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KURZZUSAMMENFASSUNG

Die Entdeckung neuer struktureller und funktioneller Materialien treibt das Materialdesign in
der Material- und Festkdrperchemie voran. Ziel ist es, den ,trial-and-error‘-Ansatz durch
Prinzipien zu ersetzen, die Struktur-Eigenschaftsbeziehungen rationalisieren, um
Synthesewege zu einer gewiinschten Eigenschaft zu erméglichen. Fortschritte in kiinstlicher
Intelligenz und maschinellem Lernen sind vielversprechend fiir ein datengestitztes
Materialdesign; der Designraum erfordert jedoch weiterhin definierte Designregeln. Die
Herausforderung bleibt daher bestehen, die haufig zufallig 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 Ansétze sind
erforderlich, die eine Materialfunktion als nutzliches, oft ungewohnliches Antwortverhalten auf
einen externen Stimulus betrachten. Koordinationspolymere wie molekulare Perowskite und
metallorganische Geristverbindungen (MOFs) dienen aufgrund ihrer Modularitdt und
chemischen Vielfalt als wichtige Modellplattformen, da sie Variationen der chemischen

Zusammensetzung, Struktur und Eigenschaften ermdglichen.

Diese Arbeit prasentiert vier Studien tber Koordinationspolymere, die zum fundamentalen
Verstandnis der Struktur-Zusammensetzung-Eigenschaftsbeziehungen beitragen. Alle
Studien  diskutieren die  Auswirkungen von Veranderungen der chemischen
Zusammensetzung von Koordinationspolymere auf ihre makroskopischen Eigenschaften, um
konzeptionelle Einblicke fur die Entwiclkung von Designprinzipien zu liefern. Dies wird durch
die Zugabe eines Modifizierungsalzes zum molekularen Perowskiten, gemischte Porphyrin-
basierte Linker in MOFs, sowie durch Anderung der Form und GroRe von molekularen
Bausteinen in Fe(ll)-basierten MOFs oder in molekularen Perowskiten erforscht. Dabei
charakterisieren strukturanalytische Methoden das jeweilige Antwortverhalten auf auRRere
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 Driicken, wie die inverse Kompressibilitat 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(ll)-basierten MOFs bzw. der Verzerrung des Perowskitnetzwerks hergestellit.

Die wundersame Welt der molekularen Perowskite* ist das Leitthema dieser Dissertation,
das in einer Einleitung mit einem umfassenden Literaturtiberblick 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 compaosition, 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(ll)-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 madification of the molecular building units is linked to the spin-state in Fe(ll)-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.'> 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.*® 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.” 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),® diamondoids MOFs®, HOIPs* and Ruddlesden
Popper-type layered HOIPs.®° 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 architecture'*-** have
emerged as an important platform. From a historical perspective,* 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 BaTiOs,'® PbZri«TixO3s'® and
PbMg:1xNbxOs.1” 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 SrRuOs,'® non-linear optical KNbOs,'® antiferromagnetic
KNiF3,2°?1 multiferroic BiMnO3?? and superconductive YBa,Cus07.2>?* Going one step further
in the structural and chemical evolution of the ABXs structure motif, the use of molecules (e.g.
A* cations = [CH3NHs]* or [(NH2).CH]") on the A-site has paved the way for the discovery of
HOIPs or metal halide perovskites (MHPs).>>?" Their purely inorganic [BXs]~ network
structures are formed by corner-sharing BXes 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
6



in the network cavities. Here, the discovery of [CH3NH3]Pbls®® and [(NH2).CH]PbI32°%
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 ABXs structure, expanding the ReOs-type network
structure to Molecular Perovskites (Figure 1).42731-33 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)s,** [(CH3)aN]Cd(N3)s>® and [(CsH7)sN]Ni(C2N3)s.%¢ In such
materials, the divalent B-site metal (B?*) is octahedrally coordinated to six coordinating atoms
of the monovalent molecular X-site anion (X°) to form BXs octahedra. These BXs octahedra
are corner-connected via p-1,5-X" bridges to build a negatively charged 3D [BX3]~ framework

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

a

Inorganic Perovskite Molecular Perovskite

N NN

A=Ba?* B=Ti** X=0% ?— e
A= N/‘( B = Ni2* x=,//N .
&

Figure 1: lllustration of the schematic building principle of Molecular Perovskites, originating
from the inorganic ABXsz perovskite structure (a). The incorporation of molecular
components on the cationic A-site and the anionic X-site opens up the ReOs-type network
structure (right side of (a) and (b)). (b) shows the structural development of the perovskite
structure with schematic crystal structures exemplified with BaTiOsz (CCDC number:
1032384; left side of (b); Colour code: Ba — pink, Ti — light purple and O — light grey) and
[(CsH10)N-(is0-CaHo)2]Ni(C2N3)s (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).



cavities to enable charge balance and to adopt the perovskite architecture, plus they can
interact with the [BXs]™ 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 [BXs]™ network is different compared to the electronic
characteristics present in a purely inorganic [BXs]~ 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 freedom3! — purely absent in ABX; inorganics — that are directly linked to
the functional response. This unlocks phase transition phenomena linked to the motion of the
organic A-site®:*® or unconventional octahedral tilts and shifts related to the molecular nature
of the X-site linker,*®%° making Molecular Perovskites promising candidates for exploring

application-oriented research areas such as barocalorics** or hybrid improper ferroelectrics.*
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),*® which was
five years before the intial structure analysis of [CH3NH3]Pbls.2°> However, the conceptual
relationships to their inorganic analogues have not been discussed in literature before
2005.4% |n the early stages, between 1973-2000, structures with smaller X-site molecules,
i.e. X~ = [HCOO] and [Ns]-, 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~ = [C2N3z]” and [M(CN).]~, providing new chemical freedom
for synthetically exploring the A-site towards larger or chemically more complex A-site cations

as the [BXs]™ cage size increases.*8

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)s, [A]B(N3)s, [A]B(M(CN)2)s, [A]B(BX4)s, [A]2BB’(SCN)s, [A]B(ClO4)3 and
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[A]B(H2POO)s (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)s**° and barocaloric [A]B(C2Ns)s*
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,***® 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]:BB’(CN)s, [A]B(Ns)s, [A]B(M(CN)2)s, [A]B(BX4)s, [A].BB'(SCN)s,
[A]B(CIO4)sz and [A]B(H2POO)s 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.
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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.



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.%:5?
Therefore, a geometrical parameter (a) — the tolerance factor — can be calculated following the

equation:

Ta+ Ty

" V2 (g + 1x) W

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 (egn (1)) has
sparked enormous attention for exploring the ABXs; composition via A-, B- and X-site

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

In 2014, 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
(raerf = mass + Tion, 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 (hxer) and effective radii (rxer). The ionic radii from
Shannon®* were used for the effective radii of the B-site metals. Accordingly, egn (1) has since

been modified to egn (2).

Taeff t Txerr
a= )
V2 (TB + 05 " hX,eff)

(2)
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Applying this rather simple relation as a synthetic compass®>* for HOIPs and Molecular
Perovskites yields many ABX; permutations with ain the range between 0.8 and 1, which were
predicted to form the ABXs structure motif. In other words, it demonstrates the chemically rich
playground within HOIPs and Molecular Perovskite as egn (2) qualitatively captures the
modular ABXs building principle. Hence, the conceptual understanding of the extended
tolerance factor as a stability criterion and guideline for the design of HOIPs®-%8 and Molecular
Perovskites*4659-62 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 as of [A]B(C2N3)3%*%* and [A]B(M(CN),)s% structures were
slightly above the range proposed by Kieslich et al. with a > 1. Therefore, the calculated as

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 et and ra e e€ven 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.®® This approach allows to estimate the
size of the A-site molecular species using the freely available software CrystalExplorer based
on crystallographic data.®” 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 raes. By
following this approach, it was shown that as of [A]B(C:2Ns)s 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 as that are in comparison to as 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.®® 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 ABXz 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 BXs 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).%*t The essence behind this concept is a rather simple idea based on
geometrical considerations. For a < 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.’"2

For Molecular Perovskites, the structural analysis of such framework distortions becomes
more complex, as restrictions for the tilting of the corner-shared BX¢s octahedra are unlocked
when using molecular X-site ions to link the neighbouring rigid BXs units (Figure 3). In this
regard, it is crucial to consider the additional structural degrees of freedom and, hence, the
available framework distortions unigque 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.3%®
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.*? Framework distortions in Molecular Perovskites encompass conventional (M, and
R:), unconventional tilting (MJ, Xo, X; and I;") and columnar shifts (I, X2 and M3 ). These
can be described by using irreps with respect to a hypothetical high symmetry structure,
analogous to Glazer's notation.*® 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*)*? or Jahn-Teller distortions effects (e.g. by using B?* = Cu?" in
[C(NH2)3]Cu(HCOO)3).”

In 2018, the powerful concept of tilt engineering via group theoretical analysis, known from
inorganic perovskites,’* was applied to Molecular Perovskites by M. S. Senn and A. L.
Goodwin.*? 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
12



hybrid improper ferroelectric coupling mechanism. One topical example is [NH;]Cd(HCOO)s,”
which exhibits a polar symmetry, resulting from a combination of a columnar shift (X&) and an
unconventional tilt (Xz), that results in Cmc2; symmetry, and couples with MJ to Pna2;. 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]-, [H.POO]J-, [Ns]7, [C2Ns]- and [M(CN)2]~, highlighting
favoured tilt and shift modes, most notably in dependence on the used multiatomic X-site
linker.*® 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 [Ns]”
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,’®’” 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 [BXs]- network

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

Figure 3: Schematic 2D illustration of tilts and shifts of rigid BXs 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 [BXs]~
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 ABXs 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 CaCOs; and carbon, covering different
physicochemical properties depending on their polymorphic phase.’®’ This phenomenon
describes the ability of a crystalline material to exhibit different polymorphs without changing
the overall chemical composition.®° 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 883

In 2019, ReOs-type polymorphs have been identified for A-site deficient hypophosphite-
based M(H.POO); materials (with M3* = V3, AP* and Ga®"). These materials transform from
the a-phase into a less distorted structure (B/y-phase) upon temperature or pressure change.®

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 [(CHz)N-(n-
CsH7)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 [C2Ns]~ 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.®® Using molecules on the X-site allows for different binding modes of the X-site
linkers within the [BXs]™ 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(C2Ns)s materials (with A" = tripropylmethylammonium and
B2* = Mn?*, Co?" and Ni?*), 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,**®® 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.® This polymorphism concept can be extended for unconventional tilts and columnar
shifts as demonstrated by the irreversible phase transition of [A]JCd(C:Ns)s (with A" =

azaspiroundecanium).4

Since irreversible perovskite to perovskite phase transitions are so far only observed in
Molecular Perovskites with X-site anions such as [H.POO]~and [C2N3]~,8-*° 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-,8% benzyltriethyl-,2 tributylmethyl-ammonium?®’
and tetraethyl-,* tributylmethyl-phosphonium,®® that are capable of forming hydrogen bonding
interactions (e.g. guanidinium), are favoured.® 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.®°2 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:

I[blt _ zmkl my 3
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, with lg = information content of a crystal structure and its complexity, k = crystallographic
orbits, mx = 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.®® In 2020, the
established correlation of eqgn (3) has been further improved from Ig to the combinatiorial
complexity (ls,comb) and coordinational complexity (ls 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
(ls.conf) Was proposed as sum of combinatorial and coordinational complexity.® One year later,
our group implemented this updated concept using egn (3) into a Python-based program
crystIT.%® This structure analytical program offers an easy-to-use calculator of the complexity
(Ie) and configurational entropy (Scig) 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,*® 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
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relationship between their calculated configurational complexities (lgconr) and the B-B
distances that serve as a relative approximation to capture the ReOs-type network size. The
structural evolution of the ABXs 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
ABXj3 structure to their structural distortions from the ideal, undistorted perovskite structure,
e.g. higher lsconf 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 Scig and lg.cont . 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: AB,Xs 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.®* Looking for new degrees of freedom and making them accessible to external
stimuli, ReOs-type network structures have proven to be an extraordinary platform for their
structural evolution from inorganic to Molecular Perovskites.* A typical example of a new type
is the A-site order pattern in [A]Mn2(H.POO)s (with a divalent A-site cation (A?*) such as 1,4-
diazabicyclo[2.2.2.]octane-1,4-dabconium),® showing an ordering of vacancies and divalent

A-site cations (A%") 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
AB2Xs coordination networks.®” Their extended ReOs-type network materials are closely
related to Molecular Perovskites; composed of metal nodes (i.e. Mn?*), which are octahedrally
linked by [C2N3]™ anions to build the host network structure [Mn(C2Ns)s]~ (Figure 5). Compared
to the typical ABX3 perovskite structure motif, a divalent A-site cation (A%*) with two spatially
separated charges is located between two neighbouring pseudocubic [Mn(C2Ns)s]~ cages for
charge balancing. Here, the incorporation of [(CsH7)sN(CH2)aN(CsH7)s]** (with n = 4 and 5)
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generates spatial orientation of A%* in the ReOas-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 A% 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,%-1%° AB,Xs with A%" = [(C3H7)sN(CH2)sN(C3H7)s]** exhibits
counterintuitive large uniaxial negative thermal expansion (NTE) and negative linear
compressibility (NLC) which can be rationalised by a “hinging” mechanism of A% molecules in
combination with [Mn(C2Nz)s]~ framework distortions. When changing the A?* cation ordering
to a head-to-tail arrangement, the responsive behaviour of AB2Xs is different as only moderate
NTE and zero linear compressibility are observed for A%* = [(C3H7)sN(CH2)sN(C3H-)s]?*. Hence,
the herringbone ordering provides a larger margin for pressure- and temperature-induced
structural distortion pathways. This work showcases that the famous ReOs-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. A*").

-------- Structural degrees of freedom -------»

—————————————— A-site chemistry -----=====-=>

Figure 5: Structural development of the ReOs-type network structure, starting from the
Molecular Perovskites (a) and extending to AB2Xs 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: BXg octahedra — grey, C — dark purple and N — light purple). A prototypical Molecular
Perovskite with the general formula [(CsH10)N-(n-C3H7)2]JNi(C2Ns)s (new and discuessed
within this thesis) and [(CsH7)sN(CH2)sN(C3sH7)3]Mn2(C2N3s)s (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.’®® Molecular Perovskite-based glasses, e.g. [PraN]B(C2Ns)s ([PraN]J*
tetrapropylammonium and B?* = Mn?*, Co?* and Fe?"),'%* [BusNMe]B(C:N3s)s ([BusNMe]*
tributylmethylammonium and B* = Mn?*, Fe?', Co?" and Ni**)® and [PrsNBu]Mn(C:Ns);

([PrsNBu]* = tripropylbutylammonium)? 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 MOFs'%31%4 and
predominantly ZIFs)%1% as well as structures connected in 1 or 2 dimensions (e.g. gold
thiolate-based!?” and Zn-phosphate-based'®®1% coordination polymers) that form liquids and

glasses.!10.111

In principle, the liquid state of coordination polymers is accessible when heating results in
the melting of the material (with the melting temperature Tn) before thermal decomposition
(with the temperature of decomposition T4) processes occur, i.e. Tm < T4, Which is a rather

atypical behaviour for most MOFs and Molecular Perovskites.'*?-11 Upon quenching the liquid

Melting g Quenching & I

— ’

Crystalline Molecular
Perovskite

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 (Ty). 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 < T4.!*® One prototypical
example is demonstrated in study I, which achieved a widening of the AT between T, and Tqg
in a Molecular Perovskite. Here, similarities to ionic liquids (ILs) are recognised,®*116:117
considering the melting process of coordination polymers as the partial dissociation of

coordination bonds forming an IL-like fragmented coordination network.!*

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. B>* = Mn?*, Fe?*,
Co?" or Ni?") 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(C2Ns)s family,*!® highlighting the unique role of the
[C2N3]~ ligand in coexistence with quaternary ammonium species such as A* = [PrsNBuUJ*,
[PrsN]* and [BusNMe]*, which are known from ILs composed of the same organic moieties.*°
This indicates that meltable [A]B(C2N3); 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..%* Here, the size effect of the A-site cation on T, was systematically investigated through
A-site substitution in a [A]B(C2Ns)s series, where an increase of the A-site cation, i.e. by an
increase of the alkyl chains from [PrsN]" < [BusN]® < [PesN]* (with [BusN]® =
tetrabutylammonium and [PesN]* = tetrapentylammonium), decreases Tm while lowering the
symmetry — forming different structure types compared to the ABX3 structure for the smallest
A-site cation (A* = [PrsN]*).%* In addition, the impact of the divalent metal was tested, showing
a decrease of Ty when changing the size of the B-site metal (e.g. along Mn?* > Fe?* > Co?*);%4
explained by the “hard and soft acids and bases” concept suggesting strong interactions
between the soft Mn?* and the soft [C2Ns]~ ligand.'®* However, we would like to note here that
this trend is not found for the meltable B-site series of [BusNMe]B(C2Nz)s with B* = Mn?*, Fe?",
Co? and Ni?*.#" Here, the highest T is observed for [BusNMe]Ni(C2Ns)s, 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*
= Mn?*.22% 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 properties'**'?2 and phase
transition temperatures® 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.

20



More recently, the approach for engineering glassy Molecular Perovskites was extended,
i.e. for controlling T, from the intrinsically available ABX3z compositional range towards using
modifier salts — see more details of this concept in study | presented in Chapter 2.1.1° This
study was inspired by work on inorganic glasses where modifiers have been added to tune the
glass properties.*?® In our work, we showcased how a suitable modifier, e.g. Li(C2Ns), can be
identified for lowering Tm of [PraNBu]Mn(C:2N3)z while an eutectic mixture of both components
is formed. This has widened the window (AT) between Tm and Tg, 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 T and/or Tq4
are needed. In particular, the control of T4 is challenging but crucial to understand why
[A]B(C2N3); 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.*!
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. AS>10JK'kg™), they offer potential as an alternative cooling system to replace
environmentally harmful refrigerants used today in common vapour compression
technologies.'®* 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.!#>1%
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Some Molecular Perovskites are striking examples of barocalorics, e.g. [PrsN]B(C2N3)s
(with B# = Mn?* and Cd?")**% and [MesN]B(Ns)s (with [MesN]* = tetramethylammonium and
B# = Mn?* and Cd?*"),312712 which undergo structural phase transitions when hydrostatic
pressure is applied. Akin to other state-of-the-art barocalorics such as plastic crystals of
neopentylglycol ((CHs):C(CH20H)2)'*  or molecular Fe(ll) spin-crossover compounds
([FeL,][BF4]> with L = 2,6-di(pyrazol-1-yl)pyridine),**° which require high driving pressures
(p > 1000 bar),*3! Molecular Perovskites generate extremely high isothermal entropy changes
(AS >10J K1kg™) at relatively small working pressures (p < 70 bar) and low temperatures
(i.e. near room temperature).** Notably here, [(CHs).NH2]Mg(HCOO); presents one example
which shows a giant barocaloric effect (AS ~ 39 J K™t kg™) at a relatively large driving pressure
(p <2000 bar).*®* However, when considering now barocalorics and their operating pressures
and temperatures by using the barocaloric strength (i.e. AS/Ap), [PraN]JMn(C2N3)3 outperforms

the other competing barocalorics.%®

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.*® For instance,
plastic crystals show colossal reversible isothermal entropy changes (AS > 250~
500 J K 'kg™)129133.134 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.***-*37 More recently, the solid to liquid
transition in n-alkanes (e.g. CisHas, C1gHss and CaoH42)'*81%° has turned out to be extremely
promising for barocalorics, as extremely large barocaloric effects (AS > 700 J K'kg™) 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 (AS > 10 ~ 80 J K™'kg™) 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" = [CioH2:NHs]* and [CeH1sNH3]") have been
incorporated into a 2D layered metal-halide perovskite network leading to a colossal
barocaloric effect (AS >200J K'kg™ at p <300 bar).2*° 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 (Tws) has been found to be sensitive to the
choice of the B-site metal with Tys increasing along the metal series (B2* = Mn?* > Co?* > Ni?*).%®
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.'** Here, two substitution approaches have been introduced to increase the
compressibility of Molecular Perovskites, either by increasing the B2* radius'*! or via changing
the A-site shape, and hence, reducing the overall [BX3]~ framework distortion.'*? 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 AS, 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).'*® 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.'#

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.*® With the discovery of
ferroelectricity in BaTiOs, research on structurally related ferroelectrics has experienced a
boom as demonstrated by the extensive history of ferroelectric perovskites such as SrTiO3'4¢
and LiTaOs:.'*” This also involves the well-known piezoelectric PbZri4TixOs (PZT)
material,**>14¢ that converts mechanical energy into electrical energy, important for many
applications from ultrasound devices, energy harvesting systems to sensors.* Upon cooling,
those materials undergo a symmetry lowering phase transition across the ferroelectric Curie
Temperature (T¢) from a paraelectric (i.e. non-ferroelectric) into the ferroelectric state with non-
centrosymmetric crystal symmetry.'® In principle, the ferroelectric nature arises from the
crystal structure per sé, i.e. spontaneous dipole moments must exist (e.g. charge displacement

induces TiOs dipoles in BaTiO3z)™° 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.14°

Since ferroelectricity exists in many ABXas, it is not surprising that this phenomenon has
been found in HOIPs™-1%% and Molecular Perovskites. Both can serve as a playground for
discovering new promising ABX3 ferroelectrics*?153-1%% or even for optimising the ferroelectric
properties compared with their purely inorganic counterparts.**® In this pursuit, the molecular
design strategies of “molecular ferroelectrics”*’ have proven to be a powerful approach for
tuning ferroelectric HOIPs,**1%8 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.**® Additionally, subtle but tailored modifications of
the A-site molecules can also contribute to the spontaneous polarisation, e.g. via lowering
molecular symmetry of [MesN]" to [MesNCH.CI]***® or [MesNCH,Br]*%° 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(C2Ns)s (A-site cations
such as [EtsP]* = tetraethylphosphonium and [TriBuMeP]* = tributylmethylphosphonium),®®
[Me2NJMNn(N3)3, %t [Me2N]Mn(HCOO)3'%?  ([Me:N]* =  dimethylammonium)  and
[MesNOH]:KFe(CN)s ([MesNOH]* = trimethylhydroxylammonium).'%® Additionally, Molecular
Perovskites have been explored as a platform for identifying some main ferroelectric coupling
schemes of individual distortion modes of the [BX3]~ network.*? 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 T. in a series

of mixed chiral cations in metal halide perovskites.®*

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

ferroelastic domains in a material below T. when mechanical stress is applied.'® 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
ABXj3 structures'®1” as captured by Aizu’s notation®16® 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,'° BiVO4'"* and
Gd2(M00.)s,12 HOIPs and Molecular Perovskites show great promise for discovering new
types of ferroelastic materials with one-, two- or multi-step ferroelastic phase
transitions.®17317 |n 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 [HCOOJ,'"® [BF4]~,1"®1"7 [C2N3]-,1"® [SCN]™"® and [N3]®). 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 BOs tilting mechanism in conventional perovskites.'’®
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 [Hzhpz]K(BF4)s ([Hzhpz]* = homopiperazine-1,4-diium),'’® or by targeted modifications of
phosphonium and ammonium species in [A]B(C2Ns)s (e.g. AT = [EtsP(CH.)CI]*, [EtsP(CH2)2F]*,
[Pr3(CH,CHOHCH3)N]* and [Pr3(CHsCHCH,OH)N]")78180181 gnd [A]B(SCN); (e.g. A* =
[(CH3)sPCHF]").1"® Beyond the widely explored A-site substitution approach, even in a first
ferroelastic solid solution series with [EtsP(CH2)2F]«[EtsP(CH2)2Cl]1-xMn(C2N3)3,'8 the ordering
effect of the X-site linker has only been studied in [MesN]Cd(N3)s.*® 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 [C2Ns]~ organic linker was chosen as a suitable and robust X-
site anion in combination with divalent B-site metals (B%* = Mn?*, Co?* and Ni?*) 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(C:Ns)s]~ network,*® several tailormade
piperidinium derivatives were designed and consequently synthesised by simple organic
chemistry as they are commercially not available (Figure 7).}%% 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

O_{Molecular cation
Metal cation _ \N/ \N> % ®
Mn?, Co?*, Niz* ========= . © ® O

Molecular anion

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 | and IV. After work-up
procedures (e.g. recrystallisation), ten different tailor-made organic precursor salts were
yielded in high purity, as confirmed via *H NMR and *C 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(C2Ns)s]- network. Therefore, the well-established mild
solution crystallisation routine*®#5192 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(C2Ns)s]~ 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)s materials (Figure 8). In total, eight suitable A-site cations were identified (Figure
9), resulting in 23 new [A]B(C2Ns3); 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).
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Figure 8: lllustration 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 Pawley'® (and/or Rietveld)®®
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*. 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 (Tg) 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 mint, well below Tq, 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, T4 of all [A]B(C2Ns); 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); 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 (T.) 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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Table 1: Overview of all synthesised [A]B(C2Ns)z: 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 1% heating cycle in the DSC runs).

