient structures and HPPXRD experiments throughout hydrostatic 

conditions. Hence, we discovered a link between the distortion amplitude (Ap) of the 

[Ni(C2N3)3]– network and the bulk modulus (B); where B can be tuned with the choice of A-site 

cation. Further, the concept of molecular A-site solid solutions was applied to show the extent 

to which Ap and B can be fine-tuned. This study offers a blueprint of how framework distortion 

design via targeted chemical modifications of the molecular cation can be used to manipulate 

macroscopic properties for practical concerns such as mechanical behaviour and stability. We 

propose that the A-site shape – its asphericity character – is a directing factor for framework 

distortions and pressure responsiveness, which may inspire research on engineering-related 

coordination polymers. 

S. M. Kronawitter conducted the bulk of experiments and data analysis with contributions to 

the PXRD analysis by S. Park and support on HPPXRD experiments at the beamline I15 

(Diamond Light Source, UK) from S. A. Hallweger, E. Myatt, J. Pitcairn and D. Daisenberger. 

M. Drees performed DFT calculations. The project was conceived and designed by S. M. 

Kronawitter and G. Kieslich. G. Kieslich provided overarching academic guidance, project 

administration and financial support. M. J. Cliffe gave input for data validation. The manuscript 
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was written by S. M. Kronawitter and G. Kieslich and subsequently reviewed and edited by all 

co-authors.  

Reprinted with permission from the Royal Society of Chemistry.  

S. M. Kronawitter, S. Park, S. A. Hallweger, E. Myatt, J. Pitcairn, M. J. Cliffe, D. Daisenberger, 

M. Drees, G. Kieslich: Tuning the mechanical properties of molecular perovskites by controlling 

framework distortions via A-site substitution, Mater. Adv. 2024, 10.1039/d4ma00587b 
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3. CONCLUSION AND OUTLOOK 

The research studies documented here focus on advancing our understanding of structure-

composition-property relationships in coordination polymers (Figure 10). To achieve this, 

different conceptual and experimental approaches were applied to MOFs and Molecular 

Perovskites to follow changes in the chemical composition on the resulting structure and, 

hence, on the macroscopic properties. This again highlights the remarkable role of Molecular 

Perovskites and MOFs, which, due to their modular nature and chemical diversity, leave ample 

room for studying and identifying important structural chemistry factors. The four experimental 

studies and one literature review described in this thesis cover both of these multi-faceted 

material classes – with findings on MOFs summarised first below, followed by Molecular 

Perovskite insights as the core of this thesis. 

In both studies on MOFs, small chemical changes of the organic linker were explored on a 

molecular scale to investigate their ramifications on the resulting structure and properties. In 

study II, the planar porphyrin linker was chemically modified with ethyl groups in the ß-position. 

The consequent change from a planar to a nonplanar porphyrin shape was explored in a PCN-

222 solid solution series with varying linker ratios using the mixed-linker strategy. Since 

conformational freedom is introduced by incorporating the non-planar porphyrin linker, 

changes in the thermal expansion behaviour were expected to be in close relation to the 

amount of the nonplanar porphyrin linker. However, this study showcases a rather complex 

case where no linear trends along the series with an increasing amount of non-planar porphyrin 

linker were obtained. This is because other factors, such as defects and guest molecules in 

the pores, also influence the framework flexibility and, hence, thermal responsiveness, 

highlighting the breadth of parameters that control material properties and further rationalising 

such systematic bottom-up studies. In study III, the linker chemistry was investigated in less 

porous MOFs, in the absence of remaining guest molecules in the pores, by exploring the 

design space of a literature known Fe(II)-based MOF with triazolate as the coordinating linker. 