[A]B(C2Ns)s Materials Molecular A-site ion A* Space group Decomposition Ta / K Phase
Transition Tss / K
[DEP]Co(C2Na)s diethylpiperidinium C2/c 546.3 rev. 352
[DEP]Ni(C2Ns3)3 diethylpiperidinium P2i/c 595.15 rev. 312, 338
[DIPIMn(C2Ns)3 diisopropylpiperidinium P2i/c 558.65 rev. 300, 332,
[DIP]Co(C2N3)3 diisopropylpiperidinium P2i/c 546.25 f:vET 393
[DIP]INi(C2N3)3 diisopropylpiperidinium P2i/c 568.95 rev. 415
[DPPIMn(C2N3)3 dipropylpiperidinium C2/c 561.15 rev. 365
[DPP]Co(C2N3)3 dipropylpiperidinium C2/c 552.25 rev. 412
[DPP]Ni(C2Ns)s dipropylpiperidinium C2lc 598.05 rev. 433
[PEP]Mn(C2Ns)s ethylpropylpiperidinium P2i/c 560.65 rev. 225, 331,
[PEP]Co(C2N3)3 ethylpropylpiperidinium P2i/c 549.65 ?(ZV? 236, 355,
[PEP]Ni(C2N3)3 ethylpropylpiperidinium P2i/c 598.35 ?:vl. 236, 360,
[BEPIMnN(C2Ns3)3 butylethylpiperidinium P2i/c 555.65 ?jvz 368, 382,
[BEP]C0(C2Ns3)s butylethylpiperidinium P2i/c 548.65 ?:vo. 347, 378,
[BEP]Ni(C2N3)3 butylethylpiperidinium P2i/c 575.95 ?esv. 329, 386,
[DBP]Mn(C2Ns)s dibutylpiperidinium C2/c 569.95 ii?esv. 368 rev.
382, 450
[DBP]Co0(C2N3)3 dibutylpiperidinium C2/c 555.25 rev. 346, 378,
[DBP]Ni(C2N3)3 dibutylpiperidinium C2/c 576.45 i‘:rse?v. 329 rev.
386, 438
[EPPIMnN(C2Ns3)3 ethylpentylpiperidinium P2i/n 570.05 rev. 405
[EPP]C0(C2Ns3)3 ethylpentylpiperidinium P2i/n 551.85 rev. 476
[EPP]INi(C2N3)s ethylpentylpiperidinium P2i/n 576.25 rev. 499
[DIB]MNn(C2N3)3 diisobutylpiperidinium P2i/c 549.15 rev. 419, 448
[DIB]C0o(C2Ns3)s diisobutylpiperidinium P2i/c 533.75 rev. 399, irrev.
[DIB]INi(C2Nz)3 diisobutylpiperidinium P2i/c 581.85 :1«92\:1 402, 458

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.*®¢18” 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
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that support observations from the DSC data. For instance, in study |, 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 A) and the glassy (e.g. with short-range order up
to 8 A) state of a Molecular Perovskite.*®® 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,'® 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*®® 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. %1192
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.'®® For instance, the
mechanical response of a new family of dicyanamide-based Molecular Perovskites (study 1V)
and Fe(ll)-based MOFs (study Ill) 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(ll)-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. PASCal'®® and EOSFit7-Gui,'* that both
in combination provide a comprehensive data set of 2" and 3 order B-M equation of state
fits. In addition, it is important to include the obtained standard errors (oB) in relation to the oB
of the measured standard material (e.g. Ni(dmgH). with dmgH~ = anionic form of

dimethylglyoxime).

Seeking for relationships to rationalise the different stimuli-responsive properties found in
various Molecular Perovskites (study 1V), we analysed structural differences of the ambient
[B(C2Ns)s]~ network in more detail via group theoretical analysis’®'® using the web-based
software ISODISTORT.*® For a complete mode decomposition analysis of the distorted
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[B(C2N3)s]~ 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 A and a = 90°). An overview of distortion modes associated with a

[£PPINIC,Ng)s [DIBIN(C,Ny),

Figure 9: lllustration of all synthesised [A]Ni(C2N3); materials exhibiting a ABXs perovskite
structure motif, emphasising the use of various A-site cations explored within this thesis.
Colour code: NiNg 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 (M5 and R;), unconventional tilting (M2, X5 and I,7) and columnar shifts ("))
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 (A,) displaying an amplitude for the entire framework distortion that is normalised to
the parent structure given in the Angstrém unit.

Among all structures, a trend is apparent when exchanging the B-site metal from B = Mn?*
to Ni?* towards decreasing A, which can be rationalised by a decrease in the network size and
an increase in chemical bond strength within the [B(C2Ns)s]~ 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(C:Ns)s]~ 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 A, was observed for structures with

Table 2: Distortion mode decomposition analysis details (determined from group theoretical
analysis of SCXRD data of 100 K) of the distorted [A]B(C2N3)s structures compared to the
cubic parent cell.

Compounds Rs Mz* rs* X5 Ms* rs* Apl A

[DEP]C0o(C2Na)s 2.72057 2.66098 2.10449 | 4.44101
[DEP]Ni(C2N3)s 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
[DIPINi(C2Ns3)s 1.67136 | 0.74040 | 0.23561 | 0.37122 | 0.69707 | 0.42617 | 2.08543
[DPP]Mn(C2Ns)s 2.71438 2.94609 2.06009 | 4.64034
[DPP]Co(C2Ns3)s 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]C0(C2N3)3 1.97319 | 0.33600 | 0.12671 | 0.28525 | 0.46274 | 0.85763 | 2.26516
[PEP]NIi(C2Ns3)s 1.91172 | 0.33760 | 0.12105 | 0.25950 | 0.45264 | 0.83306 | 2.19858
[BEP]MN(C2Ns3)3 1.63275 0.56897 0.85014 | 3.59065
[BEP]C0(C2N3)3 1.73766 0.05922 0.78830 | 3.33381
[BEP]NIi(C2Ns3)s 1.66915 0.07020 0.75743 | 3.25922
[DBP]Mn(C2Ns)s 2.19137 3.02642 2.09179 | 4.36724
[DBP]Co0(C2Ns3)s 1.89228 297777 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]C0(C2N3)3 0.78342 | 1.79676 | 0.15449 | 0.64727 | 0.28505 | 0.37693 | 2.15039
[EPP]NIi(C2N3)s 0.74223 | 1.72080 | 0.13899 | 0.60864 | 0.28978 | 0.34933 | 2.05837
[DIB]JMn(C2Ns3)s 1.48893 | 1.25168 | 0.06081 | 0.69917 | 0.59837 | 0.33807 | 2.20021
[DIB]Co(C2Ns3)s 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
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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 A, is reduced, while structures with higher A, 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 1V, 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 | (Chapter 2.1, tuning the melting behaviour of Molecular Perovskites
by adding a modifier salt), study Il (Chapter 2.2, characterising and understanding mixed-linker
porphyrin-based MOF systems) and study Il (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 [(CsH7)sN(CsHg)]MN(C2N3)s and investigate its
solid-liquid and liquid-glass transition. We systematically study the impact of Na(C:Ns) and
Li(C2Ns) as potential modifiers on its melting and glass-forming properties. We showed how a
modifier, i.e. Li(C2Ns), 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(C:N3s) shows no potential as a modifier in the first TGA-DSC screening runs, Li(C2Ns)
influences the melting behaviour significantly. Systematically varying the Molecular Perovskite-
modifier ratio by increasing the amount of Li(C:Ns) — 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
35



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(C2Ns) 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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ABSTRACT

Coordination polymer (CP) glasses have recently emerged as a new glass state. Given the young state of the field, the discovery of con-
cepts that guide the synthesis of CP glasses with targeted thermal and macroscopic properties is at the center of ongoing research. In our
work, we draw inspiration from research on inorganic glasses, investigating the impact of Li(C;N3) as a modifier on the thermal proper-
ties of the new molecular perovskite [(C3H7)sN(CyHg)]Mn(C3N3)s (with [C;N3]™ = dicyanamide, DCA). We derive the phase diagram and
show that Li(C;N3) and [(C3sH7)aN(C4Hs)]Mn(C;N3)s form a eutectic mixture, in which the melting temperature is decreased by 30 K.
Additionally, for the eutectic mixture at xipca ~ 0.4, a CP glass forms under slow cooling, opening interesting pathways for scalable syn-
thesis routes of CP glasses. Given the virtually unlimited parameter space of hybrid modifiers, they will play a major role in the future to
alter the glass’ properties where the availability of rigorously derived phase diagrams will be important to identify material class overarching

trends.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). hitps://doiorg/10.1063/5.0143404

INTRODUCTION and nitrile-based CPs, such as [Cu2(SCN)3(C:bpy)] " (Cabpy™ = 1-

ethyl-[4,4-bipyridin]-1-ium) and [Ag(mL1)(CF3503)]-2CsHs (mL1

¥5:22:60 £20T 48q0100 0}

Coordination polymers (CPs) are composed of inorganic
and organic building units, offering a large chemical space to
address various applications, such as water harvesting,' ferro-
electrics,” fine chemical catalysis,” and sensing’ among many more.
The discovery of glass-forming CPs is one of the latest mile-
stones in the field,”” conceptually closing the gap between inor-
ganic and polymer-based glasses. Examples of glass-forming CPs
are zeolitic imidazolate frameworks, such as ZIF-4 ([Zn(Im);],
Im~ = imidazolate),” ZIF-62 ([Zn(Im);75(bIm)g2s], bIm™ = benz-
imidazolate),’ and ZIF-62(M)-bIm,’ (M = Co’*, Zn*"), thiocyanate

=1,3,5-tris(3-cyanophenylethynyl)benzene),' and low-dimensional
CPs, such as [Zn(HPO4)(H,PO4):]-2H,Im™ and [Au(SPh)],'
(SPh™ = thiophenolate). In addition to the fundamental inter-
est in this new glass-state, CP-based glasses show potential
in various applied areas, such as gas separation'' and solid
electrolytes. " CP glasses are typically synthesized by rapid cooling
of a melt that is obtained by heating a crystalline CP. There-
fore, the melt, as a key intermediate state toward CP glasses,
deserves close attention, where conceptual progress for tailoring
the melting temperature (Ty,) through chemical and compositional

APL Mater. 11, 031119 (2023); doi: 10.1063/5.0143404
© Author(s) 2023

11, 0311191
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changes to suppress parasitic decomposition processes is of great
importance.”' """

More recently, a series of ABXs; molecular perovskites
[PryN]B(C;N3); ([PryN]* = tetrapropylammonium, B = Mn?*,
Fe?*, and Co®*) was reported to melt before thermal decomposi-
tion (T < Ty4) and to form a stable coordination polymer glass
upon rapid cooling."” o Subsequently, the manipulation of T by
A- and B-site substitution was investigated for AB[C;N3]s CPs; Tp,
decreases with increasing alkyl chain length of the A-site cation
([PesN|™ > [BusN]™ > [PryN]™ with Pe = pentyl, Bu = butyl, and
Pr = propyl) or decreasing Shannon ionic radius of the B-site metal
(Mn”™ > Fe?™ > Co®*).”! A similar impact of A-site cation substitu-
tion on Tr, and the glass transition temperature (Tg) was observed
for 2D perovskite-related A;BX4 materials, such as [A],Pbly with
six alkylammonium A-site cations (n-bua, sec-bua, 1-me-bua,
n-hexa, 1-me-hexa, and 2-et-hexa with me = methyl, et = ethyl, bu
= butyl, hex = hexyl, and a = ammonium),”"" despite the chem-
ically different bonding situation within the inorganic 2D layers.
These studies show that melting properties are heavily impacted
by the A-site cations’ entropic contributions and that B-site sub-
stitution allows for fine-tuning the materials’ thermal properties.
Therefore, ABX3 perovskite-type CPs have proved as a power-
ful model platform for studying composition-structure-thermal
property relationships by systematic compositional changes on the
A-, B-, and X-site. An open opportunity that has yet not been
explored for glass-forming perovskite-type materials is tailoring of
glass formation properties, i.e, Ty and T, by the use of glass
modifiers.

Our work is inspired by decades of work on inorganic glasses,
where the addition of modifiers is established as a tool for tailoring
glass properties,” i.e., their structural,” optical,” and electronic-
properties. Recent studies on the impact of various glass-network
modifiers, ie., inorganic metal oxides (Li>O, Na,O, CaO, MgO,
BaO, and ZnO) on the thermal properties and glass forming abil-
ity of phosphate and aluminate glasses, emphasize the suitability of
this approach toward CP glass chemistry.”’ Additionally, it was
recently shown that the superprotonic properties of CsHSO, are
preserved through the formation of a binary CsHSO4-CP system
that shows eutectic behavior.”" Here, we report a new molecu-
lar perovskite [PraNBu]Mn(C;N3)s, investigate its melting behavior
and glass-forming ability, and explore the impact of Na(C;N3) and
Li(C2N3) on these processes. We identify Li(C;N3) as a suitable
compound for the formation of a eutectic mixture, which stabilizes
the formation of a CP glass at high amounts. Our study emphasizes
that the established principles from inorganic glasses are an impor-
tant research compass to unlock the potential of CP glasses, which
we expect to be key in deriving CP glasses with targeted thermal
properties in the future.

RESULTS AND DISCUSSION

Synthesis and thermal properties
of [PrsNBu]lMn(C;Nz);

In the first step, the A-site cation butyltri-n-propylammonium
([Pr;NBu]*) was synthesized from tri-n-propylamine and
1-bromobutane in a one-step nucleophilic substitution reaction,
see the supplementary material (8-2) for details and Fig. S1. Single

scitation.org/journalfapm

crystals of the molecular perovskite [PrsNBu]Mn(C,;N3); were
obtained by following an established mild solution synthesis
route by starting from [Pr;NBu]Br, MnCl,-6H:0, and Na(C;N3)
in H,O, see Fig. 82 and the supplementary material (8-3). The
structure of [PrsNBu]Mn(C;Ni); was determined via single
crystal x-ray diffraction, see Iig. 1(a), Table S1, and Fig. S5 for
crystallographic data. At room temperature, [PrsNBu]Mn(C:N3)3
crystallizes in the space group Pben with the cell parameters
a = 16.5315(17) A, b = 17.5441(17) A, and ¢ = 32.348(3) A,
V = 9382.0(17) A’. Thermogravimetric analysis-differential scan-
ning calorimetry (TGA-DSC) was carried out on the as-synthesized
[PrsNBu]Mn(C;N3); material, showing thermal decomposition at
T4 = 570 K. Two endothermic events were observed at 371 and
474 K in the DSC signal before thermal decomposition, see Fig.
S11. Variable temperature powder x-ray diffraction (VTPXRD)
and cyclic DSC (Differential scanning calorimetry) measurements
show that the heat event at Ts; = 368 K belongs to an irreversible
crystalline-to-crystalline (solid-to-solid, Ts) phase transition, see
Fig. 1(d) and the supplementary material (Figs. 515, 516, and 526).
Comparing the PXRD pattern of the high-temperature phase with
the PXRD of the molecular perovskite [PrsNBu]Ni(CyN3); suggests
that both materials are isostructural. In turn, both crystalline phases
of [PrsNBu]Mn(C;Na)s exhibit a perovskite-type structure motif,
making [PryNBu]Mn(C;N3); to another molecular perovskite
that shows tilt and shift polymorphism,”' see the supplementary
material (Figs. S14, S17, and S18) for details on the structure
discussion. Furthermore, VTPXRD shows that the second heat
event at Ty, = 469.4 K, which occurs significantly before Tg,
corresponds to a crystalline-to-amorphous phase transition, see
Figs. 1(d) and Fig, S25. Following on from previous reports on
the melting behavior of related dicyanamide-based materials,

485K
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FIG. 1. (a) Structure visualization of the molecular perovskite [PrsNBuMn(CzN3)3,
where [Mn(C;N3)s]~ forms a 3D ReO3-type network and the A-site molecule sits
in its void for charge balance, forming the perovskite structure motif (color code:
Mn polyhedral—light gray, N—dark blue, C—dark gray, and H atoms were deleted
for better visualization). Optical images of the as-synthesized crystals (b) and the
melt-quenched [PrsNBuJMn(C;N3); (c). (d) PXRD patterns (A = 0.206 79 A) during
heating from 290 to 485 K, showing a crystalline-to-crystalline phase transition at
approximately Tss = 371 K (dark to light blue), followed by amorphization (gray)
on holding at 485 K.
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such as [PryN]Mn(C,N3); and [BuyNJMn(CaN3)s, ' the
second heat event is assigned to a solid-to-liquid phase transition,
i.e, melting of [PrsNBu]Mn(C;N3)s. This is further supported
by the glass-like appearance of the melt-quenched material,
see Fig. 1(c).

Melted and glassy state of [PrsNBulMn(C;Nsz)s

Compared to other ABX3; molecular perovskites, Tm = 474 K
for [PrsNBu]Mn(C;N3); is the lowest reported melting temperature
to date, and the difference of AT =96 K between Ty and Ty, stands
out being 61 K higher than for [PryN]Mn(C;N3)s (AT = 35 K), see
Fig, S11. However, it is important to mention that related ABX;
non-perovskite [C;N3]™ -based CPs, such as [BuyN]Mn(C;N3); and
[PesNIMn(C;N3)3, have been reported to melt at around 423 K"
Therefore, by drawing comparisons to ionic liquids, these results
suggest describing AB(CzN3); materials as AX-BX; compounds, a
perspective that highlights the inorganic-organic-ionic nature of
CP melts and helps in rationalizing their thermal properties.”” Fol-
lowing this train of thought, the T of [PrsNBu]C2N3-Mn(CyN3)2
agrees with previous reports: with increasing the alkyl chain
length of the quaternary ammonium A-site cation, an increased
entropy of melting is observed, resulting in a monotonic decrease
of Tw along the series [PryNJC:N3-Mn(CaNs)2 (535 K)'
> [PrsNBu]C;N3-Mn(C2N3)2 (474 K) > [BuyN]CoN3-Mn(CaN3)z
(458 K)''" > [PeyN]C,N3-Mn(C;yN3), (422 K).

Taking a closer look at the melting process of
[PrsNBu]Mn(C;N3); via cyclic DSC measurements, reversible
melting is observed with a small decrease of Ty of ~4.5 K from
the first cycle Ty, = 469.4 K to the second cycle T, = 464.9 K,
see Fig. $26. The thermogravimetric analysis combined with
mass spectrometry was used to search for potential decompo-
sition processes during melting, see Fig. $38. No evidence for
material decomposition was found up to 493.15 K, and the first
fragmentation products of the A-site alkyl chain were observed
at T = 513.15 K. Furthermore, '"H NMR spectroscopy of the
acid-digested solid after melting shows no additional signals, see
Fig. 89. Therefore, decomposition processes during the melting
process are expected to play a minor role if any. Slowly cooling
the melt to room temperature at a rate of 5 K min~! leads to
recrystallization, which is observed in the DSC as a sharp exother-
mic event at T. = 452.7 K, see Figs. 524 and S26. Interestingly,
recrystallization after melting, which might open opportunities for
new synthesis routes of functional, crystalline thin film CPs, can
still be considered as an unusual behavior for CPs and has only
been reported for a few examples, such as Co-bis(acetamide)’ and
Cu(isopropylimidazolate).”” Applying a rapid cooling procedure by
quenching the [PrsNBu]Mn(C;N3); melt in liquid N; suppresses
recrystallization and leads to x-ray amorphous, glass-like fragments,
see I'ig. 1(c) and Fig. S19. Elemental analysis of the melt-quenched
[PrsNBu]Mn(C;N3); agrees with the ABX; stoichiometry of the
starting compound, see details in the supplementary material (8-5).
DSC measurements of the melt-quenched [PrsNBu]Mn(CyN3)s
show a glass transition at around Ty = 253.28 K, see Fig. S37.
Therefore, the molecular perovskite [PrNBu]Mn(C;N;); forms
a stable liquid upon heating and a coordination polymer glass
upon rapid cooling akin to previous reports on [PryN]B(C:N3)s
(B =Mn**, Co™, and Ni**).

scitation.org/journalfapm

Li(C2N3z) as eutectic forming modifier

Drawing inspiration from research works on inorganic glasses,
we investigated the impact of M(C>N:)(with M = Li* and Na®)
as a modifier on the melting behavior and glass formation of
[PraNBu]Mn(C;N3)3. Na(C;N3) is commercially available and was
used as purchased, while Li(C:N3) was synthesized in a mod-
ified literature procedure starting from Na(C;Ni), see prepara-
tion details in the supplementary material (S-4). The phase purity
of Li(C;N;) was confirmed by TGA-DSC analysis and IR spec-
troscopy, see Figs. $10 and $39-541. Both Li(C:N3) and Na(C>Na)
undergo a trimerization reaction upon heating while no melting
is observed, see the supplementary material (S-13). Before prepa-
ration of modifier-[PrsNBu|Mn(C,N3); mixtures of various mole
ratios, both M(CzN3); salts and [PrsNBu]Mn(C:N3); were dried,
see preparation details in the supplementary material (§-12). In
the first step, we screened the impact of the modifier on T, via
TGA-DSC experiments of different mole fractions, see Figs. $12
and $13. From this screening series, it can be observed that the
melting point of [PrsNBu]Mn(C;N3); decreases when mixing with
increasing mole fractions xpipca of Li(C;N3), while Na(CyN3) as
modifier has no evident impact. Applying established equations that
describe the solid-liquid thermodynamics in the studied system, our
experimental results suggest a large difference in theoretical melt-
ing temperatures of Li(C,N3) and Na(C;N3), which can be expected
based on their different crystal structures; for a more elaborate
discussion, see the supplementary material (5-37).