The linker was chemically tailored by using methyl groups and cyclopentyl on the triazolate 

backbone, which increases steric demand on the triazolate moiety. This linker engineering was 

directly correlated to the spin-state of the Fe(II) centres at ambient conditions, where both 

modified Fe(II)-based MOFs were found to be in their high-spin state compared to the typical 

low-spin Fe(ta)2. Interestingly, the large difference in the void fraction between Fe(ta)2 and 

Fe(cta)2 was not apparent in the resulting mechanical response under pressure, with similar 

bulk moduli observed for both MOFs. Therefore, the spin-state was identified as a new design 

principle – which, in combination with other factors, determines the pressure responsiveness 

of MOFs, thereby broadening the physicochemical conceptual toolkit available for tailored 

material design.  
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The material class of Molecular Perovskites is discussed in a much broader context under 

the theme: The Wondrous World of Molecular Perovskites.* In this thesis, a historical review 

of the structural evolution of the perovskite structure is given, emphasising the unique 

ramifications of using molecules instead of single atoms while maintaining the ABX3 motif. 

Besides a proprietary comprehensive overview of published Molecular Perovskite structures, 

some key structure chemical phenomena in close relation to their inorganic parents, as well as 

selected research highlights of Molecular Perovskites, are presented. In addition, synthetic 

advances, conceptual insights and systematic strategies for the design of new Molecular 

Perovskites using chemically tailored molecular A-site ions instead of commercially available 

cations are reported. The results documented here focus on studying the stimuli-responsive 

behaviour of Molecular Perovskites in dependence on the chemical composition. In study I, 

Li(C2N3) was found to be a useful modifier salt for lowering the melting temperature compared 

Figure 10: Graphical summary of the studies discussed in this thesis with emphasis on 
studying the composition-structure-property relationships in the broad field of coordination 
polymers. 

*adapted from “The Wondrous World of Perovskites” by Glazer in 2017 at the Bragg Lecture of the Royal Institution 
*adapted from “The Wondrous World of Perovskites” by Glazer in 2017 at the Bragg Lecture of the Royal Institution 
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to the pure meltable Molecular Perovskites. This approach, inspired by inorganic glass 

chemistry, serves as a blueprint for the emerging class of coordination polymer glasses, which 

offers great opportunities for fine-tuning the melt and glass characteristics and, beyond that, 

for introducing functionality into the glass matrix. In study IV, a different concept was applied 

to investigate the stimuli-responsive behaviour as a function of subtle chemical changes at the 

molecular component, similar to the linker substitution described above. In principle, this is a 

representative report on how to design a systematic study to explore the molecular substitution 

approach on the A-site by using only four members of the large set of newly synthesised 

Molecular Perovskites in this thesis. In the absence of any interactions between the molecular 

cation and the surrounding [BX3]– network, it was possible to focus on the impact of chemically 

tailored alkyl chains on the piperidinium moiety of the A-site cations. Accordingly, it was found 

that the choice of the A-site cation is decisive, with its shape templating the framework 

distortions of the [BX3]– network, which is closely linked to the compressibility of the bulk 

Molecular Perovskites material. Moving forward and building on a large number of new 

Molecular Perovskites, similar fundamental studies can be conceptualised, which, in 

combination with the results outlined in this thesis, will provide important insights for the 

material design of coordination polymers.  

This thesis clearly demonstrates that certain fundamental principles hold true for both 

worlds of MOFs and Molecular Perovskites despite their structural and chemical differences. 

These include i) unique responses to external stimuli, ii) complex structure-property 

relationships requiring systematic and analytics-driven investigations, as well as iii) access to 

a new set of functionalities by subtle molecular modifications - as evidenced in the respective 

studies above. 

Finally, a few concluding remarks give a somewhat personal perspective by the author for 

future research on Molecular Perovskites. Looking at the iconic history of inorganic 

perovskites, the question arises where the class of Molecular Perovskites is heading.  

The structural evolution and chemical diversity of the ABX3 perovskite structure per sé (i): 

The extent to which molecular substitution will be further explored is yet unclear. Many 

scenarios are possible, from further expanding the [BX3]– framework structure to introducing a 

new dimension to the ReO3-type network structures, which could lead to yet unknown degrees 

of freedom. Here, organic chemistry offers a large design space that has not yet been fully 

exploited, e.g. for the introduction of larger X-site linkers or trivalent A-site cations, limited only 

by conceptual ideas or synthetic capabilities. Considering the large number of formate- and 

dicyanamide-based Molecular Perovskites, there is still a large playground for the discovery of 

new materials within other X-site families. Additionally, the rather poorly explored solid solution 

strategy holds great promise for future studies involving carefully selected Molecular 
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Perovskites – potentially moving beyond two components towards ternary systems. This 

provides a systematic concept that is currently favoured to advance this material class and 

aims to chemically control their physicochemical properties. 