Subsequently, we explored the impact of Li(C:N3) on Ty, as
a function of increasing mole fractions xipca (¥unca = 0, 0.15,
0.25, 0.32, 0.38, 0.41, 0.45, 0.49, 0.58, and 0.66) via DSC in more
detail, see Fig. 2 and Figs. $27-835. From the DSC traces, it is evi-
dent that an increase in xripca has no significant impact on Ty, of

+— ¥upca= 0.66

[ ]
J\—A’—\— Xioca= 0.58
[ ] — Xupca= 0.49

4 Kioca=045
Xipca = 041

Heat flow / arb. units

— Xupca= 0.38
4— Xipca=0.32
— Xipca=0.25

— Xupca = 0.15

Xupca= 0

360 380 400 420 440 460 480 500
Temperature / K

FIG. 2. DSC curves of Li(C;Ng)-[PrsNBulMn(CzN3); mixtures with varying the
amount of modifier salt, x.nca. The DSC data of various mole fractions obtained
on heating were used to build a phase diagram. For better visualization, the curves
are offset by a random shift.
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[PrsNBu]Mn(C;N3)s. This is expected as there is no obvious path-
way of how Li(C;N3) as a modifier impacts the internal structural
reorganization of [PraNBu]Mn(C;N3); prior to melting. In contrast,
already at xipca = 0.15, two distinct endothermic signals become
visible in the DSC traces, which belong to the liquidus (Tj;) and the
solidus temperature (Tyy), see Fig, $27. Further increasing XLipca
leads to a monotonic decrease of an until approximately xpipca
= 0.4, where the eutectic mixture (T = Tjy) is reached. Further-
more, in the second heating cycle of the mixtures xiipca = 0.15,0.25,
0.32, and 0.38, an exothermic event is observed, see Figs. S27-530.
This exothermic event reflects a structural reorganization related to
crystallization and is known as cold crystallization (T.). Overall,
for xpipca = 0.38, a decrease of ~30 K in the melting of the homo-
geneous mixture (Tjg) is observed; for comparison purposes with
literature data, the offset temperature of Ty, is used for the discus-
sion, while Table $3 contains both T, as determined from peak
onset and offset. Taken together, the data provide the basis to build
a temperature-composition phase diagram up to xpipca = 0.41, see
Fig. 3. To the best of our knowledge, this is the first report of a
molecular perovskite-related eutectic mixture, showcasing the appli-
cability of established concepts to tailor the thermal properties of
melting coordination polymers.

The decreased Ty, of [PrsNBu]Mn(C;N3)s by the formation of
a eutectic mixture with Li(C;N3) as a modifier provides improved
opportunities for glass formation compared to currently employed
TGA-DSC-based processes. Additionally, opening the gap between

500 T T T
.Tliq L4 Tml. TSE
L
450
Swie wignt *+ L

¥
g
2
© 400 - Siioca + Swp HighT §
a
£ ~ ~
] . ° o
=

350 E

Stioca * Swp Lowt
300 - E
1 1 1
0 0.1 0.2 0.3

XLipca

FIG. 3. Partial phase diagram of the binaryLi(CzN3)-{PrsNBuJMn(C2N:)3 system
at ambient pressure showing simple eutectic behavior, with S = solid phase,
L = liquid phase, MP = molecular perovskite, and LIDCA = Li(CzN3). We would
like o note that the phase diagram was built from DSC data of the initial heating
run up to xypca = 0.41 since Ty of mixtures with higher mole fractions (xypca
=0.41, 0.45, 0.49, 0.58, 0.66) are not possible to determine. For small mole frac-
tions, we observed a very weak signal without a clear peak onset and offset, and
for larger mole fractions, we assume that Ty, raises quickly above the temperature
where trimerization of Li(C;N3) and/or decomposition of [PrsNBuJMn(C2Ns)s start.

scitation.org/journallapm

Twm and T is expected to further suppress any potential decompo-
sition processes. To demonstrate this, we performed simple model
experiments by heating 20 mg of mixtures near the eutectic (xLipca
=0.38 and 0.41) to 443 or 441 K in a glass vial under Ar atmosphere,
see method details in the supplementary material (S-5). Initial melt-
ing started after 10 min, and after 30 min, the melting process was
completed. After cooling slowly to room temperature, the remain-
ing solids were transparent and had a drop-like appearance, see Fig.
S4. Comparing the PXRD pattern prior to and after melting of the
mixture closest to the eutectic (xLipca = 0.41), all sharp reflections
disappeared, see Fig. S23. For the mixture of xiipca = 0.38, how-
ever, evidence for crystalline domains remained, which is expected
from the observed recrystallization event in the DSC traces of the
xupca = 0.38 mixture when cooled slowly, see Figs. 521, 522, and
§$30. Importantly, an excess of Li(C;N3) (xLipca = 0.41 and higher)
avoids any recrystallization even when cooled slowly. This suggests
that the composition of the eutectic mixture is at a mole fraction
of approximately xiipca ~ 0.4. In parallel, for all mixtures with
a mole fraction xppca > 0.41-0.66, a clear glass transition Ty is
visible, which decreases from Ty = 312.3 K (xupca = 0.41) to Ty
= 301.3 K (xipca = 0.66), see Figs. §31-535. Furthermore, misci-
bility of [PrsNBu]Mn(C:N3)s and Li(CyNa) in the liquid state is
assumed since only a single Ty was obtained for mixtures between
xuipca = 0.41 and 0.66, see Figs. $31-535. Therefore, Li(C2N3) is a
suitable modifier for tailoring the melting behavior of the molecular
perovskite [PrsNBu]Mn(C;N3)s.

CONCLUSION

We report the synthesis of the new molecular perovskite
[PrsNBu]Mn(C;N3)s, investigate its melting behavior, and show
that Li(C;N3) is a suitable eutectic forming glass modifier. For the
eutectic mixture at xpipca = 0.4, we observe a decrease of T, of
30 K and show that a CP glass can be obtained even when cooled
slowly. Our results underpin that established principles for inor-
ganic glasses are a suitable compass for progressing the area of
CP glasses, and specifically, the use of eutectic mixtures provides
a myriad of opportunities to alter the glass’ resulting macroscopic
properties.

In going forward, the use of “non-innocent” glass modifiers,
i.e.,, modifiers with an intrinsic physical property, such as opti-
cal activity or interesting photophysics, might offer a pathway to
incorporate new properties in the resulting glass beyond its impact
as a modifier per se. For instance, for an AX modifier, A* might
be optical active while X~ guarantees high miscibility with the
parent material when chosen according to the chemistry of the
glass forming CP. Additionally, we propose that established for-
mulas that describe the underlying solid-liquid thermodynamics
can guide the search for other potential eutectic formers for CP
forming glasses such as purely organic [C2N3] -based modifier salts
with suitable melting temperatures for [C;N3]™-based molecular
perovskites. Future research opportunities include the investigation
of materials’ mechanical properties, such as compressibility, bulk
moduli, and thermal expansion behavior, as a function of mole frac-
tions xvinca. Therefore, we believe that the use of modifiers will
become an increasingly important research branch in the field of
CP glasses, for which our results provide an important fundamental
groundwork.
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SUPPLEMENTARY MATERIAL

See the supplementary material for the complete material
synthesis, characterization and thermal analysis of the studied
perovskite, modifier salts, and perovskite-modifier mixtures.
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2.2. Study Il: 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 (3-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
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ABSTRACT: Porphyrin-based metal—organic frameworks
(MOFs) are attractive materials for photo- and thermally activated
catalysis due to their unique structural features related to the
porphyrin moiety, guest-accessible porosity, and high chemical
tunability. In this study, we report the synthetic incorporation of
nonplanar f-ethyl-functionalized porphyrin linkers into the
framework structure of PCN-222, obtaining a solid-solution series
of materials with different modified linker contents. Comprehen-
sive analysis by a combination of characterization techniques, such
as NMR, UV—vis and IR spectroscopy, powder X-ray diffraction,
and N, sorption analysis, allows for the confirmation of linker

H,Et,TCPP

e

H,TCPP

Mixed-linker
PCN-222
solid solutions

incorporation. A detailed structural analysis of intrinsic material properties, such as the thermal response of the different materials,
underlines the complexity of synthesizing and understanding such materials. This study presents a blueprint for synthesizing and
analyzing porphyrin-based mixed-linker MOF systems and highlights the hurdles of characterizing such materials.

B INTRODUCTION

In catalysis, the concept of multifunctionality is prominent to
exploit synergistic effects or for tandem catalysis where more
than one catalytic transformation is performed within one
system.' ™ Due to their enormous design flexibility and
tunability, metal—organic frameworks (MOFs) have emerged
as a promising material platform for the realization of
multifunctional synthetic systems.'”” MOFs are built from
metal nodes and linkers, and either of these components can
be varied to obtain a multifunctional porous system. Likewise,
several functionalities can be integrated either in situ or
postsynthetically, making MOFs into an exciting material
platform.*~"" This allows for the synthesis of different
catalytically active MOFs, and the study of their specific
properties via advanced/in situ characterization techniques,
ideally revealing structure—property relations and catalysis
insights. Exemplarily, molecular catalysts are frequently
incorporated into established MOF scaffolds to introduce
further reactivities.'"""*

Porphyrin-based MOFs with porphyrins as linkers are
predestined for the design of multifunctional catalysis due to
(1) the capability of porphyrin core metalation with a large
variety of transition metals allowing for several catalytic
applications, and (2) the large pore volumes where even
sterically demanding guests can be incorporated without
significantly preventing molecule diffusion within the
pores.”" ™7 In parallel, significant synthetic challenges have
to be faced when working with Zr-based frameworks since

© 2024 American Chemical Society

< ACS Publications 2122

different framework topologies are accessible based on the
combination of the same building units such as Zr-oxo-clusters
and porphyrin linkers. Therefore, precise tuning of reaction
conditions is important for phase-pure synthesis as was
recently shown for PCN-222 and PCN-224 as model
systems.m_” Changing any synthetic conditions or reaction
parameters, which include subtle changes in the chemistry of
linker molecules, might therefore result in altered outcomes.
One prominent strategy for the implementation of new
functionalities based on a Zr-based framework is a mixed-linker
approach.”*** This renders pore blockage unlikely since the
functionality is part of the linker, leaving free pore space.
Therefore, a rational choice is f-functionalized porphyrins, e.g.,
with halides or alkyl chains attached to the macrocycle, with a
similar structure motif as conventionally used porphyrin
linkers. Previous reports have shown that the chemical
functionalization of the porphyrin with ethyl groups results
in a conformational flexibility from planar to nonplanar®®*’
where the nitrogen atoms are located out-of-plane.”**” This
results in a high basicity enabling metal-free catalysis and
preferable kinetics for metal incorporation into the porphyrin
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Figure 1. Structure of PCN-222 (middle, CCDC code BEDYEQ)'® and schematics of porphyrin linkers H,TCPP (left; top and side-view) and the
functionalized bulkier linker H,Et; TCPP (right; top and side-view) that are used in this work in a mixed-linker solid-solution approach (color
code: C, N, O, and H are shown in dark gray, blue, red, and light gray).

core, which usually has to change its conformation for
metalation (especially for metals of larger size like Ru, Rh,
etc.).”’ Therefore, adding nonplanar porphyrins such as
2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-tetrakis(4-
carboxyphenyl)porphyrin (H,Et;TCPP) as a linker in MOF
synthesis may unlock further functionalities and/or material-
property-relations compared to the parent porphyrin-based
material, while keeping the underlying network topology.

By varying (and controlling) one crucial structural
parameter, i.e., the porphyrin modification, we here provide a
systematic study of the impact of linker modification and its
framework amount on the MOF properties. In this pursuit, we
used the mixed-linker strategy to incorporate the nonplanar
porphyrin (H,Et;TCPP) in PCN-222, which is a porphyrin-
based Zr-MOF with a 3D network architecture and an
underlying Kagomé-like topology (Figure 1). We prepared a
series of mixed-linker solid-solution PCN-222 analogues with
different contents of nonplanar porphyrin and thoroughly
analyzed the resulting materials by "H NMR, infrared (IR) and
UV—vis spectroscopy, powder X-ray diffraction (PXRD), N,
sorption measurements, inductively coupled plasma mass
spectrometry (ICP-MS), thermogravimetric analysis (TGA),
and scanning electron microscopy (SEM). Moreover, we
performed variable-temperature PXRD (VTPXRD) experi-
ments to investigate the structural consequences of the
integrated bulkier linker H,Et;TCPP in this series of
functionalized PCN-222 derivatives as a function of temper-
ature. Additionally, material properties, such as pH stability,
fluorescence, and metalation capability, are examined. Thus,
the detailed investigation of structural and chemical properties
of functionalized MOFs accessible via a mixed-linker approach,
realized by a combination of different characterization
techniques, presents an important step toward understanding
and controlling multifunctional MOF synthesis and highlights
the synthetic and subsequent analytical challenges in obtaining
such multifunctional materials.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The porphyrin linker
5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin (H,TCPP)
was prepared according to a literature procedure,” while
2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-tetrakis(4-
carboxyphenyl)porphyrin (H,Et;TCPP) (Figures SI and S2)

2123

was prepared via saponification of the ester precursors.’> Both
were analyzed with 'H NMR and UV-vis spectroscopy
(Figures S3 and S6). The H,Et;TCPP and its ester analogue
could be crystallized as dication salts in the orthorhombic
space-group Pnma (see Figures S4, S5 and Table S1 for details
of crystal structure solution). PCN-222 was synthesized with
H,TCPP as the organic linker by following a published
pmcedure.lT The incorporation of H,Et;TCPP into the MOF
framework, i.e., applying H,Et;TCPP as a linker, was achieved
via a mixed-linker approach (Figure 2). Different molar ratios

Modulator PD BEY,

H,TCPP/ \ (
H,Et, TCPP

H,Et, TCPP

2r0CI, x 8H,0

Figure 2. Schematic of the approach to synthesize and characterize a
series of mixed-linker PCN-222 type MOFs. After MOF synthesis, a
combination of analytical techniques [PXRD, N, sorption analysis
(BET), solid-state UV—vis, and "H NMR spectroscopy] was applied
to determine the underlying structure and composition.

of H,Et;TCPP and H,TCPP were used in the synthesis of
PCN-222 where both linkers were added simultaneously (see
the experimental and SI S2 for detailed synthesis protocols).
After solvothermal synthesis, the MOF powders were
isolated by centrifugation, washed, and characterized by 'H
NMR spectroscopy to determine the varying molar ratios of
H,TCPP and H,Et,TCPP (Figures 3b and S6, S7). For 'H
NMR spectroscopy, the MOFs were digested in a DCI/
DMSO-d, solution (0.1 mL/0.3 mL). The molar ratio of both
linkers was calculated by comparison of the phenyl signal
integrals of H,TCPP (8.55, 8.62, and 8.75 ppm) and
H,Et;TCPP (8.38 and 8.64 ppm), respectively (Table S2).
Note that the signals in the 'H NMR spectrum of H,TCPP
and H,Et;TCPP were slightly shifted in the spectrum of the
dissolved MOF (8.49, 8.55, and 8.69 ppm for H,TCPP and
8.35 and 8.61 ppm for H,Et,TCPP) as a result of an acid-
based concentration dependent proton shift. For an accurate
determination of the H,Et;TCPP content in the MOFs, three

https://doi.org/10.1021/acs.inorgchem.3c03943
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Figure 3. (a) Normalized solid-state UV—vis spectra of 72EtP-PCN-222, SOEtP-PCN-222, and 20EtP-PCN-222 were compared to PCN-222. (b)
Solution-based "H NMR spectra of digested 72EtP-PCN-222 compared to the linkers HyEt;TCPP and H,TCPP in the range of the porphyrin
signals (measured in DCI/DMSO-dy). (c) PXRD data of PCN-222 with 0, 20, 59, 72, and 100 mol % H,Et,; TCPP compared to the calculated
pattern of PCN-222. (d) N, adsorption isotherms at 77 K were determined for as-synthesized PCN-222, 20EtP-PCN-222, S9EtP-PCN-222, and

72EtP-PCN-222.

different spectra of the same acid-digested MOF were recorded
to obtain a weighted average and a standard deviation.
Three H,Et;TCPP modified PCN-222 materials with
different H,Et;TCPP content were synthesized: 20EtP-PCN-
222 (20 mol % H,Et,TCPP, 80 mol % H,TCPP in PCN-222),
SOEtP-PCN-222 (59 mol % H,Et,TCPP, 41 mol % H,TCPP
in PCN-222), and 72EtP-PCN-222 (72 mol % H,Et,TCPP,
28 mol % H,TCPP in PCN-222). Importantly, we stress that
both 20EtP-PCN-222 and 72EtP-PCN-222 were obtained by
weighing in 20 mol % and 80 mol % H,TCPP for the mixed-
linker synthesis; the difference between both synthetic
approaches was a different batch of H,Et;TCPP linker,
which differed in size of single crystals, i.e., single crystals
compared to a more powdered sample of H,EtTCPP. In our
experiments, we have observed that this has a rather large
impact on the solubility of H,Et;TCPP, and overall, in the
amount that is incorporated into the MOF. This finding agrees
with the general view that even small changes in synthetic
parameters can have a large impact on the composition and
morphology of the product.’”*" Thus, with the same amount
of linker used for synthesis, the more powdered H,Et,;TCPP
batch—and therefore the more soluble batch—resulted in
72EtP-PCN-222 while, with the more crystal-like batch,
20EtP-PCN-222 was obtained. A similarly large impact of
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linker solubility on the synthetic outcomes has previously been
reported.

The IR spectra of the four materials did not show significant
variations (Figure S11), while changes of the porphyrin’s Soret
and Q bands were discernible in the solid-state UV—vis spectra
(Figures 3a and S12). With increasing amount of H,Et,TCPP
in the MOF, the development of H,Et;TCPP bands in the
ranges 450—530 nm (Soret & Q bands) and 680—720 nm (Q
bands) is observed, confirming the incorporation of
H,Et;TCPP into the material network. Additionally, analysis
of the different materials with confocal microscopy allowed for
the evaluation of their optical properties. The fluorescence of
the samples decreases upon nonplanar porphyrin incorporation
(Figure S21), which agrees with the reported lower
fluorescence properties of H,EtyTCPP compared to
H,TCPP.*® It has to be noted that this method allows for
only qualitative discussions of the fluorescence. Additionally,
no general trend in fluorescence properties depending on the
nonplanar porphyrin content was observable.

PXRD of the synthesized materials revealed phase purity and
clear Bragg reflections for H,Et;TCPP modified PCN-222
derivatives with up to a stoichiometry of approximately 80 mol
% H,Et;TCPP. The PXRD patterns of all materials were
similar to that of PCN-222 (Figure S8). PCN-222 itself was
reported to crystallize in a hexagonal crystal system (space-
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group P6/mmm) with a csq topology and the Zrg oxo cluster
with an eightfold connectivity.'*® Based on the PXRD
pattern, where no changes in peak number and peak intensities
were observed, we conclude that the mixed-linker solid-
solution series of EtP-PCN-222 forms isostructural single-
phase solid solutions. Raising the H,EtTCPP content in the
MOF (above 72 mol %) resulted in a significant increase of the
peak width of Bragg reflections, which we ascribe to a
decreasing size of diffraction domains (Figure S8). For
instance, the PXRD pattern of synthesized PCN-222 with
100 mol % H,Et;TCPP still features the main Bragg reflections
of PCN-222; however, with significantly increased full width at
half-maximum. In turn, this material was not used for further
studies. Therefore, based on PXRD analysis, the isostructural
series of PCN-222, 20EtP-PCN-222, S9EtP-PCN-222, and
72EtP-PCN-222 is suitable for studying properties as a
function of compositional changes.

SEM images of the powdered samples are in good
agreement with published shapes and morphologies of PCN-
222 from the literature.'”*”** The images show that the rod
shape and morphology of the crystals were maintained upon
porphyrin modification—excluding a change in topology
(Figures S17—520). Simultaneously, no particle agglomeration
of the rods—which show a flat surface—was observable. The
size of the crystals was of the same order of magnitude
independent of the degree of functionalization.

After establishing the composition and structure of the
mixed-linker series, we would like to note that other
approaches were demonstrated in the literature to incorporate
(linker) molecules into MOFs postsynthetically, such as
solvent-assisted ligand incorporation (SALI) or solvent-
assisted linker exchange (SALE).¥~"' The latter could be
applied in our case to further increase the content of
H,Et,;TCPP in the synthesized MOFs since the content of
H,Et;TCPP in PCN-222 accessible via the mixed-linker
approach presented here is limited to a certain amount (here
up to 72%). The reaction conditions for SALI and SALE are
rather similar, soaking the synthesized MOF in a linker
solution at elevated temperatures. Therefore, the coordination
of the linker cannot be controlled, i.e., linker exchange and
coordination to the unsaturated Zr-node into the pores are
possible—comparable to the MOF synthesis itself. Thus, due to
the entailing characterization challenges (and likely no benefits
toward understanding resulting material properties), this
approach was not further followed.

N, sorption properties of PCN-222 and its H,Et;TCPP
modified analogues were investigated, encompassing the
evaluation of N, adsorption quantities and Brunauer—
Emmett—Teller (BET) surface areas. The isotherms observed
in sorption analysis suggest the presence of both micro- and
mesopores, which is comparable to N, sorption properties
reported for PCN-222 materials (type IV isotherms).'®*"**
With increasing amount of H,Et;TCPP, a decrease in the
adsorbed N, quantity and BET surface area was observed
(Figure S9). For instance, for PCN-222 we obtained a BET
surface area of 2079 + 6.9 m? g_l, while the surface area
decreased to 1744 + 15 m? g™' for 20EtP-PCN-222, 1594 +
12 m* g7' for SOEtP-PCN-222 and 1512 + 10 m* g™' for
72EtP-PCN-222, i.e.,, a monotonic decrease of BET surface
area with increasing amount of H,Et,TCPP (Figure S10). This
is ascribed to reduced pore space due to the incorporation of
the bulkier porphyrin linker with ethyl groups and is in a
similar range to porphyrin metalation.'**”"*** We note,
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however, that the remaining porphyrin linkers in the pore
space after washing cannot be fully excluded. Using the related
Fe(III)Cl complex of H,EtgTCPP in PCN-224 (which
crystallizes in the Im3m space group with a she topology)
showed that the decrease of surface area upon ethyl porphyrin
incorporation is smaller;*” however, this phenomenon is also
observed upon metal incorporation.’”**

The thermal stability of the materials was analyzed by TGA,
where all four materials showed similar thermal stabilities up to
approximately 405—41S °C (Figures S13—S16). These
decomposition temperatures are comparable to previously
published temperatures of PCN-222.'*"*> Furthermore, the
amount of point defects, i.e., linker defects and/or missing
node defects, was determined based on the TGA traces since
Zr-MOFs are prone to defect formation.'”™'?**%47 [
general, the amount of H,TCPP linkers derived from the
ideal sum formula is two. Based on our analysis which follows
an established protocol from the literature,™ the real linker
quantity was calculated to 2.53 for PCN-222, 2.08 for 20EtP-
PCN-222, 2.20 for S9EtP-PCN-222, and 2.27 for 72EtP-PCN-
222, which is in the typical range for PCN-222 materials
(Table $3).**

In summary, the presented characterizations show that a
combination of different analytical techniques is necessary to
evaluate the incorporation of modified linkers into the desired
MOF. While PXRD gives insights into the average MOF
structure, phase purity, and crystallinity, the degree of
modification can be followed by 'H NMR and solid-state
UV-—vis spectroscopy, supported by N, sorption measurements
and TGA.

Material Properties. In addition to the detailed character-
ization of the materials, their thermal, chemical, and catalytical
properties, and metalation capability (compared to PCN-222)
were studied.

Given the conformational change from planar to nonplanar
linkers (Figure 1), the framework flexibility is anticipated to
alter across the series of chemically modified PCN-222
derivatives. To assess this flexibility, we investigated the
thermal expansion as a proxy'”*" through VTPXRD experi-
ments in the range of 150 < T < 400 K. Accordingly, Pawley
profile fits were performed using P6/mmm symmetry for
extracting PCN-222’s lattice parameters (a,c) and volume (V)
as a function of increasing H,Et; TCPP content (Tables S4—S7
and Figures $23—526). We observe changes in the hexagonal
lattice parameters when varying the H,TCPP/H,Et;TCPP
composition (Figure S31). Looking at the VTPXRD data along
the PCN-222 series (Figures S27—530), no clear trends were
visible in the individual data sets (Figures $32—534), making a
reliable calculation of thermal expansion coefficients impos-
sible. From a qualitative inspection, we observe only a stronger
sensitivity of the defect-poor 20EtP-PCN-222 (Table S3),
showing the largest volume reduction (Figure S34) related to
the decrease of a (Figure S33a). For PCN-222 and 72EtP-
PCN-222, more linkers are integrated which probably limits
the framework flexibility—in accordance with the hypothesis
of a decreased thermal responsiveness with increasing guest
content.”’ This is supported by a study on UiO-66(Hf) series
where negative thermal expansion is reduced for higher defect
concentration in the framework.’> This is rather counter-
intuitive since the framework flexibility and hence the
thermomechanical response is expected to be greater in a
defect-rich framework, i.e,, in a less rigid network. We would
like to note here that the interplay between the modulator in
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the pores, defects, and the integrated nonplanar H,Et;TCPP
represents a more complex case that remains only rarely
described in the literature. Furthermore, we cannot exclude
surface area/particle size effects stemming from different
particle sizes of the samples (Figures $17—520), although we
expect this to be a minor contribution. Due to this complexity,
extensive experimental work to selectively remove the
modulator fully was not performed due to potential adverse
effects on linker ratios, crystallinity, etc.

In addition to the thermal stability and their thermal
response, the chemical stability of PCN-222 and its
H,Et,TCPP functionalized analogues were evaluated with
S9EtP-PCN-222 as a representative example for the series with
>50 mol % modified linker. The stability of H,TCPP-based Zr-
MOFs has previously been confirmed in aqueous media within
a broad pH range (0—-11).%* Testing the stability of the
materials synthesized here in basic solutions was necessary to
avoid protonation of the porphyrin core of H,Et;TCPP for
potential applications, such as metal-free catalysis. Both MOFs
were soaked in different aqueous sodium hydroxide solutions
at room temperature for 24 h with specific pH values: 8.0, 8.5,
10.3, 11.0, and 12.3. In the NaOH/H,O solution with pH =
12.3, both MOF samples rapidly decomposed. For all other
solutions, no change compared with pure H,O was apparent.
After washing the MOF with water and subsequent drying, the
powder was analyzed by PXRD. The patterns of each sample
showed the typical Bragg reflections for PCN-222 and
crystallinity was maintained up to pH = 11 for both base-
treated PCN-222 and S9EtP-PCN-222 (Figures S35 and S36).
The increased background for the latter soaked in pH = 11
solution results from sample preparation and the decreased
amount of solid material (a certain loss of very fine powdered
MOF upon washing and centrifugation needs to be taken into
account).

One promising feature of porphyrin-based MOFs is the
capability of introducing several transition metals in the
porphyrin core, which allows for various applications,
especially in catalysis. Therefore, the metalation ability of
H,Et;TCPP functionalized PCN-222 via a postsynthetic
approach was explored. Rhodium was selected since its
integration is in general more challenging due to the metal’s
size compared to the space in the porphyrin core. The saddle
conformation of H,EtyTCPP is beneficial since the four N
atoms are already located out of plane, facilitating metal
incorporation (Figure 1). In a typical reaction setup, the MOF
was suspended in DMF with the addition of the metal
precursor (RhClLieH,0), and different setups were tested such
as heating to reflux versus heating in an oven without stirring
(see SITable S8 for details). After being washed and dried, the
MOF was analyzed by PXRD and ICP-MS to determine the
metal content. The results were compared with unmodified
PCN-222. Confirmed by the PXRD pattern, the structure and
crystallinity of EtP-PCN-222 were retained upon Rh
incorporation with both methods, while the crystallinity of
PCN-222 decreased after Rh metalation under reflux
conditions (indicated by the decreased signal-to-noise ratio
and broadening of Bragg's reflections, Figures S37 and $38).
ICP-MS analysis revealed comparable Zr:Rh ratios for both
MOFs with significantly higher ratios (ie., lower absolute
metalation) for the metalation method using an oven instead
of refluxing (Table S8). For complete metalation (100% of
porphyrins in the MOF metalated with Rh), a Zr:Rh ratio of 3
is expected (note that this is calculated from the ideal sum
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formula and does not take defects into account). Thus, less
than approximately 30% of the porphyrins are metalated in
both MOFs (Table S7). The results show that the metalation
capability of PCN-222 is not changed upon H,Et,;TCPP
modification and allows for the application of EtP-PCN-222,
e.g., in metal catalysis. A potential explanation includes that
while the nonplanarity of H,Et;,TCPP yields preferential
metalation kinetics at the porphyrin core itself, the protonation
of H,Et,TCPP to [H,Et,TCPP]*" is favored in the nonplanar
case under the applied conditions. Since deprotonation of
H,Et;TCPP is required for metalation, the latter is limited for
the nonplanar porphyrin, thus leading to comparable total
metalation in both cases.

B CONCLUSIONS

In summary, we report the preparation of a series of mixed-
linker solid-solution PCN-222 analogues with f-ethyl-function-
alized porphyrin linkers via a mixed-linker approach, showing
synthetic control over ethyl-porphyrin content over a large
range of 0—72 mol %. The successful incorporation of this
nonplanar linker into the framework was confirmed by a
combination of analytical techniques, such as "H NMR, solid-
state UV—vis and IR spectroscopy, PXRD, SEM, N, sorption
measurements, and TGA. We find that the material properties,
e.g., the BET surface area or the linker’s fluorescence, change
as the amount of modified linker increases. Thus, our work
presents an appealing strategy for the design of, in principle,
multifunctional systems with controllable modified material
properties and their detailed characterization. Additionally, this
PCN-222 case study highlights the need to thoroughly
characterize such mixed-component materials with several
complementary analytical techniques—currently often a caveat
in the MOF literature. It further showcases how rigidifying a
flexible/nonplanar molecule (here H,Et,TCPP) in a MOF
backbone gives rise to altered and complex intertwined
material properties.

In theory, a straightforward characterization was expected
since only one parameter was altered in the synthesis, i.e., the
linker modification. However, our results highlight the
complexity arising from subtle linker variations, such as
different crystallinity, defect concentration changes, and altered
thermal and optical properties. Likewise, the showcased
increasing complexity upon subtle changes reinforces the
importance of fundamental studies with model systems and
their precise/detailed characterization. While the complexity of
porphyrinic MOF systems—starting with their synthetic
challenges—is already reported in the literature,"'*** further
investigations are required to understand these MOF
structures. This is particularly desirable, as their showcased
multifunctionality makes them interesting candidates to mimic
certain enzyme properties, i.e., the arrangement of different
functionalities in a confined environment. This would allow for
tailored molecular-level structure—property relationship con-
trol and will be the subject of future studies.

B EXPERIMENTAL SECTION

Material Synthesis. The linker synthesis of H, TCPP was adapted
from a literature known procedure.3 ' First, 5,10,15,20-tetrakis(4-
methoxycarbonylphenyl)porphyrin (TPPCOOMe) was synthesized
by adding pyrrole (3.09 mL, 44.9 mmol, 1.1 equiv) and methyl-p-
formylbenzoate (6.93 g, 42.3 mmol, 1.0 equiv) to refluxing propionic
acid (100 mL). After refluxing under continuous stirring for 22 h, the
precipitate was filtrated and washed with methanol (MeOH, 30 mL),
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ethyl acetate (EtOAc, 10 mL), and tetrahydrofuran (THF, 10 mL) to
yield the purple-colored product (5.45 g 6.44 mmol, 15% yield) (see
SI S2 for analytical data). Next, TPPCOOMe (1.00 g, 1.19 mmol, 1.0
equiv) was dissolved in a 1:1 mixture of THF/MeOH (70 mL) and a
solution of KOH (3.5 g, 62.4 mmol, 52 equiv) in H,0 (30 mL) was
added. The resulting mixture was refluxed for 15 h. After removal of
the organic solvents in vacuo, the solid was redissolved in H,O (150
mL) at 90 °C for 15 min. The solution was filtered and acidified with
1 M HCI (100 mL). The resulting green precipitate was filtered and
dried to obtain the product (864 mg, 1.09 mmol, 92% yield) (see SI
S2 for analytics). For the synthesis of H,Et, TCPP, 34-diethyl pyrrole
was synthesized following a reported procedure"" and the linker
synthesis was adapted according to a literature known procedure.’” A
solution of methyl 4-formyl benzoate (3.28 g 20 mmol) and 3,4-
diethypyrrole in dry CH,Cl, (1 L) was purged with argon for 20 min.
0.30 mL of BF;eOFEt, was added to the above solution, and the
reaction mixture was stirred at room temperature overnight. After
that, 3,4-dicholoro-5,6-dicyano-1,4-benzoquinone (DDQ, 2 g, 8.8
mmol) was added and the reaction mixture was stirred at room
temperature for 15 min. The solvent was evaporated, and the crude
compound was subjected to silica gel column chromatography. The
title compound was eluted using 1% EtOAc in CH,Cl, (30% yield)
(see SI for the analytical data of Et-TPPCOOMe). Et-TPPCOOMe
(0.490 g, 0.457 mmol) was dissolved in 30 mL of THF/MeOH (1:1
v/v) mixture. To this, 0.513 mg of KOH in 3 mL of H,O was added,
and the resulting mixture was heated to reflux overnight. The reaction
mixture was cooled to room temperature; the solvent was evaporated
under reduced pressure, and the crude compound was redissolved in
3—4 mL of H,0. 20% HCI was added dropwise to the aqueous
solution of porphyrin, and the green precipitate was filtered and dried
in vacuo to obtain the product (85% yield). The synthesis of PCN-
222 was adapted from a literature known procedure.'” *** In a 20 mL
screw cap vial, H;TCPP (and H,Et; TCPP for the solid solutions, see
quantities below) and ZrOCl,e8H,0 (117.5 mg 0.35 mmol, 4.6
equiv) were dissolved in N,N-diethylformamide (DEF, 15 mL). After
the addition of 4-fert-butylbenzoic acid (13.5 g 379 mmol, 473
equiv), the mixture was ultrasonicated for 10 min. Seed crystals were
added to increase the yield. The mixture was heated at 120 °C for 12
h in an oven. The solid was separated by centrifugation and soaked in
N,N-dimethylformamide (DMF, 3 X 35 mL) and acetone (3 X 35
mL), and dried in vacuo to yield the product. For dehydration
(=activation), the product was heated at 120 °C in vacuo (10> mbar)
overnight. Analytical data matched literature reports of PCN-222. For
the synthesis of PCN-222 solid solutions (EtP-PCN-222-20), the
general synthetic procedure for EtP-PCN-222 was followed; however,
the reaction was upscaled (X2) to increase the amount of product and
ensure homogeneity in the final H,Et;TCPP content. To achieve 20
mol % of H,Et;TCPP in PCN-222 100 mg of H,TCPP (0.127
mmol) and 32.0 mg of H,Et;TCPP (0.032 mmol) were used. Note
that the batch of H,Et,TCPP used for this synthesis showed a
crystalline nature comparable to H,TCPP, which seems to be crucial
for the solubility of the starting materials and thus the final amount of
H,Et,;TCPP in PCN-222. In the synthesis of EtP-PCN-222-59 (59
mol %) of HEt;TCPP in PCN-222 563 mg of H,TCPP (0.071
mmol) and 8.1 mg of H,Et;TCPP (0.008 mmol) were used. In the
synthesis of EtP-PCN-222-72 (72 mol %) of H,Et;TCPP in PCN-
222 50.8 mg of H,TCPP (0.064 mmol) and 15.8 mg of H,Et,TCPP
(0.016 mmol) were used.

Single Crystal X-ray Diffraction. SCXRD data were collected on
a Bruker Kappa Apex Duo instrument using CuK,, (4 = 1.54178 A)
and MoK, (4 = 0.71073 A) radiation. Suitable crystals were selected,
mounted on a MiTeGen microsample loop, and cooled to 100(2) K
using an Oxford Instruments Cryostream (Bruker ECO) and Cobra
(Bruker Kappa Apex Duo) low-temperature device for cooling
control. Bruker APEX™™" software package was used for data
collection and reduction, and space-group determination. Structures
were solved using intrinsic phasing with the SHELXT structure
solution program and refined with the SHELXL refinement package
using least-squares minimization with Olex2.** Crystal data and
details of data collection and refinement are given in the SI (Table
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S1). Crystals of the dication salts H,Et,TCPP and its ester analogue
were grown following the protocol developed by Hope, by dissolving
the compounds in CHCl,-MeOH/H,SO, or CHCL-DMSO and
allowing for slow evaporation over time.*’

Solid-State UV—Vis. All spectra were recorded on a Shimadzu
UV-3600 Plus UV—vis-NIR spectrophotometer. Powder samples were
fixed between two quartz glass slides for measurement. For the
measurement, the following parameters were used: medium scan
speed, slit width (20) with external (3Detector) unit, enabled stair
correction, baseline correction (BaSO, background), S/R exchange
normal, and slit and detector lock normal.

Adsorption Measurements. Adsorption measurements with N,
(99999 vol %) at 77 K were carried out on a 3Flex Physisorption
from Micromeritics Instrument Corp., which uses a volumetric
method to determine the amount adsorbed under an equilibrated gas
pressure. Adsorption data were processed using the 3Flex Software
Version 5.01 by Micromeritics Instrument Corp. and plotted in
OriginPro 2019b by OriginLab Corp. Samples were transferred into
preweighed sample tubes and capped with Micromeritics CheckSeals.
Samples were subsequently activated at 393 K for 12 h under a
dynamic vacuum (107 mbar) using a SmartVac Prep by Micro-
meritics Instrument Corp. to ensure the absence of unwanted
adsorbates and identical premeasurement states of all samples. In
particular, these unusually low activation temperature and time were
chosen for all samples to ensure structural integrity of the
immobilized molecular complexes, which are known to sublime and
decompose comparatively readily. The mass of the adsorbents was
then recorded (25—40 mg). The free space of the sample tube was
determined prior to measuring each adsorption isotherm using He
(99.999 vol %). The apparent surface area was derived using the BET
model, given as the 'BET area' and based on N, isotherms measured
at 77 K. To determine this value for microporous materials, care was
taken to adhere to the Rouquerol criteria.”""* The pore size
distribution (PSD) was derived by fitting N, isotherms (at 77 K)
with sets of theoretical isotherms (kernel) derived from two-
dimensional nonlocal-density functional theory-based methods for
specific pore sizes and geometry. As an approximation, cylindrical
pores on an oxide surface were assumed for all materials to allow for
comparability within this series. Fitting was done using the respective
kernel available via the 3Flex Software Version 5.01 by Micromeritics
Instrument Corp.**

Thermal Analysis. TGA was performed to compare the thermal
stabilities of the samples. All measurements were carried out using a
TGA/STA 409 PC apparatus from Mettler-Toledo Intl. Inc. under
flowing synthetic air from room temperature to 1000 °C. The onset of
significant decomposition temperature was determined by extrap-
olation of the linear range of the relative mass loss observed with a
continuous heating rate of S K min~". Linker defects of the samples
were calculated from TGA curves according to a literature known
method.”

Variable-Temperature Powder X-ray Diffraction. VIPXRD
measurements were performed in Debye—Scherrer geometry on a
STOE Stadi P diffractometer (STOE & Cie, Germany) equipped with
a DECTRIS MYTHEN2R 1K (Dectris, Switzerland) strip detector
using ge-monochromated Mo Ka radiation (4 = 0.70926 A). The
samples were prepared by fine grinding and sealing in borosilicate
glass capillaries with a diameter of 0.8 mm (Hilgenberg, Germany).
VTPXRD data were collected between 150 and 400 K using a
Cryostream 800 cooler (OXFORD Cryosystems, U.K.) for temper-
ature control with 20 K step size (and 10 K steps from 390 to 400 K).
In order to analyze VIPXRD data, we carried out Pawley profile fit
analysis using TOPAS v6 software.”*" Details of the Pawley
refinement are given in the SL

Inductively Coupled Mass Spectrometry. To obtain an
accurate quantification of the Zr and Rh amount immobilized in
MOF samples, [CP-MS for Zr and Rh, respectively, was conducted on
a PerkinElmer Nexlon 350D ICP-MS instrument. The respective
samples were immersed in concentrated 7.5 mL of nitric acid and 2.5
mL of H,0, 30% (v/v) and treated in the microwave at 150 °C for 10
min. Subsequently, the microwave-digested samples were diluted 1/
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100 with Millipore Milli-Q water. Each solvent was extra pure and
checked for possible analyte contaminations before measurement.
'%Rh and **Zr were used as target masses for the analytes and '"*In as
an internal standard. Analyte quantification was carried out in
standard mode with a correction equation to avoid polyatomic
interferences. The detection limit for Zr was 0.13 and 0.29 ug L™' for
Rh. The external calibration was performed in the range of 0—100 ug
L™". Each sample was measured with five measurement replicates, a
dwell time per S0 ms, and an integration time of 750 ms. The Zr and
Rh concentrations were blank corrected via measurement of the blank
samples.
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2.3. Study lll: Spin-State Dependent Pressure
Responsiveness of Fe(ll)-based Triazolate Metal-Organic

Frameworks

Switching response in Fe(ll)-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(l)-based MOFs, i.e. Fe(cta). ((cta)” = 1,4,5,6-tetrahydrocyclopentald][1,2,3]triazolate) and
Fe(mta). ((mta)- = methyltriazolate), that are in high-spin at ambient conditions compared to
the isostructural Fe(ta): ((ta)” = 1,2,3-triazolate), which is in its low-spin state. Here, we were
able to synthetically control the Fe(ll) 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), and Fe(cta).. 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. RO6R-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 115 (Diamond Light Source, UK). J. Wojciechowski
performed 3D ED experiments. S. M. Kronawitter, R. R6i3-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.
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Fe(i)-containing Metal-Organic Frameworks (MOFs) that exhibit temperature-induced spin-crossover
(SCO) are candidate materials in the field of sensing, barocalorics, and data storage. Their responsive-
ness towards pressure is therefore of practical importance and is related to their longevity and
processibility. The impact of Fe(i) spin-state on the pressure responsiveness of MOFs is yet unexplored.
Here we report the synthesis of two new Fe(i)-based MOFs, ie. Fe(cta), ((cta)” = 14,56-tetra
hydrocyclopentald](1,2,3]triazolate) and Fe(mta), ((mta)- = methyl[1,2 3]triazolate), which are both in
high-spin at room temperature. Together with the isostructural MOF Fe(ta), ((ta)~ = [1,2,3]triazolate),
which is in its low-spin state at room temperature, we apply these as model systems to show how spin-
state controls their mechanical properties. As a proxy, we use their bulk modulus, which was obtained
via high-pressure powder X-ray diffraction experiments. We find that an interplay of spin-state, steric
effects, void fraction, and absence of available distortion modes dictates their pressure-induced
structural distortions. Our results show for the first time the role of spin-state on the pressure-induced
structural deformations in MOFs and bring us a step closer to estimating the effect of pressure as a

rsc.li/materials-c stimulus on MOFs a priori.