The potential of functional Molecular Perovskites (ii): With their diverse properties, this 

material class holds great promise for achieving a similar success story akin to that of HOIPs 

and inorganic perovskites. In particular, within the growing interest in coordination polymer 

glasses, Molecular Perovskites show great potential for introducing functionality by making use 

of their chemical diversity – which will be the next step in the development of these new glasses 

that lie between polymer and inorganic glasses. For instance, the incorporation of chiral 

molecules on the A-site or the addition of ion-conductive modifiers will potentially generate 

multifunctional Molecular Perovskite-based glasses. 

Ending this thesis, it is certain that research on Molecular Perovskites will continue to 

progress in the context of material design, as they occupy a special position within coordination 

polymers due to their available structure and chemical principles. 
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4. SUPPORTING INFORMATION 

4.1. Supporting Information for Study I 
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4.3. Supporting Information for Study III 
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4.5. Source Data for Literature Survey of Molecular 

Perovskites 

To place both studies (Chapters 2.1 and 2.4) on Molecular Perovskites into a broader context, 

this thesis aims to provide a comprehensive literature overview of various Molecular Perovskite 

structures reported to date. In the following, different Molecular Perovskite subclasses 

(grouped by the X-site linker) are presented and listed by the organic A-site cations. 

Additionally, the tables include the space group and year of publication of the structures 

corresponding to the given reference. Since the [A]B(C2N3)3 subclass has been in the focus of 

this thesis, a more detailed survey is given below. 

Table columns (in order): References, Year, [A]B(C2N3)3 Materials, Organic A+ Cation, Polar 

Space group? (Yes / No), Phase Transition? (Yes / No), Melting? (Yes / No), Special Feature.  

46 2020 [ASU]Cd(C2N3)3 azaspiroundecanium Yes (Pna21 
100 K)  

Yes 
(irrev. 

328 
K, 
rev. 

293 
K) 

n. 
a. 

SHG active 

47 2003 [BeTriBu]B(C2N3)3 

(B = Mn2+, Co2+) 

benzyltributylammonium No (Pnma RT) n. a. n. 

a. 

n. a. 

47 2003 [BeTriEt]B(C2N3)3 

(B = Mn2+, Fe2+) 

benzyltriethylammonium No (Pnma RT) n. a. n. 

a. 

n. a. 

48 2005 [Cp*2Co]B(C2N3)3 (B = Mn2+, 
Co2+, Ni2+) 

decamethylcobaltoceniu
m 

No (Im-3 123 
K) 

n. a. n. 
a. 

n. a. 

48 2005 [Cp*2Fe]B(C2N3)3 (B = Mn2+, 
Fe2+, Co2+, Ni2+, Cd2+) 

decamethylferrocenium No (Im-3 123 
K) 

n. a. n. 
a. 

n. a. 

142 2024 [DEP]Ni(C2N3)3 diethylpiperidinium No (P21/c RT) Yes 

(rev. 
313, 
527 

K) 

n. 

a. 

n. a. 

142 2024 [DIP]Ni(C2N3)3 diisopropylpiperidinium No (P21/c RT) Yes 

(rev. 
434 
K) 

n. 

a. 

n. a. 

142 2024 [DPP]Ni(C2N3)3 dipropylpiperidinium No (C2/c RT) Yes 
(rev. 
433 

K) 

n. 
a. 

n. a. 

196 2017 [Et3(CH2CHCH2)P]Mn(C2N3)

3 
allyltriethylphosphonium No (P21/c RT) Yes 

(rev. 

350 
K) 

n. 
a. 

n. a. 

180 2018 [Et3P(CH2)2Cl]Cd(C2N3)3 triethyl-(2-chloro-ethyl)-

phosphonium 

No (P212121  

RT) 

Yes 

(rev.  
320, 
374 

K) 

n. 

a. 

switchable 

dielectric 
behaviour 

180 2018 [Et3P(CH2)2F]Cd(C2N3)3 triethyl-(2-fluoro-ethyl)-
phosphonium 

No (C2/c  RT) Yes 
(rev. 

357, 
428 
K) 

n. 
a. 

ferroelastic, 
switchable 

dielectric 
behaviour 

196 2017 [Et3(CH2OCH3)P]Mn(C2N3)3 triethylmethoxy-
methylphosphonium 

No (P212121 
RT) 

Yes 
(rev. 

265, 
333 
K) 

n. 
a. 

switchable 
NLO  

197 2017 [Et3(n-Pr)P]Cd(C2N3)3 propyltriethylphosphoniu
m 

No (P212121 
RT) 

Yes 
(rev. 
270, 

386, 

n. 
a. 

switchable 
NLO, PL 
active 
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415 
K) 

196 2017 [Et3(n-Pr)P]Mn(C2N3)3 propyltriethylphosphoniu

m 

No (P212121 

RT) 

Yes 

(rev. 
363 
K) 

n. 

a. 

switchable 

NLO 

90 2021 [Et4P]Mn(C2N3)3 tetraethylphosphonium No (P212121 
RT) 

Yes 
(irrev. 

313 
K 
and 
rev. 

407, 
476, 
486 

K) 

n. 
a. 

two 
ferroelectric 

transitions 

178 2020 [Pr3(CH2CHOHCH3)N]Mn(C

2N3)3 

(2-hydroxy-propyl)-

tripropyl-ammonium 

Yes (P-421c 

143 K) 

Yes 

(rev. 
207 
K) 

n. 

a. 

n. a. 

178 2020 [Pr3(CH3CHCH2OH)N]Mn(C

2N3)3 
(2-hydroxy-1-methyl–
ethyl)-tripropyl-
ammonium 

Yes (Pna21 
193 K) No 
(P212121 282 

K) 

Yes 
(rev. 
267, 

287, 
331 
K) 

n. 
a. 

ferroelastic, 
two-step 
switchable 

NLO  

198 2004 [SPh3]Mn(C2N3)3 triphenylsulfonium No (P21/c RT) n. a. n. 
a. 

spin canted 
antiferromag
net 

87 2019 [TriBuMeN]Co(C2N3)3 tributylmethylammonium No (P21/n RT) No Yes 
389 
K 

paramagnet 

87 2019 [TriBuMeN]Fe(C2N3)3 tributylmethylammonium No (P21/n RT) Yes 
(rev. 

399 
K) 

Yes 
409 

K 

paramagnet 

87 2019 [TriBuMeN]Mn(C2N3)3 tributylmethylammonium No (P21/n RT) Yes 

(irrev. 
384 
K) 

Yes 

404 
K 

paramagnet 

and orange 
emission 

87 2019 [TriBuMeN]Ni(C2N3)3 tributylmethylammonium No (P21/n RT) Yes 
(rev. 
394 

K) 

Yes 
434 
K 

paramagnet 

90 2021 [TriBuMeP]Mn(C2N3)3 tributylmethylphosphoni
um 

No (P21/n RT) Yes 
(irrev. 

348 
K 
and 

rev. 
410 
K) 

n. 
a. 

ferroelectric 
transition 

85 2021 [TriPrMeN]Co(C2N3)3 tripropylmethylammoniu
m 

No (Pnma RT) Yes 
(irrev. 
359 

K, 
rev. 
301 

K) 

n. 
a. 

polymorphis
m 

85 2021 [TriPrMeN]Mn(C2N3)3 tripropylmethylammoniu
m 

No (Pnma RT) Yes 
(irrev. 