Introduction

Metal-organic frameworks (MOFs) are built from inorganic metal
nodes and multitopic organic linkers, providing a large chemical
parameter space for synthesising materials with targeted func-
tionalities. On the most fundamental level, designing material
functionality means control over the materials’ responsiveness to
stimuli such as pressure, temperature, electric and magnetic
fields, and chemical triggers via composition and structure.'”
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In this work, we focus on hydrostatic pressure as a stimulus. In
2008, it was proposed that “[The MOFs'] well documented structural
complexities can be expected to yield unprecedented pressure-
induced phenomena”.® High-pressure research on MOFs over the
past 15 years has fulfilled these expectations, revealing a variety of
fascinating phenomena. Examples include pressure-induced struc-
tural flexibility with large volume changes as interesting for damp-
ing, shock absorbers, and mechanical energy storage;'® large
negative linear compressibility as a potential starting point for new
actuating technologies,”® pressure-induced postsynthetic modifica-
tion reactions of the metal node,” and defect-dependent material
stabilities'” with implications for material processing parameters.

As MOFs move closer to practical use, their mechanical
properties such as bulk modulus (B), or their compressibility
as the inverse, hardness, Young’s modulus, and stress stability
are attracting increasing attention.''™" Learning about the
relationships between chemical composition, structure, and
macroscopic mechanical properties, will allow these properties
to be targeted synthetically. In this context, B, and its linear
components, as a measure of the resistance of a MOF to
hydrostatic pressure are important parameters. These para-
meters are tied to interatomic potentials and the inner energy
of a crystal structure.'® Therefore, they are important measures
of how the MOF’s crystal chemistry as a whole, i.e. chemical
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bond strength, nature of chemical bonds, connectivity, avail-
able pore space, and defect chemistry together determine its
pressure responsiveness.

Over the past years, a few important principles between a
MOF’s crystal chemistry and B have been discovered.'>'®'” For
instance, in a comprehensive study by K. Chapman and O.
Farha on isoreticular MOF series with fcu and scu topology, a
relation between void fraction, linker length, and B has been
established.'® 1t has been found that within an isoreticular
MOF series, a larger void space (longer linkers) correlates to a
reduction of B. Moreover, it has been pointed out that MOFs
with rotated and out-of-plane bended linker molecules such as
DUT-52 (B = 17(2) GPa) and PCN-57 (B = 4.6(1) GPa) show a
significantly smaller B when compared to their isoreticular
counterparts with linear linkers (B between 21.1(6) and
37.9(6) GPa). This finding suggests that pre-distorted linkers
introduce preferred low-energy pathways for structural distor-
tion as a response to hydrostatic pressure. Furthermore, it has
been shown for NU-901 that post-synthetic incorporation of a
linker between two open metal-sites, a process known as
retrofitting,'® increases B.>° This result agrees with intuition
and with recent results from computation where a positive
correlation between metal-node connectivity and B has been
found.*' Additionally, it has been discovered that the coordina-
tion bond strength between the linker and the metal-node*
and the concentration of point defects influences B.'” Impor-
tantly, both factors also influence the critical pressure where
pressure-induced amorphisation occurs.” There has been
interest in the pressure-dependent spin-state of MOF-related
Hoffman-type clathrates®*™>® and the elastic properties of mole-
cular Fe(i1) SCO complexes,*”*® highlighting that changing the
spin-state significantly impacts B. The impact of the spin-state
of metal centres within the metal-node on the mechanical
properties of MOFs has not been explored to our knowledge.
Knowing about the role of coordinative bond strength in
determining B, it can be anticipated that the metal-centre
spin-state, which comes with a change in coordination bond
length and strength, will significantly impact the material
response to hydrostatic pressure.

Fe(ta), is a MOF with thermal SCO, (ta)~ = 1,2,3-triazolate.*”
Fe(ta), belongs to a larger family of isostructural MOFs, M(ta),
(with M2 = Cuh, Cdz*, Crz+/3+Y Mn2+, C02+, anav itid Mgz+)v3<)»34
where the divalent metal centres are octahedrally coordinated
by ps-bridging 1,2,3-triazolate ligands to form a 3D network
with two crystallographically independent Fe(u) sites, see Fig. 1.
Notably, the underlying topology is of type dia, or when treating
both Fe(n) sites independently, parallels to the structure of
B-cristobalite can be drawn. Initially, Fe(ta), has high intrinsic
electrical conductivity of 7.7 x 107 S em™",** which is sensitive
towards gas pressure®® and can be further increased upon
partial oxidation of metal centres via I, or thianthrenium
tetrafluorborate.’® More recently, Fe(ta), has been shown to
exhibit a large hysteresis SCO in a bistable region between
320 °C (heating) and 185 °C (cooling), associated with a change
of unit cell volume of approximately 22%, while retaining its
structural connectivity and cubic symmetry.*” Notably, the SCO
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Fig. 1 (a) Schematic of the isostructural dia-type network of Fei)-containing
MOFs investigated in this work. The modification in Fe(mta), and Fel(cta), has a
significant impact on the void fraction which is reduced in Fe(mta), and Fe(cta),
when compared to Fe(ta),. In (b—d) a visualisation of metal nodes of Fe(ta); (b),
Fe(mta), (c), and (d) Fe(cta), is shown, where the colour-code highlights the
different coordinating triazolate ligands used in this work. For visualisation
purposes, disorder of the —CHz group of (mta)™ is not shown in (c). Likewise,
H atoms were deleted for clarity. Colour-code: brown spheres — carbon, blue
spheres - nitrogen; different colour saturations of polyhedrons indicate the
two crystallographically independent Fe(i) sites.

comes with a significant change in Fe-N bond lengths
(Ad = 0.18-0.21 A), which accounts for the changes in unit cell
volume. Long-range cooperativity was recently found to be
responsible for the large hysteresis of the SCO in Fe(ta),.*®

Drawing inspiration from the extensive work on Fe(u)-
containing SCO compounds such as Hofmann-type clathrates
and molecular complexes,™ we expect that chemical modification
of the (ta)” backbone impacts the critical temperature of the SCO
transition. For our purpose, ie. the study of Fe() spin-state on the
pressure response, we seek to decrease the SCO temperature
below room temperature while maintaining the overall connectiv-
ity and cubic symmetry of the material. Together with Fe(ta),,
such a compound would provide a model system for studying the
impact of Fe(u) spin-state on the compressibility.

Here we report the synthesis of Fe(cta), ((cta)” = 1,4,5,6-tetra
hydrocyclopenta[d][1,2,3]triazolate) and Fe(mta), ((mta) = methyl
[1,2,3]triazolate), two new Fe(u)-based MOFs that are in their high-
spin state at room temperature. We apply Fe(cta), as model system
for exploring the impact of spin-state on the pressure response of
Fe(u) containing MOFs via high-pressure powder X-ray diffraction
(HPPXRD). It is shown that Fe(ta), and Fe(cta), exhibit similar B
which is ascribed to the difference in void fraction and Fe-N bond
strengths as counteracting effects. The results advance our under-
standing of the crystal chemical factors that contribute to the
mechanical properties of MOFs, knowledge that is of increasing
importance when considering their potential as working media in
barocalorics* and mechanical energy storage.'

Results and discussion
Material synthesis and characterisation

Fe(ta), was synthesised by following a previously established
route,””?* and similar procedures were used for the synthesis of
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Fe(cta), and Fe(mta),, see ESIT for synthetic details (S-2). We
would like to mention that H-ta (1H-1,2,3-triazole) is commer-
cially available, while H-cta (1,4,5,6-tetrahydrocyclopenta-1H-
1,2,3-triazole) and H-mta (4-methyl-1H-1,2,3-triazole) were
synthesised by following adapted synthetic procedures from
the literature, see ESIf for details (5-2)."*"* After synthesis of
the MOFs, IR spectroscopy was performed, where signals from
stretch vibrations of cyclopentyl and methyl hydrogen atoms
between 2800-3000 cm ' confirm the presence of (chemically
modified)-triazolate linkers in the obtained powders (Fig. S2,
ESIT). To remove potential residual N,N-dimethylformamide
(DMF), Fe(cta), and Fe(mta), were washed with methanol
(MeOH) and dried in vacuo at room temperature (for Fe(cta),)
or at 280 °C (for Fe(mta),). Thermogravimetrical analysis (TGA)
and differential scanning calorimetry (DSC) of Fe(cta), and
Fe(mta), show that both compounds exhibit a relatively high
thermal stability with a decomposition onset at approximately
670 K (Fig. S4 and S5, ESIf). This is slightly higher than
previously observed for Fe(ta),, where decomposition processes
start at approximately 613 K.>° Similarly to Fe(ta),, no evidence
for the release of solvent molecules from potential void space
was observed for both compounds (Fig. $3-S5, ESIT).

Since the applied synthetic route led to crystalline powders
of Fe(ta),, Fe(cta),, and Fe(mta),, powder X-ray diffraction
(PXRD) was used for structure analysis, see ESIT for details
(Fig. 13, S16, and Table S3). In an initial step, the synthesis of
phase pure Fe(ta), was confirmed via a Pawley profile fit
analysis, and subsequently, atomic positions were obtained
by Rietveld refinements (Fig. 2(a) and Fig. S22, ESIY). Fe(ta),
was refined in the previously reported cubic structure, space-
group Fd3m (a = 16.5969 A). The obtained Fe-N bond lengths
(Fe1-N1 = 1.9736 A and Fe2-N2 = 1.99082 A) are indicative for
Fe(u) centres in their low-spin state, which agree with the
literature.”® Visual comparison of all PXRD pattern suggests
that Fe(ta),, Fe(cta),, and Fe(mta), are isostructural MOFs,
which was confirmed via Rietveld-based structure refinement,
see ESIT for refinement details (Fig. 2 and Fig. S16, S-19-5-21).

a b
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a=16.5969 A a=182301A
— Exp. Data — Exp. Data
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Fig. 2 Rietveld refinements against high-resolution PXRD pattern at
ambient pressure of Fe(ta), (a) in green and Fe(cta), (b) in purple. Experi-
mental data is shown as dark line, the calculated data from Rietveld
refinement as light line, and the difference curve (fit — data) as grey line.
Reflection positions are shown as black vertical tick marks. Rietveld fit of
Fe(mta); is given in the ESIT (Fig. S20).
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The structures of Fe(cta), and Fe(mta), were refined in the
cubic space-group Fd3m with lattice parameters of a = 18.2301 A
(Fe(cta),) and a = 17.3175 A (Fe(mta),) (Fig. 2). Compared to
Fe(ta), (Fig. S20, ESIT), where Fe(u) centres are in their low-spin
state at room temperature, the observed Fe-N bond lengths of
Fe(cta), and Fe(mta), (i.e. Fe()-N > 2.0 A) indicate that both
compounds are in their high-spin state. This was confirmed by
variable temperature magnetic susceptibility measurements in
the temperature range between 2 and 700 K of all compounds,
see ESIf for detailed data interpretation (Fig. S9 and S-12). To
further verify structure refinement from PXRD data, 3D elec-
tron diffraction (3DED) at variable temperatures between
173 and 373 K was applied for structure solution from small
crystallites, for experimental details and crystallographic out-
comes see ESIf (Tables S8, S9 and Fig. S35-S38). The 3DED
structures at room temperature, including bond distances and
lattice parameters of the high-spin MOFs Fe(cta), (Fel-N1 =
2.223(18) A, Fe2-N2 = 2.231(15) A, and a = 18.19(10) A) and
Fe(mta), (Fel-N1 = 2.198(15) A, Fe2-N2 = 2.117(14) A, and
a = 17.26(9) A), are in close agreement to the results from the
Rietveld analysis.

Therefore, the backbone modification of the triazolate linker
impacts the critical temperature of the SCO effect and its nature.
With increasing bulkiness of the chemical modification, ie. (ta)”
< (mta)” < (cta) , the SCO temperature decreases and sup-
presses hysteretic behaviour. By drawing parallels to molecular
SCO complexes,* this is rationalised by steric effects which
provide an energy penalty for compression of the frameworks
into the low-spin state. Especially in the high-spin Fe(cta), frame-
work, opposing hydrogen atoms of the (cta)” ligands are already
in a repulsive range, with distances of H7A-H7A 2.1008(82) A and
H6A-H6A 2.1763(85) A when looking at the 3DED data. In
Fe(mta),, the larger distances between the methyl groups allow
for more flexibility, although their steric demand still results in a
significant shift of the phase transition to lower temperatures, as
well as a two-step transition behaviour. Moreover, residual DMF
trapped in the voids of the as-synthesised Fe(mta),-as seems to
contribute to the steric crowding, causing a smeared-out transi-
tion at lower temperatures (Fig. S6, S7 and S9, ESI). In addition,
we calculated the void fraction of all three materials via Platon*
(SOLV option), see Table 1. As expected, chemical modification of
the (ta)” backbone in Fe(cta), significantly decreases the existing
void fraction compared to Fe(ta),, which can be expected to
significantly influence the materials’ pressure responsiveness.

Overall, a series of isostructural triazole-based Fe(i1) MOFs is
obtained where Fe(u) centres are in different spin-states at
ambient conditions. These represent a good model series to
study the impact of spin-state on their pressure response. An
overview of structural and magnetic data of Fe(ta), and Fe(cta),
is given in Table 1 and full crystallographic data, including
details of structure refinement is given in the ESL}

High-pressure structural response

With the isostructural series of Fe(ta),, Fe(cta),, and Fe(mta),
on hand, we used HPPXRD to investigate the impact of varying
spin-state of Fe(n) on the MOF’s response to hydrostatic
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Table1 Overview of structural and magnetic data for Fe(ta), and Fe(cta),.
Bs were calculated by using the 2"? B—M equation of states fits via EOSFit.
Because of the pressure-induced phase transition in Fe(mta),, no B was
calculated. Void fractions were calculated in PLATON (using SOLV option)
based on the Rietveld refined structures in this work. The Fe()-N bond
distances were derived from Rietveld refinement. The calculated void
fraction of Fe(ta), including bond distances is in good agreement with
previous structural reports (*26.2% - CCDC 837468 and 27.6% — CCDC
1963573)

MOF Fe(ta), Fe(cta),

Spin-state Low-spin High-spin
Void fraction/%* 25.8 5.9

Fe(n)-N/A 1.9736(Fe1-N1) 2.15631(Fe1-N1)
1.99082(Fe2-N2) 2.09172(Fe2-N2)
B/GPa 28.2 + 0.2 29.5 + 0.5

pressure as a stimulus. HPPXRD was performed at beamline
115 at the Diamond Light Source (DLS, UK). For obtaining an
excellent pressure resolution of our V(p) datasets, which is
critical for obtaining accurate Bs, we have applied the “high-
pressure jump cell””.*® This is a custom-made high-pressure cell
that enables HPPXRD measurements up to Py, = 0.4 GPa with
defined pressure increments of Ap = 0.02 GPa (Fig. 3), see ESIT
for the measurement of a standard material (S-32). Silicone oil
AP-100 was used as a pressure transmitting medium (PTM),
which has previously been applied for HPPXRD experiments of
Zr-based MOFs"” and molecular perovskites.”® To the best of
our knowledge, silicone oil AP-100 acts as hydrostatic, non-
penetrating PTM, enabling to study the mechanical response of
the MOFs without any additional effects such as penetration of
the PTM into the pores of the MOF.*"*
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Fig. 3 Stacked HPPXRD pattern (1 = 0.4246 A) of (a) Fe(ta), in green, (b)
Fe(mta), in blue, and (c) Felcta), in purple. The HPPXRD pattern were
collected between ambient pressure (bottom) and 0.4 GPa (top) with the
step size of Ap = 0.02 GPa. For visualisation purposes, the data was
normalised to the (111) reflection. The bottom panel focus on the peak
of the reflection of the (111) plane, showing a gradual shift for Fe(ta), and
Fe(cta),. For Fe(mta), an additional peak is observed starting from approxi-
mately p.« = 0.04 GPa which is ascribe to a pressure-induced phase
transition that is incomplete at pyay.
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From visual inspection of HPPXRD data (Fig. 3), none of the
studied MOFs exhibits pressure-induced amorphisation up to
0.4 GPa.” The analysis of the full-width at half maximum (fwhm)
of the applied peak profile function of Fe(ta), and Fe(cta),
confirms this observation (Fig. S26, ESIf). For Fe(mta),, a
pressure-induced phase transition complicates such an analysis,
see below. This is expected since only a few MOFs, such as UiO-66
with a large concentration of point defects,'® and DMOF-1
with non-functionalized benzendicarboxylate linkers,” have been
reported to irreversibly amorphise at hydrostatic pressures below
p < 0.4 GPa. Please note, that amorphisation under non-
hydrostatic compression is known to occur significantly earlier,
as reported for ZIF-8 and MOF-5."*> Upon increasing pressure, a
peak shift is observed for Fe(ta),, Fe(cta),, and Fe(mta),, showing
structural compression (Fig. 3). For Fe(ta), and Fe(cta), no evi-
dence for a phase transition is observed, while Fe(mta), under-
goes a pressure-driven phase transition at approximately pec =
0.04 GPa. This can be expected due to the temperature dependent
SCO just below room temperature. Therefore, Fe(ta), and Fe(cta),
were selected as model systems to learn about the impact of spin-
sate on the pressure responsiveness. Fe(mta), with its pressure-
induced phase transition and open questions related to its
ambient crystal structure, see $-43 (ESI{), displays a more complex
case and will be addressed independently in a follow-up study.
HPPXRD data of Fe(ta), and Fe(cta), have been analysed via
Pawley profile fits and Rietveld-based structural refinements for
extracting lattice parameters (a), volumes (V) and atomic positions
as well as Fe-N bond length as a function of pressure, providing
complete V(p) data sets up to ppax for both samples, see ESIT for a
full list of Pawley profile fit results, ie. lattice parameters, Ry
values, and fwhm (Tables S4, S5 and Fig. S21, S26).

For describing the mechanical resistance of Fe(ta), and
Fe(cta), against pressure as a stimulus, we focus on B as the
inverse of the material’s compressibility. Bs were calculated by
fitting a Birch-Murnaghan (B-M) equation of state to the V(p)
data up to ppax = 0.4 GPa by using both second and third order
B-M equation of state fits via EoSFit7-Gui (Table 1), see ESIF for
details (Fig. $27 and $28).°* Similar results were obtained by
using PASCal® (Table S8, ESIt). We would like to note that for
both methods, i.e. EOSFit and PASCal, only 2™ order B-M fits
show standard errors (¢B) in the range of the measured
reference material (S-32, ESIf) and are used for further
discussion.

For both MOFs, we obtain similar Bs, B(Fe(ta),) = 28.2 + 0.2 GPa
and B(Fe(cta),) = 29.5 + 0.5GPa. Compared to other prototypical
MOFs such as UiO-66(Zr) (B = 37.9(6) GPa),'® HKUST-1 (B = 30 GPa)’,
ZIF-4(Zn) (B = 2-4.4 GPa),” and ZIF-8 (B = 6.5 GPa),” Fe(ta), and
Fe(cta), can be considered relatively rigid or rather ‘hard MOFs".*® To
rationalise these values, we anticipate that the absence of a clear
pressure-induced low-energy distortion pathway in the structures of
Fe(ta), and Fe(cta), is key. Example for such pathways are pressure-
induced winerack type network motions as observed in MOFs
such as MIL-53(Al) (A[O,C-C¢H,~CO,JOH)” and Cu,(DB-bdc),
dabco (DB-bdc = 2,5-dibutoxy-1,4-benzendicarboxylate, dabco = 1,4-
diazabicyclo[2.2.2]octane)™ and MOFs with predistorted linkers such
as DUT-52 and PCN-57."® The structures of Fe(ta), and Fe(cta), are
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related to the structure of B-cristobalite, where temperature and
pressure are known to activate tilts of polyhedra,”®* however,
the ps-connectivity of 1,2,3-triazolate ligands makes similar
distortions in Fe(ta), and Fe(cta), energetically unfavourable.
Therefore, any pressure-induced structural deformation is
coupled to bond-length compression and linker bending,
where the latter becomes energetically favoured by void space,
which reduces steric hindrance. The same argumentation
applies to UiO-66(Zr) and HKUST-1, where presumably the
metal-node coordination number is the dominating structural
feature in defining B. This train of thought agrees with the
observation that increasing the length of the linker leads to a
reduction of B as previously shown for UiO-66(Zr) (B = 37.9(6) GPa)
and Ui0-67(Zr) (B = 21.1(6) GPa)."®

Looking more specifically at the comparison of Fe(ta), and
Fe(cta),, the difference in the void fraction of Fe(ta), (0.26) and
Fe(cta), (0.06) should first be emphasised. Therefore, based on
previous HPPXRD studies,'® a significant smaller B for Fe(ta), is
expected. In contrast, the similar B of Fe(ta), and Fe(cta), imply
that other factors contribute to the structural response. Look-
ing at the evolution of Fe-N bond length in both compounds
between p = ambient — 0.4 GPa, very similar relative changes of
approximately 0.008% for Fe(ta), and 0.009% for Fe(cta), are
observed despite the difference in spin-state which makes
bond-compression for Fe(ta), energetically more demanding,
see ESIT for a full list of Rietveld refinement results, i.e. bond
lengths and Ry, values (Tables S1 and S2). Therefore, we
hypothesise that in Fe(ta),, the larger bond strength is the
dominating factor, which limits the effect of the relatively low
packing density. In Fe(cta),, the cyclopentyl backbone of the
(cta)” linker is crowding the network, and instead of bond
compression, the steric hindrance of the cyclopentyl molecules
is sought to be the dominating structural feature. Notably,
increased steric hindrance was recently found to lower B,*
which we do not observe for Fe(cta), in comparison to Fe(ta)s,.
Therefore, we identify the spin-state as determining factor over
steric hindrance and void fraction for the mechanical proper-
ties of Fe() MOFs with different Fe(u) spin-states.

Conclusion

In conclusion, we report the synthesis of two new Fe(u)-
containing MOFs based on modified triazolate linkers, ie.
(cta)” and (mta) , which are in their high-spin states at
ambient conditions. We thus show that design principles for
Fe(n)-based MOFs rely on backbone modification of the linker,
very much akin to what is known for SCO complexes; however,
cooperative effects make property-by-design such as critical
temperature of SCO and hysteresis effects very challenging.
We then apply Fe(ta), and Fe(cta), as model systems to inves-
tigate their structural response to hydrostatic pressure, obtain-
ing similar Bs despite a large difference in their void fraction
which was previously identified as important factor in deter-
mining the high-pressure responsiveness of MOFs. Instead, we
rationalise their similar behaviours based on the interplay of
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several counteracting factors such as spin-state and resulting
differences in Fe-N bond-strength, steric effects due to linker-
backbone modification and void fraction, overall demonstrat-
ing the complexity of comprehending MOFs’ response to pres-
sure as a stimulus.