350 
K, 
rev. 

284 
K) 

n. 
a. 

polymorphis
m 

85 2021 [TriPrMeN]Ni(C2N3)3 tripropylmethylammoniu
m 

No (Pnma RT) Yes 
(irrev. 
365 

K, 
rev. 
312 

K) 

n. 
a. 

polymorphis
m 

142 2024 [PEP]Ni(C2N3)3 ethylpropylpiperidinium No (P21/c RT) Yes 
(rev. 

n. 
a. 

n. a. 
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401 
K) 

102 2023 [Pr3NBu]Mn(C2N3)3 tripropylbutylammonium No (Pbcn RT) Yes 

(irrev. 
368 
K) 

*Ye

s 
474 
K 

melting 

59 2018 [Pr4N]Cd(C2N3)3 tetrapropylammonium Yes (P-421c 
RT) 

Yes 
(rev. 

242, 
363, 
387 
K) 

n. 
a. 

barocaloric 

62 
*101 

2016 [Pr4N]Co(C2N3)3 tetrapropylammonium Yes (P-421c 
200 K) 

Yes 
(rev. 

246, 
301, 
341 

K) 

*Ye
s 

503 
K 

dielectric 
transition 

62 
*101 

2016 [Pr4N]Fe(C2N3)3 tetrapropylammonium Yes (P-421c 
200 K) 

Yes 
(rev. 

286, 
300, 
331 

K) 

*Ye
s 

536 
K 

dielectric 
transition 

36 
*101 

**41 

2005 [Pr4N]Mn(C2N3)3 tetrapropylammonium Yes (P-421c 
RT) 

Yes 
(rev. 

332 
K) 

*Ye
s 

544 
K 

dielectric 
transition, 

**barocaloric 

36 

*62 

2005 [Pr4N]Ni(C2N3)3 tetrapropylammonium Yes (P-421c 

160 K) 

Yes 

(rev. 
216, 
302, 

356 
K) 

n. 

a.  

*dielectric 

transition 

 

Table columns (in order): References, Year, [A]B(N3)3 Materials, Organic A+ Cation, Space 

group (polar). 

199 2017 [CPrN]Mn(N3)3 cyclopropylammonium Pbca 296 K 

200 1986 [Et4N]Ca(N3)3 tetraethylammonium P2/m 293 K 

201 2013 [MeN]Mn(N3)3 methylammonium P21/c 173 - 320 K 

202 2019 [Me2EtN]Mn(N3)3 dimethylethylammonium Cc 296 K 

203 2014 [Me2N]Cd(N3)3 dimethylammonium P-1 296 K R-3 203 - 273 K 

201 2013 [Me2N]Mn(N3)3 dimethylammonium P21 173 K Cmca 323 K 

204 2015 [Me3N]Cd(N3)3 trimethylammonium P21/c  283 K C2/c 348 K 

201 2013 [Me3N]Mn(N3)3 trimethylammonium P21/c 173 - 298 K C2/c 330 - 
350 K R-3m 360 - 393 K 

205 1988 [Me4N]Ca(N3)3 tetramethylammonium P4/nmm RT 

35,206 
 

2000 [Me4N]Cd(N3)3 tetramethylammonium C2/c 220 K P21/m 300 K Pm-
3/m 350 K 

201 2013 [Me4N]Mn(N3)3 tetramethylammonium P21/m 173 K Pm-3m 333 K 

 

Table columns (in order): References, Year, [A]B(BX4)3 Materials with BX4 = BH – 

borohydride or BF – tetrafluoroborate, Organic A+ Cation, Space group. 

207 2019 [H2dabco]Na(BF4)3 dabconium Pa-3 293 K Pm-3m 408 K 

208 2017 [H2dabco]K(BF4)3 dabconium Pa-3 293 K 

208 2017 [H2pz]Na(BF4)3 piperazinium P43 293 K 

208 2021 [MedabcoF]Rb(BF4)3 fluoromethyldabconium P21/c 168 K P42/mbc 253 K 

Fm-3c 315 K Pm-3m 353 K 
209 2015 [NH4]Ca(BH4)3 ammonium Pm-3m RT 
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Table columns (in order): References, Year, [A]2BB’(CN)6 Materials, Organic A+ Cation, 

Space group (polar). 

210 2016 [Ac]2KFe(CN)6 acetamidinium C2/m 150 K R-3m RT Fm-
3m 395 K 

211 2016 [Az]2KCo(CN)6 azetidinium Fm-3m 113 K 

210 2016 [Gua]2KFe(CN)6 guanidinium R-3c RT R-3m 425 K Fm-
3m 455 K 

212 2015 [Im]2KCo(CN)6 imidazolium R-3m 293 K 

213 2010 [Im]2KFe(CN)6 imidazolium C2/c 83 K R-3m 173, 293 K 

214 2013 [Me2N]2KCo(CN)6 dimethylammonium P4/mnc 113, 280, 293 K 

215 2015 [Me2N]2KFe(CN)6 dimethylammonium P4/mnc 165 K, RT 

216 2019 [Me2N]2KCr(CN)6 dimethylammonium P4/mnc 140, 230 K 

217 2016 [MeN]2KCo(CN)6 methylammonium C2/c 293 K Fm-3m 463 K 

215 2016 [MeN]2KFe(CN)6 methylammonium C2/c 193 K Fm-3m 443 K 

217 2016 [MeN]2NaCo(CN)6 methylammonium Fm-3m 293 K 

218 1994 [MeN]2NaFe(CN)6 methylammonium Fm-3m 295 K 

217 2016 [MeN]2RbCo(CN)6 methylammonium C2/c 293 K 

219 2018 [Me3N]2KFe(CN)6 trimethylammonium C2/c 113 K Fm-3m 350 K 

220 2022 [Me3FMeN]2KFe(CN)6 trimethylfluoromethylammonium C2/c 243 K 

221 2020 [Me3NOH]2KCo(CN)6 trimethylhydroxylammonium Cc @  100 K Fm-3m 440 K 

163 2017 [Me3NOH]2KFe(CN)6 trimethylhydroxylammonium Cc @  RT Fm-3m 408 K 

218 1994 [Me4N]2CsCo(CN)6 tetramethylammonium I2/m 295 K 

222 2000 [Me4N]2CsCr(CN)6 tetramethylammonium C2/c RT 

222 2000 [Me4N]2KCr(CN)6 tetramethylammonium Fm-3m RT 

215 2016 [Me4N]2KFe(CN)6 tetramethylammonium I4/m RT Fm-3m 373 K 

223 1997 [Me4N]2RbCr(CN)6 tetramethylammonium R-3m RT 

223 1997 [Me4N]2RbFe(CN)6 tetramethylammonium R-3m RT 

223 1997 [Me4N]2TlCr(CN)6 tetramethylammonium R-3m RT 

223 1997 [Me4N]2TlFe(CN)6 tetramethylammonium C2/c RT 

 

Table columns (in order): References, Year, [A]B(M(CN)2)3 with M(CN)2 = Au – 

dicyanoaurates, Organic A+ Cation, Space group. 

65 2016 [PPN]Cd(Au(CN)2)3 bistriphenlyphosphineiminium I2/a 291 K 

224 2007 [PPN]Co(Au(CN)2)3 bistriphenlyphosphineiminium R-3c RT 

65 2016 [PPN]Mn(Au(CN)2)3 bistriphenlyphosphineiminium I2/a 150 K 

224 2007 [PPN]Ni(Au(CN)2)3 bistriphenlyphosphineiminium R-3c RT 

 

Table columns (in order): References, Year, [A]B(HCOO)3 Materials, Organic A+ Cation, 

Space group (polar). 