In the bigger context, as MOFs move closer to application, the
interest in learning about their responsiveness to pressure will
further increase. High-pressure diffraction experiments return
important application-oriented properties, such as mechanical
stability related to processibility concerns and material longevity.
Additionally, high-pressure diffraction experiments can reveal
counterintuitive effects such as negative compressibility and
pressure-induced phase transitions in flexible MOFs which might
initiate new actuation, energy storage, and energy dissipation
technologies in the future. In all these areas, material optimisa-
tion is coupled to an in-depth knowledge of factors that con-
tribute to the pressure-responsive properties of MOFs, a gap that
is in the process of being closed since a few years - with surely
many exciting discoveries to follow.
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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 ABXs; 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(C2Ns)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(C2Ns)s
materials with varying A-site cations, i.e. different alkylated piperidinium species
(A* = [CoH2N]*, [C10H22N]*, [C11H24N]* and [C11H24N]*). This series allowed us to study the
templating role effect of A*’s size and shape on the framework ([Ni(C2Ns)s]") 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)s]~ 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 A, 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 115
(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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network is formed by the M-site cation (M>*) and X-site anion
(X7) with the A-site cation (A') sitting in the void of the
pseudocubic [MX;] ™ network for charge balance (Fig. 1).

In molecular perovskites, the use of molecular ions as
building units introduces new chemical and structural degrees

Introduction

The substitution of atoms by molecules in the structure motifs
of all-inorganic materials is a powerful approach for designing
new materials. It opens up a large chemical design space for
studying application-oriented' and fundamental® structure-
property relationships, while still allowing the use of estab-
lished principles® from inorganic solid-state chemistry to guide
materials discovery. For instance, in coordination polymers
that crystallise in an AMX; perovskite motif, such as
[CH3NH;Mn(N3);* and [C,oH,0N]Cd(C,N3)s,° here referred to
as molecular perovskites, properties such as ferroelastic,’
(improper) ferroelectric"”® and multiferroic”'® behaviour,
their glass-forming abilities'"'” and their application as
barocalorics'*'* are linked to the molecular nature of the A-
and X-site. In molecular perovskites, a ReOs-type [MX;]

“ Department of Chemistry, TUM School of Natural Sciences, Technical University of
Munich, Lichtenbergstrafe 4, 85748 Garching, Germany.
E-mail: gregor.kieslich@tum.de

b School of Chemistry, University of NG7 2RD, UK 5 4 ° e .
“ Diamond Light Source Ltd., Diamond House, Harwell Campus, Didcot OX11 ODE, [DEPINI(C )y [DPPINICN)s
UK Fig. 1 Schematic of the perovskite structure of [AINi(C,Ns); materials studied in

+ Electronic supplementary information (ESI) available: Details to material
synthesis and characterisation (SCXRD, PXRD, NMR, TGA, DSC, HPPXRD and
DFT). CCDC 2309035, 2309036, 2309038, 2309039, 2309042, 2309043, 2309049
and 2309050. For ESI and crystallographic data in CIF or other electronic format
see DOI: https://doi.org/10. /d 7b

© 2024 The Author(s). Published by the Royal Society of Chemistry

this work. Emphasis is given to the various A* cations [DIP]* (a), [PEP]* (b), [DEP]*
(c) and [DPP]* (d), as incorporated in the distorted 3D ReOs-type [Ni(C,Nx)s]
network. C atoms are shown in the darker colour, N atoms in the lighter colour,
distorted NiNg octahedra in grey. The X~ = [C;N3] ™ are simplified as linear linker
shown as grey bars and H atoms are not shown for clarity.
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of freedom that can couple to external stimuli,"'® producing
phenomena such as temperature and pressure-driven A-site
order-disorder phase transitions,'”'® unconventional octahe-
dral tilts and shifts that can couple to break inversion
symmetry,"'**° melting processes as a response to heating"'
and a new type of polymorphism.*" Given their role as model
systems for understanding structure-property relationships,**
investigating their mechanical properties, such as the bulk
modulus (B), Young’s modulus, hardness and material stability,
becomes increasingly important. Since the material’s crystal chem-
istry ultimately determines its properties, studies related to the
mechanical properties address both our fundamental interest in
the search for structure-property principles and operational con-
cerns such as material processability and material longevity.
Furthermore, a low B has recently been implicated to improve
the barocaloric performance in molecular materials.** The com-
positional variability of molecular perovskites enables us,* there-
fore, to identify the underlying structure chemical principles that
determine B, and therewith, to enhance a material’s solid-state
cooling performance.

A few principles of how composition determines the mechanical
properties of molecular perovskites have already been established.
For instance, nanoindentation and high-pressure diffraction studies
on materials such as [(CH;),NH,]M(HCOO), (with M*" = Ni**, Co?',
Zn*" and Mn*"),**® [C(NH,);M(HCOO); (with M*' = Co* and
Mn*"Y*” and [Pr,N]M(C,Ns); (with [Pr,N]" = tetrapropylammonium,
M*" = Ni**, Co*" and Mn**)** have demonstrated that a smaller size
of M*' paired with a larger ligand field stabilisation energy (LFSE)
leads to a larger Young’s modulus and B. These findings agree with
our recent results, where we observed a decreasing B as a function of
increasing Shannon ionic radius of M**.*’

Looking at the role of A", its capability to form hydrogen
bonding interactions®”*" (HBIs) to the [MX;]™ network has
been found to be an important factor. For instance, the
mechanical properties are tunable across the solid solution
[NH;NH, ], ,[NH;0H],Zn(HCOO),*' via HBISs, i.e. the choice of
A".*>33 More recently, this strategy has been used to introduce
ferroelasticity in [Et;P(CH,),Cl];, _[Et;P(CH,),F],Mn(C,N3)5.** Yet,
our understanding of the interplay between the A" and active
framework distortions of the [MX;] ™ is only developing.**~**

In the pursuit to fill this gap, we have synthesised a new
series of [AJNi(C,N;); molecular perovskites with A" =
diisopropyl-piperidinium ([DIP]" = [C,,H,,N]’), ethyl-propyl-
piperidinium ([PEP]" = [C,oH,,N]"), diethyl-piperidinium
([DEP]" = [CoHN]') and dipropyl-piperidinium ([DPP]" =
[C11H2uN]') (Fig. 1). The absence of acidic hydrogen atoms in
all A" excludes contributions from HBIs. Furthermore, by
keeping M** = Ni** in the series, we have minimised the effect
of M?* cation size and LFSE, and hence, the chemical bond
strength in the [Ni(C,N;);]” network on the structure and
properties of the molecular perovskites. Therefore, this series
allows us to isolate the impact of the size and shape of the A"
cation on the distortions of the 3D [MX;]™ network and their
ramifications on the mechanical properties, which we mea-
sured via high-pressure powder X-ray diffraction (HPPXRD) by
using B as a proxy. In addition - by employing a solid solution
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approach - we investigated to which extent B can be fine-tuned
via A" substitution.

Results and discussion
Synthesis and characterisation

In the first step, we designed a range of A" to produce a series of
molecular perovskites that can be used to determine how
structural and pressure responsive properties are altered by
small chemical changes. In this pursuit, we synthesised a series
of piperidinium derivatives ([DIP]', [PEP]', [DEP]" and [DPP]'),
where different alkyl chain modifications of the piperidinium
nitrogen enable studying the impact of small variations in size
and/or shape (Fig. 1). All A" were synthesised via nucleophilic
substitution of halides, see ESI{ for details (Fig. S1-S5 and
$11-518). For instance, [DEP]" was obtained from the reaction
of diethylamine and 1,5-dibromopentane in acetonitrile. Single
crystals of the [A]Ni(C,N;); series were obtained by a mild-
solution crystallisation route that has previously been used for
the synthesis of related materials,”*" see ESIF for details (S-5).
In a typical reaction, the precursor materials [A]Br, Na(C,N;)
and Ni(NO;),-6H,0 are dissolved in water, mixed and then left
to crystallise overnight in a refrigerator. An overview of all
synthesised compounds in this work is given in Table 1.
Single crystal X-ray diffraction (SCXRD) at 100 and 300 K was
used to determine the structure of all perovskite materials. All
compounds in the [A]Ni(C,N;); series crystallise with the tar-
geted AMX; perovskite structure (Fig. 1). [DIP]Ni(C,N;);, [PEP]-
Ni(C,N;); and [DEP]Ni(C,N;); crystallise in the monoclinic space
group P2,/c, see ESIT for details of data collection and crystal
structure solution (S-7, Tables S1-S3 and Fig. S7-89). In contrast,
[DPP]Ni(C,N;); crystallises in the space group C2/c (Table S4 and
Fig. S10, ESI¥). To quantify the extent of network distortions
across the series, we have applied an established group theoretical
analysis® "' to SCXRD data of 300 K for all compounds. In this
approach, the structures are first simplified to the underlying
octahedral network and subsequently compared to an idealised
cubic parent network. By using ISODISTORT," the active distor-
tions are then identified and described via their irreducible
representation and amplitude. The latter enables the calculation

Table 1 A" size and shape as captured by the volume of A* (Vx+) and the
globularity factor (G); both were calculated via CrystalExplorerl7 based on 300 K
SCXRD data. Ve is the crystallographic volume of SCXRD data at 300 K. A is
the parent-cell normalised distortion amplitude as a measure for framework
distortions. The bulk moduli (B) calculated via EOSFit and volumes (Vj, at zero
pressure and temperature) obtained from experimental HPPXRD are also shown

[AJNi(C,N;); A" =[DIP]"  [PEP]' [DEP] [DPP]*
ValA? 227.25 202.18 190.56 225.87

G 0.87 0.83 0.88 0.81

Space group P2,/c P2,/c P2,/c C2/c

Veen/A® 2163.4(5) 2028.08(14)  2021.16(14)  2079.38(10)
A/A 1.81 2.01 2.10 4.23
B(2")/GPa 8.2 + 0.1 8.5+ 0.1 8.8 + 0.2 10.5 + 0.2
Vo(2")/A*  2157.1 £ 0.5 2030.3 + 0.6 2025.9 + 0.2 2073.8 + 0.6

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of the overall parent-cell normalised distortion amplitude of the
network (4,), providing a rigorous measure for network distor-
tions across our series, see Table 1 for A, values of the different
compounds at 300 K and ESI+ for further tilt analysis details (S-69
and Table S22-524).

To determine relationships between the size and shape of A
and the resulting network distortions (Fig. 1), atomic coordi-
nates from SCXRD data at 300 K were used to extract the
geometry of A'. Following previous reports,’”> we use the
globularity (G) as a measure for the asphericity of A', where
G =1 for a sphere. For this, we used DFT calculations to obtain the
A" surface (Sp+), the A" volume (V) as enclosed by S, »+, and the
surface of an idealised sphere (Sg,s+) With Vy (Table $27, ESI).
Then, the A" globularity (G = Sg /Sm,a+) Was calculated (Table 1).
By using CrystalExplorer17,” we obtained G > 0.8 for all A,
which agrees with previous results from the literature for A" of
dicyanamide-based molecular perovskites.”” A similar trend in G
with slightly smaller values is obtained when using Gaussian16** for
calculating Sy, o+, Sqpa+ and Vy, see ESIt for details (Tables S27 and
$30). No correlation between A, Vy: and G is observed (Table 1),
while the importance of G in dictating A, becomes apparent when
considering [DPP]" and [DIP]'. Both cations have a similar V. but
are different in G. [DPP]" shows the significantly smaller G, and
among the here investigated series of [AJNi(C,N);, the A, of
[DPPINi(C,N;); is by far the largest. Therefore, we hypothesise that
the observed network distortions in [DPP]Ni(C,N;); are a direct
ramification of the interplay between A" and the 3D [Ni(C,N;);]™
network, highlighting the templating role of A" and the possibility of
tuning network distortions via chemical modifications on A". For
instance, for symmetric functionalisation of the piperidine back-
bone, we find A, increasing with the length of the alkyl chains, e.g.
from ethyl ([DEP]’) to propyl ([DPP]’). Hence, small alkyl chain
modifications on the nitrogen atom of piperidinium, and thus its
shape, evidently have an impact on A, of the 3D [Ni(C,N;);]
network (Fig. 1) and, as we will see in the following, on the resulting
pressure responsiveness.

The phase purity of powder samples of [A]Ni(C,N;); was
verified using laboratory PXRD and Pawley analysis (Fig. $28-S31,
ESIt). Furthermore, thermal analysis (TGA/DSC) showed decom-
position temperatures (T4) between 570 and 600 K (Fig. S20-S23,
ESIT). These are at the upper end of previously reported Ty of
dicyanamide-based molecular perovskites.”"*>*® In parts, we ratio-
nalise this by the stability of the here employed A’, which has
previously been suggested as an important factor determining 7;*”
however, T is a generally complex quantity, which depends upon
many parameters, including crystal chemistry factors and analytic
concerns.*>** In the DSC curves, several heat events related to 1%
and 2" order phase transitions were observed (Fig. S24-S27, ESIY),
while no evidence of melting before 7y was found;'" however, the
nature of these phase transitions is beyond the focus of this study.
Here, we employ our new [A]Ni(C,N;); family as model compounds
to study the relation between A" and B.

Molecular perovskites under high pressure

HPPXRD was used to obtain B for all compounds (Table 1).
Given the expected subtle differences in the materials’ pressure

© 2024 The Author(s). Published by the Royal Society of Chemistry
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response, we have used a custom-built HPPXRD setup®
to collect HPPXRD data with finely spaced pressure points,
step size of Ap = 0.02 GPa, up to a maximum pressure of py,ax. =
0.4 GPa (Fig. 2 and Fig. $34-S37, ESIY). Visual inspection of the
HPPXRD data (Fig. 2) reveals pressure-driven phase transitions
at pressures of py. = 0.3 GPa ([DIP]Ni(C,N;)3), pers. = 0.28 GPa
([PEP]Ni(C,N;);) and pys. = 0.3 GPa ([DEP]Ni(C,N3);). Accordingly,
Pawley profile fits® were performed up to pi., OF Prmax. = 0.4 GPa
for [DPP]Ni(C,N3)s, for obtaining lattice parameters and V(p) data,
see ESIT for full details of the Pawley profile fits (Tables S11-S14
and Fig. S47-S50). B was calculated for each [A]Ni(C,N;); com-
pound by fitting a Birch-Murnaghan (B-M) equation of state
to the V[p) data. For a better comparison with literature data,
both 2" and 3™ order B-M equation of state fits were performed
using EOSFit,”> see ESIt for the results and all fits of the
V[p) and Ff) plots (Fig. S64-S67). Similar results were obtained
by using PASCal (Table S28, ESI¥).”* Only fits using 2nd order
B-M equation of state show standard errors in fitted B compar-
able to those observed for the standard material Ni(dmgH),
(dmgH™ = dimethylglyoximate), 6B = £ 0.09 GPa. Much larger
uncertainties for a 3" order B-M fit suggest overparametrisation,
see ESIT (S-66).

We observe a monotonically decreasing B along the series B
(A" =[DPP]") = 10.5 + 0.2 GPa, B (A" = [DEP]") = 8.8 + 0.2 GPa, B
(A" =[PEP]") = 8.5 + 0.1 GPa and B (A" = [DIP]') = 8.2 + 0.1 GPa.
We would like to note that deriving B by using the same
pressure range for each compound results in the same trend
but with a slightly larger o. Across the here investigated series
of compounds, we find a correlation between A, and B (Fig. 3).
The more distorted the framework is at p = ambient, the stiffer
it is (Table 1). Since framework distortions summarised in A,
are some of the lowest-energy pathways for pressure-induced
structural changes, a smaller A, provides a larger margin
for pressure-induced network distortions as a response to

A Morrca, | b [PEPINKC:N,),
’ .4 GPa
£
1
2 |
£ 1
% { , imbient
£
8 ors 1.00 125 150 075 1.00 125 1.50
ZcC
€ [DPPINKC,N3)y
8 ! 04 GPa
A
=
—— t R ambient
075 100 125 150 075 100 125 150

Q/At
Fig. 2 HPPXRD data (4 = 0.4246 A) of [AINi(CoN3); with A* = [DIP]* (a),
[PEPI* (b), [DEPI* (c). and [DPP]* (d). collected in the pressure range
between ambient pressure and 0.4 GPa. The data are shown as stacking
plots, where intensities have been normalised.
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hydrostatic pressure, and thus a larger compressibility, i.e. a
smaller B. This interpretation links A,(1) and B(1) along the
[A]Ni(C,N3;); series, providing a heuristic understanding of the
observed pressure response within this series (Fig. 3). Given
that A, is very sensitive to chemical functionalisation of the
piperidine backbone, we here show that chemical changes of A’
are highly effective for manipulating B.

We note that using A, as a measure for available distortion
pathways only accounts for distortion energies when treating
the 3D framework isolated from A’. Any directional interac-
tions, such as HBIs between A" and the 3D network, give A" a
more active role and thus produce larger variability in B, as
found in [(CH);NH,]M(HCOO); (M** = Mn**, Fe*" and Cu*")**
and [C(NH,);]M(HCOO), (M*" = Mn*', Co®* and €d*"),”>*® with
Bvarying between 21.3 and 27.2 GPa. HBIs thus strengthen the
overall framework by making any network distortions energe-
tically more demanding, resulting in an increase of B overall.

Furthermore, considering the series [(C;H;);CH;N]M(C,N3);
with varying framework cation M** (M*" = Mn*', Co*" and Ni*")
where A, decreases but B increases,” e.g. B (M*' = Mn*") =
7.1+ 0.2 GPaand 4, (M*" = Mn*") =2.36, B(M>' = Co*") = 9.9 +
0.3 GPa and A, (M*' = Co®") = 2.17 and B (M*' = Ni*") = 10.9 +
0.2 GPa and A, (M>" = Ni*") = 2.09, it is evident that crystal
chemistry factors other than A, can be decisive in determining B.
For instance, when going from Mn?>' to Co*" and Ni*’, the 3D
network is stiffened and overall, B increases. Any network
distortions increase in energy, and thus, A, is reduced, making
the change in chemical bond strength the dominating factor in
this comparison.

Bulk moduli of A-site solid solutions

To further explore the tunability of B via targeted changes of A,
we have synthesised the solid solutions [PEP], _ [DPP],Ni(C,N3);
with x = 0, 0.45, 0.69, 0.85, 0.96 and 1. For their synthesis, the
stoichiometry of precursor salts [PEP]Br and [DPP]Br has been
varied and mixed with Na(C,N;) and Ni(NO;),-6H,0 in water as a
solvent, see ESIf (S-6). Independent of the applied precursor
stoichiometry, we only obtained members of the solid solution
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with x > 0.45. In previous studies, a full solid solution, i.e. 0 <
x < 1, has only been found in one example where chemically
similar A" were used.** Therefore, we rationalise the here
observed x range by the difference in crystallisation kinetics
due to the chemical difference of A". "H NMR spectroscopy on
acid-digested samples has been used to determine the chemical
composition x (Table S9 and Fig. $19, ESIT). We confirmed the
formation of a solid solution using laboratory PXRD measure-
ments of a mixture of the parent materials [PEP]Ni(C,N3); and
[DPP]Ni(C,N3); (Fig. S32, ESIT). We determined the lattice para-
meters using Pawley refinements, using P2,/c for x = 0 - 0.96
(Fig. S44 and S51-854, ESI{) and C2/c for x = 1 (Fig. S46, ESIT). We
observe a monotonic expansion of the volume from 2029.7(4) A®
(x=0) to 2076.9(4) A* (x = 1) with increasing x at ambient pressure
(Table S15, ESIT).

We then used HPPXRD, using the same methodology, to
determine B as a function of x (Fig. $68-S71, ESIT). Within
standard errors, we observe an increasing B as a function of x in
[PEP], _,[DPP],Ni(C,N;); (Tables S20 and S29, ESIY). This points
at a close to ideal solid solution behaviour®” and suggests the
absence of strong coupling effects,’® e.g. behaviour that could
arise from the ordering of [PEP]" and [DPP]".

Furthermore, we have performed Rietveld-based structural
refinements for x = 0.45, 0.69, 0.85 and 0.96 based on a
simplified structural model for extracting the network geometry
and framework distortion modes, see ESIf for the employed
strategy of structure refinement (S-59) and for results
(Table S26). Visual inspection of the PXRD pattern and differ-
ences curve of the Rietveld fits suggests that the results should
be treated with care; however, for all compounds, 4, lies
between 2.013 (x = 0) and 4.232 (x = 1), suggesting tunability
of A, via A" substitution (Fig. 3). Thus, by employing the solid
solution approach, it is possible to fine-tune B in a window as
fine as B = 8.5 (x = 0) — 10.5 (x = 1) GPa.

Conclusion

In conclusion, we have synthesised a new series of [A]Ni(C,N;);
molecular perovskites, showing that framework distortions are
sensitive towards small chemical changes of A'. Subsequently,
we applied this series to establish a link between the size and
globularity of A", the active distortion modes in the [Ni(C,N;);]~
framework and the pressure responsiveness of the molecular
perovskites for the first time. In the absence of HBIs and
changes in chemical bond strength within the network, we
conclude that A, is the decisive parameter in defining the
compressibility of a molecular perovskite. Additionally, we
show tunability of 4, and thus B, through the synthesis of
A-site solid solutions. Such a tunability of B via chemical
modifications advances our understanding of underlying com-
position-structure-property relations and paves the way for the
targeted design of molecular perovskites’ mechanical proper-
ties for applications such as barocalorics.'>** Additionally, the
here applied methodology to link network distortions and the
pressure responsiveness is of general nature, with implications
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for the analysis of the high-pressure responsiveness of closely
related material families, including metal-organic frameworks,
covalent organic frameworks and hydrogen-bonded frameworks.
Focusing on molecular perovskites, our results have impor-
tant ramifications on how to think and approach the challenge
of designing molecular perovskites with targeted mechanical
properties and, more generally, targeted network distortions.
Evidently, A" templates framework distortions, and when aiming
for large distortions, A" should be chosen that largely diverges
from a sphere. For A" based on alkylated ammonium or phospho-
nium, a chemical functionalisation that enables the formation of
conformers with large anisotropies seems fruitful. This suggests
the use of a more rigorous conformational analysis prior to the
synthesis of A" cations.®® In parallel, robust criteria for describing
the asphericity of A" should be tested, where we consider G as an
important yet only qualitative measure since any templating effect
can be expected to be related to asphericity and volume. Such
developments have the potential to bring related fields to fruition,
such as the targeted design of active distortion modes, with
implications for the synthesis of improper ferroelectrics."
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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 Il, the planar porphyrin linker was chemically modified with ethyl groups in the 3-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 lll, 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(ll)-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(ll) centres at ambient conditions, where both
modified Fe(ll)-based MOFs were found to be in their high-spin state compared to the typical
low-spin Fe(ta).. Interestingly, the large difference in the void fraction between Fe(ta), and
Fe(cta), 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.