225 2017 [Ac]Mn(HCOO)3 acetamidinium P21/n 100 K Imma 320 K 

226 2011 [Az]Cu(HCOO)3 azetidinium P21/c 123, 280, 243, 260 

K Pnma 300, 333 K 
34 2004 [Az]Mn(HCOO)3 azetidinium P21/c 180 K, Pnma 290 K 

227 2012 [Az]Zn(HCOO)3 azetidinium Pnma RT 

228 2011 [DMe2N]Co(DCOO)3 perdeuterodimethylammonium Cc 93 K, R-3c 293, 373 K 

229 2015 [EtN]Cu(HCOO)3 ethylammonium Pna21 93, 180, 291, 320, 

340 K P212121 360 K 
230 2014 [EtN]Mg(HCOO)3 ethylammonium Pna21 93, 280, 292, 363 K 

R-3 378 K Imma 430 K 
34 2004 [EtN]Mn(HCOO)3 ethylammonium Pna21 180, 290 K 
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231 2016 [EtN]Na0.5Al0.5(HCOO)3 ethylammonium Pn 270 K P21/n 375 K 

231 2016 [EtN]Na0.5Al0.475Cr0.025 
(HCOO)3 

ethylammonium Pn RT  

231 2016 [EtN]Na0.5Cr0.5(HCOO)3 ethylammonium Pn 297 K P21/n 400 K 

232 2015 [EtN]Na0.5Fe0.5(HCOO)3 ethylammonium Pn 297 K P21/n 377 K 

233 2015 [Fmd]Co(HCOO)3 formamidinium Pnna 295 K 

234 2017 [Fmd]Cu(HCOO)3 formamidinium Pnna 173 K 

233 2015 [Fmd]Fe(HCOO)3 formamidinium Pnna 294 K 

235 2012 [Fmd]Mg(HCOO)3 formamidinium Pnna 120 K 

236 2014 [Fmd]Mn(HCOO)3 formamidinium C2/c 110, 295 K R-3c 355 

K 
237 1986 [Fmd]Zn(HCOO)3 formamidinium Pnna 295 K 

238 2009 [Gua]Co(HCOO)3 guanidinium Pnna 293 K 

238 2009 [Gua]Cu(HCOO)3 guanidinium Pna21 293 K 

239 2016 [Gua]Cd(HCOO)3 guanidinium R-3c 150, 250, 300, 450 K 

238 2009 [Gua]Fe(HCOO)3 guanidinium Pnna 293 K 

235 2012 [Gua]Mg(HCOO)3 guanidinium Pnna 298 K 

238 2009 [Gua]Mn(HCOO)3 guanidinium Pnna 293 K 

238 2009 [Gua]Ni(HCOO)3 guanidinium Pnna 293 K 

238 2009 [Gua]Zn(HCOO)3 guanidinium Pnna 293 K 

240 2016 [Im]Mg(HCOO)3 imidazolium P21/n 296 K 

241 2013 [Im]Mn(HCOO)3 imidazolium P21/n 293 K P-421m 453 K 

242 2017 [Hym]Co(HCOO)3 hydrazinium Pna21 100, 298 K Pnma 
353, 393 K 

243 2016 [Hym]Fe(HCOO)3 hydrazinium Pna21 290 K Pnma 360 K  

244 2014 [Hym]Mg(HCOO)3 hydrazinium P212121 110, 200, 292 K 
P63 400 K 

244 2014 [Hym]Mn(HCOO)3 hydrazinium Pna21 110, 200, 290 K 
Pnma 400 K 

244 2014 [Hym]Zn(HCOO)3 hydrazinium Pna21 110, 200, 290 K 

Pnma 375 K 
245 2021 [Me2Hym]Mn(HCOO)3 dimethylhydrazinium P21/n 99.9, 299.9 K 

246 2017 [MeHym]Fe(HCOO)3 methylhydrazinium R-3c 200, 280, 330 K 

246 2017 [MeHym]Mg(HCOO)3 methylhydrazinium R-3c 240, 280, 345 K 

246 2017 [MeHym]Mn(HCOO)3 methylhydrazinium P1 100 K R-3c 230, 290, 

330 K 
246 2017 [MeHym]Zn(HCOO)3 methylhydrazinium R-3c 180, 300, 350 K 

247 2010 [Me2N]Cd(HCOO)3 dimethylammonium R-3c 293 K 

248 2004 [Me2N]Co(HCOO)3 dimethylammonium R-3c 297 K 