70



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 ABX3z 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 |,

Li(C2Ns) was found to be a useful modifier salt for lowering the melting temperature compared

Study I: Melting and Glass Formation Study II: Understanding Molecular
of Molecular Perovskites Composition in MOFs
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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
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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 [BXs]™ 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 [BXs]~ 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 [BXs]~ framework structure to introducing a
new dimension to the ReOs-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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Material synthesis

Synthesis of the A-site precursor tri-(n-propyl)-N-butylammonium bromide —
[Pr3NBu|Br:

The A-site cation precursor was prepared from commercially available reagents purchased from
Sigma Aldrich without further purification. In a three-necked flask, 10.70 mL (13.70 g,
0.10 mol) 1-bromobutane was added dropwise to a solution of 19.10 mL (14.33 g, 0.10 mol)
tri-n-propylamine in 80 mL acetonitrile. The mixture was heated to reflux overnight and
allowed to cool. The solvent was removed in vacuo and 70 mL ethyl acetate was added to the
resulting off-white solid, forming a white precipitate. The suspension was filtered, yielding a
white, crystalline solid which was recrystallized in ethyl acetate, yielding 16.43 g (58.62 mmol,
58.6 %) of pure product.

TH NMR: (400 MHz, deuterium oxide): & / ppm = 3.23-3.10 (m, 8 H), 1.76-1.58 (m, 8 H), 1.5
(h, J=17.4Hz, 2H), 093 (t,J = 7.3 Hz, 12 H).

13C NMR: (100 MHz, deuterium oxide): § / ppm = 59.85 (3 C), 58.29 (1 C), 23.11 (1 C), 19.15
(1C),14.82 (3 C), 12.81 (1 C), 9.81 (1 C).

Br
reflux, 12h .
+ g —mm N
SN (MeCN)

Figure S1: Nucleophilic substitution reaction scheme following the Menshutkin-type towards the
synthesis of the A-site cation precursor salt [PrsNBu]Br.[1]

Synthesis of the crystalline molecular perovskite [PrsNBu]Mn(C2N3)3:
The synthesis of the crystalline compound [PraNBu]Mn(C2N3)3 (PraNBu = tri-(n-propyl)-N-

butylammonium) followed an established mild solution synthesis approach at ambient
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temperature in aqueous solution from commercially available Na(Ca2N3) (96 %, Sigma-
Aldrich), MnCl>-4H>0 (98 %, Sigma-Aldrich) and Millipore water. In a typical crystallization
procedure, 0.3 mL Millipore water was added to a tube and the reagent solutions layered above
in order of: 1.0 mL of the respective [Prs3NBu]Br solution (0.2 M), 1.0 mL of an aqueous MnCl»
solution (0.2 M) and 0.3 mL of an aqueous sodium dicyanamide solution (2 M). After cooling
for several hours, large well-defined block single crystals with sizes between 0.4 - 3 mm were

collected at ambient temperature, washed with Millipore water and dried.

Figure S1: Microscopic image of the crystalline material [PrsNBu]Mn(C:N3); showing block-
shaped colorless crystals.
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Synthesis of the modifier salt Li(C2Nz):

For the synthesis of the modifier precursor salt Li(C2N3), a synthetic procedure known from
literature[2,3] was adapted, which is based on the metathesis reaction between Na(Cz2N3) (96 %,
Sigma-Aldrich) and Lix2SO+H20 (99 %, Sigma-Aldrich) in aqueous solution. Both starting
materials were dissolved separately in 10 mL deionized water, heated to 50 °C and then mixed
at 50 °C for 45 min under stirring. After cooling down to room temperature, the Na2SO4 was
separated and filtered off as a precipitate by using an excess amount of ethanol (40 mL) as
washing solution. After solvent removal, the crude product contained Na(C:N3) residue
according to the IR spectra indicating insufficient separation. Therefore, a next purification
approach of the crude product was used, i.e. recrystallization in methanol, followed by the
formation of needle-shaped crystals of Na(C2N3). After separation of the Na(C2N3) crystals the
IR spectrum still indicated residual amounts of Na(C2N3) in the product. Therefore, the different
solubility in tetrahydrofuran of both dicyanamide salts was used to dissolve Li(C2N3), leaving
Na(C:N3) residue undissolved in the flask. The supernatant was separated, and the suspended
particles of Na(C2N3) were removed using a syringe filter for three times. After solvent
removal, the purified product of Li(C2N3) was characterized by elemental analysis (S-5),
thermal analysis (Figure S10) and IR spectroscopy (Figure S39 and S40), indicating a product
with a Na content of smaller than 0.5 wt% (below the lower measurement limit < 0.5 wt%),

confirming the successful purification of the product.

1) H,0, 50°C:
10 min seperate
45 min mixed +
Na* 2) EtOH Li
Li,S04*H,0 + N- g N +  NaySOy
NE Ny NN

Figure S3: Reaction scheme of the synthesis of Li(C2N3) by following the metathesis reaction of
Na(C:N3) and Li>SO4 H,0.
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Elemental analysis:

The elemental analysis including all measurements and quantifications were determined by the
technical staff of the microanalytical laboratory at the Catalysis Research Center at the
Technical University of Munich. The elemental composition of samples (sample weight around
20 mg) was analyzed using a HEKAtech Euro EA elemental analyzer with flash combustion at
1800 °C and subsequent chromatographical separation and quantification with a thermal
conductivity detector (TCD).

[Pr3NBu|Br: calc. C 55.66 H 10.81 N 4.99, found C 55.84 H 10.77 N 5.12

[PrsNBu]Mn(C2N3)s: cale. C 50.33 H 6.67 N 30.89 Mn 12.12, found C 50.15 H 6.52 N 30.59 Mn 12.06
Melt-quenched [PrsNBu]Mn(C:N3)s: cale. C 50.33 H 6.67 N 30.89 Mn 12.12, found C 50.16 H 6.56 N 30.96
Mn 12.03

Synthesized Li(C2N3): calc. C 32.91 H- N 57.58 Li 9.51 Na -, found C 36.04 H 2.38 N 40.06 Li not determined
Na<0.5

Melting procedure of [PrsNBu|Mn(C2:N3)s mixed with Li(C2N3):

Compared to the melting process of the pure [PrsNBu]Mn(C2N3)3 compound in a TGA-DSC
experiment close to the melting temperature, we performed more simple melting experiments
of the mixtures near the eutectic with a mole fraction of Li(C2N3) (xripca = 0.38 and 0.41, with
DCA = [C2N3]). Therefore, we heated 20 mg of the powder in a heating block slightly above
the determined solidus temperature (7sor,0onset =433.9 K and 431.9 K) under constant argon flow.
After a heating period of 30 min, the melting process was finished, and the glass vial was slowly
cooled down to room temperature without a quenching method. The solid remains as

transparent liquid drops, see Figure S4.

Figure S4: Microscopic image of the liquid drops after performing a model experiment of the
[PrsNBu]Mn(C>N3); mixed with Li(C2N3) (xvinca= 0.38).
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Single crystal X-ray diffraction (SCXRD) data

SCXRD data were collected on a Bruker APEX-II CCD diffractometer equipped with a fine-
focus tube with a Mo K, radiation source (A = 0.71073 A), a Triumph monochromator,a CMOS
plate detector and an Oxford Cryosystems cooling device by using the APEX III software
package, see Table S1 and S2.[4] The crystals were fixed on the top of a microsampler,
transferred to the diffractometer and frozen under a stream of cold nitrogen. A matrix scan was
used to determine the initial lattice parameters. Reflections were merged and corrected for
Lorentz and polarization effects, scan speed, and background using SAINT.[5] Absorption
corrections, including odd and even ordered spherical harmonics were performed using
SADABS.[6] Space group assignments were based upon systematic absences, E-statistics, and
successful refinement of the structures. Data reduction was performed with APEX3 and
structure solution was performed by using SHELX[7,8] as integrated in Olex2.[9] Structures
were solved by direct methods with the aid of successive difference Fourier maps, and were
refined against all data. The VESTA software package 3.4.0 was used to visualize the crystal
structure, see Figure S5 and S6.[10]
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Table S1: Crystallographic data from SCXRD for the as-synthesized [Pr;NBu]Mn(C:N3)z at 100 K.

Compound [PrsNBu]Mn(C2N3)3
Chemical Formula C3sHsgMnaN2o
Formula weight (g/mol) 904.92
Temperature (K) 100(2)
Crystal system orthorhombic
Space group Pbcn
a(A) 16.5315(17)
b (A) 17.5441(17)
c(A) 32.348(3)
a(®) 90
B 90
7 () 90
Volume (A%) 9382.0(17)
Z 8
Peate (g/em?) 1.281
p(mm™) 0.589
F (000) 3808
Radiation MoK, (A=10.71073)
206 range for data collection (°) 2.110t0 27.102
Index ranges 21 <h=21

-22<k<22

-41</<41
Reflections collected 471875
Independent reflections 10354 [Rine = 0.0453, Rsigma = 0.0102]
Data/restraints/parameters 10354/0/568
Goodness of fit on F? 1.149
Final R indexes [I1> 20 (I)] R =0.0415, wR> = 0.1013
Final R indexes [all data] Ri1=0.0445, wR> = 0.1032
Largest diff. peak/hole/ (A7) 0.853/-0.436
CSD number 2211193




[010]

[001]

Figure S5: Structure of the asymmetric unit of [PrsNBu]Mn(C:N3); when looking along the [100]
axis with (C2N3) ligands acting as bridges between the Mn?" cations while the [PrsNBu] cations
occupy the void of the pseudo-cubic ReO; cavities, with the longer butyl group slightly extending
into the neighboring cavity. Color code: Mn — grey, N — blue, C — dark grey and H — light purple.

[010]
I—» [100]

Figure S6: Structure of the asymmetric unit of [PrsNBu]Ni(C:Ns); when looking along the [001]
axis with (C:Ns) ligands acting as bridges between the Ni*" cations while the [PrsNBu]” cations
occupy the void of the pseudo-cubic ReOs cavities. Color code: Ni — green, N — blue, C — dark grey
and H — light purple.
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Table S2: Crystallographic data from SCXRD for the as-synthesized [PraNBu]Ni(C2N3); at 100 K.

Compound

Chemical Formula
Formula weight (g/mol)
Temperature (K)
Crystal system

Space group

a(A)

b (&)

c(d)

a(®)

B

7()

Volume (A%

Z

Peate (g/cm’)

pn (mm™)

F (000)

Radiation

20 range for data collection (°)

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness of fit on F?

Final R indexes [I > 2a ()]

Final R indexes [all data]

[PrsNBu]Ni(C2Ns)s
Ci9H3oN oNi

457.24

100(2)
orthorhombic

Pna2,

17.2198(12)
11.6501(8)
11.5417(8)

90

90

90

2315.4(3)

4

1.464

0.864

968

MoK, (A =0.71073)
2.111 to 26.370

21 £h<21
-l4<k=14
-14=</<14

135250

4726 [Rine = 0.0420, Raigma = 0.0143]
4726/0/247

1.087

R =0.0828, wR, = 0.2258

Ry =0.0839, wR; = 0.2264

Largest diff. peak/hole/ (A%) 1.464/-0.754
CSD number 2236677
S-9
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NMR spectroscopy of the precursor A-site cation [PraNBu]*

'H and "*C NMR spectra were recorded on a Bruker AVIII 400 US NMR spectrometer at
ambient temperature (298 K). Chemical shifts are expressed in parts per million (ppm, &) and
are corrected for the strongest residual solvent shift as an internal standard for 'H NMR spectra,
The following abbreviations are used to describe signal multiplicity: ¢ = triplet, ¢ = quartet,
h = sextet and m = multiplet. NMR data is reported in the order of chemical shifts (multiplicity,

coupling constant, integral). All coupling constants are absolute values and are expressed in

Hertz (Hz).[11]
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Figure S7: 'H NMR spectrum of [PrsNBu|Br in D20.
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Figure S8: *C-NMR spectrum of [PrsNBu]Br in D-0, showing the expected number of signals with
the correct integral ratios.

&— a, [Pr;NBu]Mn(C;N3),
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Figure S9: '"H-NMR spectra of the as-synthesized [PrsNBu]Mn(C2N3); (red) and the melt-quenched
[Pr:NBu]Mn(C:Ns)s (green) after acid digestion in DCI in D20, each solution was measured in DMSO-
ds.
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Sample preparation of modifier-[PrsNBu]Mn(C:N3); mixtures

Before the respective modifier salt (Na(C2N3) or Li(C2N3)) and the [PrsNBu]Mn(C2Na);
perovskite material were mixed to homogenous mixtures, the pure materials were dried at
343 K in vacuo for at least 24 h. After weighing the dry components in different mole ratios,
various mixtures were prepared following a wet grinding procedure. Here, the solid mixtures
were ground and pestled to a fine powder by adding a few drops of acetonitrile. For solvent
residue removal, the mixtures were again dried in vacuo at 343 K, confirmed by DSC data

showing hydrate-free Li(C2N3) in the first heating cycle, see Figure S36.
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Thermogravimetric analysis and differential scanning calorimetry (TGA-
DSC)

Thermal analysis of the potential modifier salts Na(CaN3), Li(C2N3) and the molecular
perovskite was performed on a Netzsch STA449F5 Jupiter TGA-DSC device using aluminum
oxide pans (70 pL) under constant argon atmosphere (20 mL min™'). The temperature
calibration of the oven cell was conducted based on the melting points of In, Sn, Bi, Zn, Al, Au
and Ag. The baseline was corrected with an empty sample pan for the respective temperature
program. The respective sample masses (mo) are given below.

TGA-DSC experiments of both potential modifiers Na(C2N3) and Li(C:N3) were performed,
providing complimentary data on a sufficient synthesis of Li(C2N3) from Na(C2N3) in a
metathesis reaction. Upon heating Li(C2N3), the dicyanamide anion forms triazine in a
trimerization reaction appearing as a sharp exothermic event at approximately 7'=548.15 K in
the DSC scan, shown as a light green line in Figure S10 (b), which is slightly lower than the
literature reported trimerization temperature of 568.15 K.[2,3] The DSC data confirms a Na-
free synthesized Li(C2N3) since the trimerization temperature of phase pure Na(C2N3) occurs
at a significantly higher 7= 672.15 K approximately corresponding to the literature value, as
shown in the DSC curve in Figure S10 (a).[2,3] Small deviations from the literature data can

be related to different heating rates in the TGA-DSC experiments.
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Figure S10: TGA-DSC of the materials Na(C:Ns) (a - blue) with a sample mass of 5.313 mg and
Li(C:N3) (b — green) with a sample mass of 4.230 mg from room temperature to 1073.15 K at a
heating rate of 10 K min". Sharp exothermic events correspond to the trimerization reaction of
Na(C:N3) at 672.15 K (a) and Li(C;N3) at 548.15 K (b). The TGA curve is shown in the respective
darker colour and the corresponding DSC curve in the respective lighter one.
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In the thermal analysis of [PraNBu]Mn(C2N3)s, the first distinct endothermic signal corresponds
to a solid-solid phase transition (7w = 371K) and the second event at 474 K to the melting
process (Tm), since no simultaneous weight loss can be observed, see Figure S11. In accordance
with literature, both endothermic events (7% and Tm) were determined as offset of the respective
endothermal peak. The onset of significant decomposition 7g = 570 K was determined by
extrapolation of the linear range of the relative mass loss observed with a heating rate of

10 K min™'.

100
: 90
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60

Weight loss / %

50

Heat flow / mW/mg

40

30

1 1 1 1 1 1 1 20
300 400 500 600 700 8OO 900 1000

Temperature / K

Figure S11: TGA-DSC of [Pr:NBu]Mn(C:Ns); with a sample mass of 7.308 mg from room
temperature to 1073.15 K at a heating rate of 10 K min". TGA curve is shown in dark purple
indicating the thermal stability under constant argon flow before decomposition and the
corresponding DSC curve is highlighted in light purple.

When investigating one potential modifier such as Na(C:N3z), TGA-DSC experiments were
performed as a first screening of the influence of such a modifier salt on the melting event. For
this purpose, various powder samples of mixtures of [PrsNBu]Mn(C2N3): perovskite with
different mole fractions of Na(CaN3) (xnapca = 0.05, 0.10, 0.30, 0.50, 0.70, 0.90) were measured
in a simultaneous measurement routine. Analysis of the thermogravimetric and DSC data, as
shown in Figure S12, reveals no significant changes in both endothermic signals corresponding

to the phase transition and melting process. This indicates in principle no influencing character
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Figure S12: TGA-DSC screening of [Pr:NBu]Mn(C:N3); mixed with various mole fractions of
Na(C:N3) using sample masses between 5 — 6 mg, measured from room temperature to 800 °C at a
heating rate of 10 K min”!, DSC traces (a) are shown in continuous lines with the corresponding
TGA curves (b) highlighted in dotted lines. For better comparison, the DSC curves were normalized
and displayed in a stacking plot.

of the modifier Na(C2N3), making it unsuitable for the [PrsNBu]Mn(C2N3); perovskite material

to form an eutectic mixture.

In the evaluation of another possible modifier salt such as Li(C:N3), a simultaneous first
screening of an influencing effect on the thermal response of the perovskite material was carried
out by using TGA-DSC experiments, see Figure S13. Therefore, various powder samples of
mixed [Prs3NBu]Mn(C:N3); perovskite with Li(C2N3) (xvinca = 0.05, 0.10, 0.15, 0.22, 0.30,
0.35, 0.40, 0.50, 0.60) were measured using the same temperature program procedure. Similar
as obtained for the Na(C:N3) addition, no influence of the modifier salt on the phase transition
temperature (7%), the first endothermic signal in the DSC curves, and no change of the
decomposition temperature (74) in the TGA curves can be observed. However, when comparing
the second endotherms in the DSC curves, a significant change in the melting temperature in
contrast to the pure [PrsNBu]Mn(C2Ns); perovskite with T =474 K by adding altering amounts
of Li(C2N3) can be observed, see Figure S13 (a). With increasing mole fractions of up to
40 mol%, a decreasing trend in T is observed, and with a further increase in the amount of
Li(C2N3), only a slight decrease in Ty, is observed. Therefore, the first TGA-DSC analysis of
the 7y as a function of the modifier amount mixed with [PrsNBu]Mn(C2N3)s shows the potential
of Li(C2N3) as a suitable modifier in the formation of a eutectic system, that is further

investigated in a temperature-composition phase diagram by experimental DSC data.
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Figure S13: TGA-DSC screening of [PrsNBu]Mn(C:N3); mixed with various mole fractions of
Li(C2N3) using sample masses between 5 — 7 mg, measured from room temperature to 1073.15 K
at a heating rate of 10 K min"'. DSC traces (a) are shown in continuous lines with the corresponding
TGA curves (b) highlighted in dotted lines. For better visualization, the DSC curves were offset by
an arbitrary shift.
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Powder X-ray diffraction (PXRD) data

The PXRD measurements were performed using Debye-Scherrer geometry with borosilicate
glass capillaries (0.7 mm diameter) in a STOE Stadi P diffractometer with a DECTRIS
MYTHEN 1K / DECTRIS Multi-MYTHEN detector, a curved Ge(111) monochromator and a
Mo Kg radiation source (A = 0.70926 A). The measurement range was from 2° to 36.56° (20)
with a step size of 0.015° (20). Variable temperature PXRD measurements were conducted in
a STOE HT2 temperature control cell with quartz glass capillaries (1.0 mm diameter) in steps
of 10 K with a heating rate of 10 K min™' from 303 K to 433 K, followed by subsequent cooling
with a rate of 10 K min™' from 433 K to 303 K.

Pawley profile fit analysis was carried out for all patterns by using TOPAS v6.[12,13] Standard
deviations of all parameters were calculated and the use of "randomize_on_errors" ensured that

the minimum of refinement was achieved.

[Pr,;NBu]Mn(C,N,),
Pbcn

a 16.710(4) A

b 17.571(4) A

c 32.798(9) A

counts / a.u.

5 10 15 20 25

20/°(A=0.70926 A)

Figure S14: The PXRD pattern of the as-synthesized compound [PrsNBu]Mn(C:N3); (dark green)
compared to the calculated data from Pawley profile fit analysis (light green), with Ryp=2.927,
Rexp=1.032 and GOF =2.837. The difference curve of the Pawley profile fit (grey) and the
experimental data indicates phase purity.
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Figure S15: Variable temperature PXRD patterns of [PrsNBu]Mn(C:N3)s at temperature intervals
of 10 K, heating from 303 K to 433 K. The temperature dependent PXRD data is illustrated as

contour plot with darker regions corresponding to a higher intensity in the respective Bragg
reflection.
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Figure S16: Variable temperature PXRD patterns of [PrsNBu]Mn(CzN3); at temperature intervals
of 10 K, cooling from 433 K to 303 K. The temperature dependent PXRD data is illustrated as

contour plot with darker regions corresponding to a higher intensity in the respective Bragg
reflection.
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High temperature structure of [PrsNBu|Mn(C2N3)s:

Since single crystals of [PrsNBu]Mn(CzN3); break down to a powder over the irreversible solid-
to-solid phase transition, structure solution of the high-temperature phase based on SCXRD
was not possible. Based on the structure (Table S2 and Figure S6) and PXRD pattern of the
closely related material [Pr;NBu]Ni(C2N3)3, which has no solid-to-solid phase transition, we
assumed that both materials, i.e. the high-temperature phase of [PrsaNBu]Mn(C2N3); and as-
synthesized [PrsNBu]Ni(C2N3)3 are isostructural. To confirm this hypothesis, Pawley profile
fits of [PrsNBu]Mn(C:2N3); with space-group (Pna2,) and lattice parameters (@ = 17.111(1) A,
b=11.880(1) A and ¢ =11.667(1) A) of [PrsNBu]Ni(C2N3); were tested with a satisfactory
result, i.e. @ =17.0499) A, b=12.012(5) A and ¢ = 12.244(6) A, see Figure S17 and Figure
S18. Comparing the resulting lattice parameters of both phases, we find a similar trend as
previously found for [PrsNMe]Ni(CaN3); (Pnma, a=10.0232(3) A, h=16.1193(5) A and
e =12.6992(4) A) and [PrsNMe]Mn(C2Ns)z (Pnma, a = 10.0193(5) A, b= 16.4215(10) A and
¢=13.0125(7) A) (with [PrsNMe]" = [(C3H7);(CH3)N]").[14] A subsequent structure
refinement based on a Rietveld refinement only lead to good results when using ADPs which
showed a large dependency based on the starting parameters, ie. no clear low-minimum
structure, which are likely related to data quality and/or large disorder on the X-site position.
In turn, there is evidence that the high-temperature structure of [PrsNBu]Mn(C2N3)s is best

described with a perovskite-motif, but no atomic positions can be provided at this point.
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[PrsNBu]Mn(C,N,),
Pna2,

a 17.049(9) A

b 12.012(5 A

c 12.244(6) A

counts / a.u.