249 1973 [Me2N]Cu(HCOO)3 dimethylammonium I2/c 295 K 

49 2009 [Me2N]Fe(HCOO)3 dimethylammonium R-3c 273 K 

250 2008 [Me2N]Mg(HCOO)3 dimethylammonium R-3c 293 K 

34 2004 [Me2N]Mn(HCOO)3 dimethylammonium R-3c 180, 290 K 

251 2015 [Me2N]Na0.5Cr0.5(HCOO)3 dimethylammonium R-3 115, 302 K 

252 2014 [Me2N]Na0.5Fe0.5(HCOO)3 dimethylammonium R-3 115, 293 K 

248 2004 [Me2N]Ni(HCOO)3 dimethylammonium P-1 110 K R-3c 297 K 

44 2008 [Me2N]Zn(HCOO)3 dimethylammonium R-3c 273 K 

245 2021 [Me2Hym]Mn(HCOO)3 dimethylhydrazinium P21/n 100, 300 K 

253 2016 [MeN]Co(HCOO)3 methylammonium Pnma 100 K 

239 2016 [MeN]Cd(HCOO)3 methylammonium Pnma RT 

239 2016 [MeN]Fe(HCOO)3 methylammonium Pnma RT 

239 2016 [MeN]Mg(HCOO)3 methylammonium Pnma RT 

34 2004 [MeN]Mn(HCOO)3 methylammonium Pnma 180, 290 K 
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239 2016 [MeN]Zn(HCOO)3 methylammonium Pnma RT 

254 2014 [Me4N]Mn(HCOO)3 tetramethylammonium Pnma RT 

75,255 1983 [NH4]Cd(HCOO)3 ammonium Pna21 100, 295, 350 K  

254 2014 [NH4]Mn(HCOO)3 ammonium Im-3 RT 

 

Table columns (in order): References, Year, [A]B(H2POO)3 Materials, Organic A+ Cation, 

Space group (polar). 

88 2017 [Fmd]Mn(H2POO)3 formamidinium P21/c 115 K C2/c RT 

256 2022 [Gua]Cd(H2POO)3 guanidinium R-3c 293 K 

256 2022 [Gua]Co(H2POO)3 guanidinium I2/m 293 K 

88 2017 [Gua]Mn(H2POO)3 guanidinium I2/m 298 K P-1 302 K 

256 2022 [Im]Cd(H2POO)3 imidazolium P21/c RT 

256 2022 [Im]Co(H2POO)3 imidazolium Pbca 295 K 

88 2017 [Im]Mn(H2POO)3 imidazolium P21/c RT  

257 2020 [MeHym]Mn(HCOO)3 methylhydrazinium Pnma 100, 295 K 

61 2018 [Me2N]Mn(H2POO)3 dimethylammonium P21/c RT 

256 2022 [Pyr]Cd(H2POO)3 pyrrolidinium Aea2 295 K 

88 2017 [Trz]Mn(H2POO)3 triazolium P21/c RT  

 

Table columns (in order): References, Year, [A]2BB’(SCN)6 / [A]B(SCN)3   Materials, Organic 

A+ Cation, Space group. 

258 2021 [Me2N]2CdNi(SCN)6 dimethylammonium P-1 293 K  

258 2021 [Me2N]2CdMn(SCN)6 dimethylammonium P-1 293 K 

258 2021 [Me3S]Cd(SCN)3 trimethylsulfonium Pa-3 RT 

259 2016 [NH4]2CdNi(SCN)6 ammonium P21/c 90 K, RT 

 

Table columns (in order): References, Year, [A]B(ClO4)3 Materials, Organic A+ Cation, Space 

group. 

208 2017 [H2dabco]K(ClO4)3 dabconium Pa-3 293 K 

208 2017 [H2dabco]Na(ClO4)3 dabconium Pa-3 293 K 

260 2018 [H2dabco]Rb(ClO4)3 dabconium Pa-3 293 K 

261 2018 [H2dabcoO]K(ClO4)3 hydroxydabconium P21/c 223 K Fm-3c RT 

262 2017 [H2hpz]K(ClO4)3 homopiperazinium Pbca RT 

208 2017 [H2pz]Na(ClO4)3 piperazinium P21/c RT, 378 K 
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