5 10 15 20 25
26/°(A=0.70926 A)

Figure S17: The PXRD pattern of the activated compound [PrsNBu]Mn(C:Ns)s (dark green) in the
high temperature phase compared to the calculated data from Pawley profile fit analysis (light
green), with Ryp= 5.562, Repy = 2.845 and GOF = 1.954. The difference curve of the Pawley profile
fit (grey) and the experimental data indicates phase purity.

[Pr;NBu]Ni(C,N,),
Pna2,

a 17.111(1) A

b 11.880(1) A

c 11.667(1) A

counts / a.u.

1 i 1 L 1 L 1
5 10 15 20 25
20 /° (A =0.70926 A)
Figure S18: The PXRD pattern of the as-synthesized [PrsNBu]Ni(C:N3); compared to the
calculated data from Pawley profile fit analysis (light green), with Ry, = 3.052, Rexp=2.313 and
GOF = 1.319. The difference curve of the Pawley profile fit (grey) and the experimental data

indicates the bulk phase purity of the Ni** compound, that exhibits the isostructural phase to the
high temperature phase of the Mn** compound as shown above.

S-20



counts / a.u.

5 10 15 20 25
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Figure S19: Ambient temperature PXRD patterns of the as-synthesized powder sample
[PrsNBu]Mn(C:N3)s (blue) compared with the quenched [PrsNBu]Mn(C2Ns3); sample (grey) after
melting the sample in a TGA-DSC experiment slightly above Ty, confirming no crystallinity after
rapid quenching procedure. The reflection around 18 © is caused by the setup (collimator).

e— LiDCA

Near the eutectic
o— Mixture
Xiipca = 0.38

counts / a.u.

o— As-synthesized
[PrsNBu]Mn(C,N3);

5 10 15 20 25

20 /°(A=0.70926 A)

Figure S20: Ambient temperature PXRD patterns showing crystallinity of all compounds before
melting procedures of the as-synthesized powder sample [Pr;NBu]Mn(C>N3); (blue) with Li(CoN3)
(purple) and the respective mixture of both compounds near the eutectic (green).
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Figure S21: PXRD pattern of the mixture near the eutectic (xripca = 0.38) measured at ambient
conditions in a capillary as crystalline powder (green).

2000 ——————

1500

1000

counts

500

o

1 " 1 L 1

5 10 15 20 25

20/° (A=0.70926 A)

Figure S22: PXRD pattern of the mixture near the eutectic (xripca = 0.38) measured at ambient
conditions in a capillary after melting upon holding at 443 K, 10 K above the melting point of the
mixture, revealing after slowly cooling down to room temperature an almost X-ray amorphous melt
(grey).
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Figure S23: Ambient PXRD patterns of the mixture near the eutectic (xLipca = 0.41) measured at
ambient conditions in a capillary as crystalline powder (green) and after melting upon holding at
441 K, 10 K above the melting point of the mixture, revealing after slowly cooling down to room
temperature an X-ray amorphous melt (grey).

As-synthesized
[PrsNBu]Mn(C,N;),

Melt-quenched
[PrsNBulMn(C,N3)4

counts / a.u.

Recrystallized
[PrsNBu]Mn(C,N3)5

1 L 1

1 M 1

5 10 15 20 25

26 /°(A = 0.70926 A)

Figure S24: Ambient PXRD patterns of as-synthesized [PrsNBu]Mn(C2N;); (dark blue), the X-ray
amorphous melt-quenched [PrsNBu]Mn(C2N3); (grey) and [PrsNBu]Mn(C2N3); after complete
recrystallization (light blue) under ambient conditions.
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High-resolution temperature-dependent PXRD experiments were collected at beamline P02.1,
PETRA III of the Deutsche-Elektronensynchrotron DESY (Hamburg, Germany) with a fixed
operating photon energy of 60 keV (1 =0.20679 A), equipped with a monochromator, a Perkin
Elmer detector and a temperature control device from Oxford Cryosystems Plus (Habcryo-X).
The experiments were carried out with borosilicate glass capillaries (0.8 mm diameter) in the
temperature range between 290 K and 490 K, in 10 K steps from 430 K to 440 K and in 5K
intervals from 440 K to 485 K, see Figure S 25. In addition to the stacking plot as provided in
Figure 1, Figure 25 shows a contour plot of the data, clearly showing a crystalline-to-crystalline

phase transition and amorphisation (sample melting) before 74 = 570 K.

475 | Amorphisation

450 -

Phase transition

Temperature / K
w W A A
0 N o 0N
S o & o

1 1 1 1

325 -

300 -

10 15 20 25 30 35 40 45 50
/A" (A=0.20736A)

Figure S25: Synchrotron powder X-ray diffractograms of [Prs;NBu]Mn(C:N3); were measured in
the temperature range from room temperature to 485 K shown as contour plot with darker colors
corresponding to a higher intensity. The temperature induced crystalline to crystalline phase
transition in [PrsNBu] Mn(C2N3)s; is highlighted with a dotted line in red. The second transition into
an amorphous state before reaching 7 is indicated with a dotted line in blue.
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Differential scanning calorimetry (DSC)

In the analysis of the eutectic system, DSC experiments of powder samples for the mixed
perovskite [PrsNBu]Mn(C2N3); with Li(CaN3) (xrinca = 0, 0.15, 0.25, 0.32, 0.38, 0.41, 0.45,
0.49, 0.58, 0.66, 1) were performed using a DSC (NETZSCH DSC 200 F3, Germany).
Temperature and sensitivity calibrations were performed using the transition enthalpy and
temperature of standard materials (adamantane, bismuth, caesium chloride, indium, tin, and
zinc) with a mass purity of 99.999 %. The standard uncertainty of the sensitivity and

temperature measurements were 0.3 % and 0.1 K, respectively.

® T - solid to solid phase transition T
® T, — eutectic transition, solidus T

® T,, — melting of the mixture, liquidus T
® T, — melting T of the pure material

® T_-crystallization T

® T — cold crystallization T

® T, - glas transition T

i Xupca=0 exo l
Tm=469.4K %
o) l:
E Tm=4649K !
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L]
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L
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X
Tc=4527K
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Figure S26: Reversible DSC measurement for [Pr;NBu]Mn(C:N3); without Li(C2N3). After an initial
heating treatment (7= 469.9 K, dotted line) and the subsequent cooling run ((7m=464.9 K, dotted line),
a re-heating run of the material is shown as continuous line. On subsequent analysis of the DSC scans,
significant heat signals are assigned to specific events, with respective temperature points highlighted
as colored points, as shown in the legend above.
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The DSC scans were conducted under a constant nitrogen flow (150 mL min™'), using a
5 K min ! heating rate to a final temperature of 493 K. The solid to solid transition temperature
(Tss), the melting temperature (7i) of [Pr3NBu]Mn(C2N3)s and the liquidus (7iiq) and solidus
(Ts1) temperature of the mixtures were obtained from the peak maximum and onset
temperature, respectively. In addition, all endothermal events (7ss, Tm, Tliqand 7sol) in the initial
DSC heating run are given as the offset temperature of the endothermal peak in accordance
with literature values, see Table S3. The glass transition temperature (7), as well as both
crystallization temperatures (7. and ) were determined as onset of the respective peak in the
DSC curve. The basis for the convention of determining Tiq and Tso1 of eutectic systems can be

found in literature.[15,16]
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Figure S27: DSC curves of [PrsNBu]Mn(CzNs): with a mole fraction of x = 0.15 of Li(C2N3).
Initial heating (7w = 430.4 K and Tiiq = 464.2 K) and the subsequent cooling run are shown as
dotted line and the re-heating run (7= 410.3 K and Tiiq= 464.5 K) as continuous line.
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Figure S28: DSC curves of [PraNBu]Mn(C:N3); with a mole fraction of x = 0.25 of Li(C:N;).
Initial heating (7w = 434.3 K and Tiiq = 455.5 K) and the subsequent cooling run are shown as
dotted line and the re-heating run (750 = 418.6 K and Tii;=456.1 K) as continuous line.
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Figure S29: DSC curves of [PrsNBu]Mn(C;Ns); with a mole fraction of x = 0.32 of Li(C:Ns).
Initial heating (7w = 434.5 K and Ty, = 449.5 K) and the subsequent cooling run are shown as
dotted line and the re-heating run (T, = 422.7 K and Tiiq= 451.3 K) as continuous line.
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Figure S30: DSC curves of [PrsNBu]Mn(C:N3); with a mole fraction of x = 0.38 of Li(C2N;).
Initial heating (7iw1= 433.9 K) and the subsequent cooling run are shown as dotted line and the re-

heating run (7= 422.9 K and Tiig=438.9 K) as continuous line.
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Figure S31: DSC curves of [PrsNBu]Mn(C:N3); with a mole fraction of x = 0.41 of Li(C2N3).
Initial heating (750 = 431.9 K) and the subsequent cooling run are shown as dotted line and the re-

heating run (7, = 312.3 K) as continuous line,
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Figure S$32: DSC curves of [PrsNBu]Mn(C:N3); with a mole fraction of x = 0.45 of Li(C2N3).
Initial heating (7s1= 430.8 K) and the subsequent cooling run are shown as dotted line and the re-

heating run (7, =31
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0.6 K) as continuous line.
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Figure S33: DSC curves of [PrsNBu]Mn(C:N3)s with a mole fraction of x = 0.49 of Li(CaNs).
Initial heating (7sw1= 433.2 K) and the subsequent cooling run are shown as dotted line and the re-
heating run (Tiw1=415.9 K and 7, = 305.3 K) as continuous line.
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Figure S34: DSC curves of [PrsNBu]Mn(C:N3); with a mole fraction of x = 0.58 of Li(C2N3).
Initial heating (701 = 433.9 K) and the subsequent cooling run are shown as dotted line and the re-

heating run (7= 308.7 K) as continuous line.
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Figure S35: DSC curves of [PrsNBu]Mn(C2N3); with a mole fraction of x = 0.66 of Li(C2Ns).
Initial heating (7so1= 430.4 K) and the subsequent cooling run are shown as dotted line and the re-

heating run (7= 301.3 K) as continuous line.
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Figure $36: DSC curves of Li(C2N3); showing a broad endotherm at 360 K in the initial heating
run (dotted line) that is attributed to the thermal decomposition of the lithium hydrate. The re-
heating run shown as continuous line confirms a hydrate-free Li(C2N3)s that is used as modifier

salt.
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Figure S37: Subsequent heating and cooling DSC cycles of the melt-quenched
[Pr:NBu]Mn(C:Ns)s, showing a broad exotherm at 340 K in the initial heating run (dotted line)
corresponding to removal of water, The re-heating run (continuous line) reveals a glass transition
temperature of Ty onset= 253.28 K, marked with a green dot.
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The DSC scans of [PraNBu]Mn(C:zN3)3 after melt quenching were carried out in a DSC (TA

Instruments Q2000) under a constant helium purging gas flow (25 mL min ') with a heating

rate of 20 K min™" in the temperature window from 173 K to 433 K by using liquid nitrogen for

cooling control, see Figure S37.

Table S3: Depending on the field, the phase transition temperature from the DSC trace is determined

differently (peak onset, peak offset, maximum). For better comparison to literature data, this table

gives a comprechensive overview of the temperature determination including the onset, peak

maximum and offset temperature in K for all observed endothermic events in the initial DSC heating

run (‘reheating run) of different mixtures of [PrsNBu]Mn(C,N3); with various mole fraction of x of

Li(C2Ns). In some cases, the sensitivity was too low and peak arcas too small for a valid

determination (-) or the event is not observed ( ).

XLiDCA Tss Ty Tss Tsm Tsol Tsol Thiq Tig Tiiq

Onset Peak Offset Onset Peak Offset Onset Peak Offset

0 368 370.7 3755 469.4 474 477.3

(Twm) (Tm) (Tm)

0.15 368.7 371.9 3794 430.4 437.5 440.6 - 464.2 469.3

0.25 368.7 371.9 380 434.3 438.2 441.6 - 4555 | 462.3

0.32 369.5 372.6 379.5 4345 438.7 443.6 - 4495 | 459.8

0.38 369.8 372.5 377.8 433.9 438.8 444.8 - 438.9" | 447.2"
0.41 365.3 369.3 3759 431.9 436 443.2 - - -
0.45 369.3 370 376.9 430.8 435.8 443.2 = = =
0.49 369.8 372.5 377.5 433.2 4378 443.5 - - -
0.58 369.4 372.1 377.2 433.9 438 445.1 - - -
0.66 369.1 371.7 375.6 430.4 436.9 441.5 - - -
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Thermogravimetric analysis and mass spectrometry (TGA-MS)

To investigate the stability of the liquid [PrsNBu]Mn(C2N3)3, a TGA/STA 409 PC apparatus
(Mettler-Toledo Intl. Inc.) is used for thermogravimetric analysis under synthetic air with a
continuous heating rate of 10 K min™" up to 300 °C in a three-step heating ramp. To follow the
mass change and decomposed volatile fragments, the TGA setup is connected to a mass
spectrometer (Thermostar GSD 320 T from Pfeiffer Vacuum GmbH). Looking at the mass
change, the molten state of [PrsNBu]Mn(C2N3); remains thermally stable up to 220 °C, see
Figure S38. A first mass decrease of almost 1 wt% starts at 220 °C and a more significant mass
loss of approximately 8 wt% appears at 240 °C. A further increase in the temperature to finally
300 °C reveals a mass loss of 25 wt%. The responsible species can be identified from the mass
spectrometry data, showing the initial decomposition of the alkyl chains of the A-site cation

[PrsNBu]" around 220 °C, followed by partial fragmentation of the dicyanamide-linker [C2N3]°
at around 260 °C.
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Figure S38: TGA-MS data as a function of time by heating [Pr;NBu]Mn(C2N3); up to 300 °C in a
three-step heating rate (red, 1% step = 200 °C, 2™ step = 220 °C and 3 step = 240 °C).
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IR spectroscopy of the modifier salt Li(C2N3)

Fourier-transform infrared spectroscopy (FT-IR) was performed on a PerkinElmer Frontier
102920 spectrometer using an ATR plate with a spectral range of 4000 cm™' to 650 cm™. FT-IR
spectroscopy was used to screen the ion exchange in the metathesis reaction from Na(C2N3) to
Li(C2N3). A FT-IR spectrum of the purchased Na(C:2N3) without further purification was
recorded to compare with the synthesized Li(C2N3) after all purification steps, see Figure S39-
S41.
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Figure S39: FT-IR spectra recorded at room temperature of the purified Li(C2N3) (blue) in
comparison with the purchased Na(C2N;) (black) with DCA = [C2N3].

Table S4: Overview of the vibrational modes of Na(C2N3) and Li(C2N3) with some selected modes
highlighted in grey that are used for further analysis of the purification steps in the Li(C2Ns)
synthesis, including the respective literature-known wavenumbers of Li(C2N3).[2,3]

Vibrational mode Na(C:2N3) [em™] Li(C2Ns) [em™] Lit. Li(C2N3) [em™]
J(C-N-C)
Jus(N-C=N) 506
Yas(N-C=N) 529
7s(N-C=N) 548
J4(N-C=N) 663 664 666
v(N-C) 930 939.5 943
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vas(N-C) 1341 1340 1339

Vi(N-C) + d,4(N-C=N) 1437 1445 1441
Vas(C=N) 2161 2151 2154
Vas(N-C) + v(N-C) 2229 2234 2241
v(C=N) 2285 2293 2295
Not assigned:

Vas(C=N) + v(N-C) 3062 3089 3089
v(C=N) + 1(N-C) 3211 3234 3243
VC2N) + va(N-C) 3575 3575 3575

Two distinct regions 850-1000 cm™ and 2100-2350 cm™ with significant differences in the
respective signals and wavenumbers were selected for further analysis of the purified modifier
salt, indicating a purely synthesized Li(C:N3), as shown in Figure S40. A more detailed
assignment of all vibration modes can be found in Table S4, confirming the successful ion

exchange from Na to Li after several purification steps as previously described.
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Figure S40: Sections of the FT-IR spectra showing Na(C:N3) (black) and Li(C2N3) (blue) used for
the analysis of the purification process, with vertical dotted lines highlighting the signals of the
purchased Na(C:N3) (black) and synthesized Li(C2N3) (blue) in comparison to the literature-known
signals and wavenumbers of Li(C2N3) (green).

Other observed signals in the FT-IR spectrum (Figure S39), not listed in Table S4, can be
assigned to the remaining solvents (water and tetrahydrofuran (THF)), affecting the respective

signals and wavenumbers, hence resulting in minor deviations from the literature-known IR
modes for Li(CaN3).[2,3]
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To further investigate the modifier Li(C2N3), THF residue was removed in a purification
procedure as described in more detail in the sample preparation section (S-12). Both highlighted
sections indicate significant regions of THF signals (700-1100 cm™ and 2700-3000 cm') that
can no longer be observed in the FT-IR spectrum of the dried Li(C2N3), confirming a solvent-

free Li(C2N3) product, see Figure S41.
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Figure S41: FT-IR spectra showing Li(C2N;) before (blue) and after (green) the drying procedure
as described below in the sample preparation section (S-11).
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Solid-liquid thermodynamics in the modifier-perovskite mixture

The underlying solid-liquid thermodynamics are discussed to understand the difference
between the studied modifier-perovskite systems, ie. [PrsNBu]Mn(C2N3)—Li(C2N3) and
[PrsNBu]Mn(C2N3);—Na(C2N3) mixtures. The solid-liquid equilibrium (SLE) in the studied
binary eutectic systems containing the modifier salt and perovskite is described using the

following equation:[17]

Inxgy, = Mmif L 1), IITA dr 1f Ari e 1
Ny =\ 7)Y RT - Cp,i R, T (1

where i € [salt, perovskite]; x is the mole fraction of the component in the liquid phase; y is
the activity coefficient of the component in the liquid phase; Ah,, is the melting enthalpy of
the pure component; T, is the melting temperature of the pure component; T is the temperature;
R is the gas constant; Acp is the difference between the heat capacity of the pure component in
the liquid and solid states. The last two terms on the right-hand side have opposite signs and
tend to cancel each other if T is not far from T,,,. Hence, these two terms can be neglected, and

the equation can be reduced to:

In xgq =

Ahm,sa[r ( 1

1
o ——) ~InYae (@

Tm,salc T

ARy per 1 1
In Xper = R err f In Yper (3)

At the eutectic point Xgqr + Xperopskice = 1, and the following equation can be solved to

determine the eutectic temperature (T, ) of the eutectic system:

Ahm salt 1 1 Ahm per 1 1
P ( R Tm,satt Te M Vsate |+ €Xp R Tm,pe?‘ Te . yper ( )

The eutectic temperature of the eutectic system depends on the melting properties of pure

components and their activity coefficients in the liquid phase, as shown in Equation 4. Figure
S42 shows the influence of the melting properties of the modifier salt on the eutectic point of
the binary eutectic perovskite-modifier system, assuming an ideal solution model, i.e. ysq =
Yper = 1. In principle, increasing the melting temperature or enthalpy of the modifier salt

results in a melting temperature similar to that of pure perovskite melting temperature, i.e. no
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eutectic behaviour of the system, see Figure S42. Although Na(C2N3) and Li(C2N3) decompose
before melting, our experimental results and the Equation 4 lead us to the conclusion that
Na(C2N3) cannot form an eutectic mixture with the perovskite [PrsNBu]Mn(C2N3); due to
higher theoretical melting temperature and enthalpy of Na(C>N3) compared to Li(C2N3). This
in principle can be expected based on their different crystal structures, both crystallize in a
monoclinic system, Ze. Na(C2N3) in the space group P2i/c and Li(C2N3) in P2/c, but the
coordination geometry and bond strength are different. In Na(C2N3) each Na* is octahedrally
coordinated by six N-atoms, whilst Li(C2N3) exhibits two inequivalent Li* sites, one
tetrahedrally and the other octahedrally coordinated;[18,19] following on from Pauling rules of
parsimony, a lower stability of Li(C2N3) can be expected. This perspective agrees with their
thermal behavior, where Li(C2N3) exhibits a significantly lower temperature for trimerization,
see Figure S10. Therefore, the SLE thermodynamics provide a reasonable understanding of the
observed difference in the two studied systems and can be used as a valuable tool in the search

and selection for other suitable modifiers in the future.
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Figure S42: The cutectic temperature 7. of a binary perovskite-modifier system as a function of
increasing melting temperature of the modifier salt (a) and increasing melting enthalpy (b).
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1. Analytical Methods and Characterization Techniques

Materials.

Methanol (MeOH, HPLC grade), chloroform (HPLC grade), ethyl acetate (HPLC grade),
tetrahydrofuran (THF, HPLC grade), N,N-dimethylformamide (DMF, HPLC grade),
dichloromethane (DCM, HPLC grade), Celite® S, ZrOCl,*8 H,0, pyrrole, propionic acid, 4-tert-
butylbenzoic acid, and potassium hydroxide were purchased from Sigma Aldrich. Methyl-p-
formylbenzoate was purchased from ChemPUR. Diethylformamide was purchased from TCI
Chemicals. RhCl3*xH,O was purchased from Carbolution. 8-Dram vials for MOF synthesis
(TraceClean®) were purchased from VWR. All purchased chemicals were used without further
purification. All synthesis and catalysis runs were carried out under air, if not stated other.

Analytical Data.

The analysis of the synthesized 5,10,15,20-tetrakis(4-methoxycarbonylphenyl)porphyrin
(TPPCOOMe) matched literature data with '"H NMR (400 MHz, CDCl,): & [ppm] = 8.82 (s, 8H,
B-pyrrole), 8.45 (d, 3J = 8.1 Hz, 8H, phenyl), 8.38 (d, 3J = 8.2 Hz, 8H, phenyl), 4.12 (s, 12H,
COOMe), -2.81 (s, 2H, NH) and elemental analysis with anal. calc. (%) for TPPCOOMe: C,
73.75; H, 4.52; N, 6.62. Found (%): C, 72.80; H, 4.66; N, 6.30. The subsequent synthesis of
H,TCPP was in line with literature reports with '"H NMR (400 MHz, DMSO-ds): & [ppm] = 13.29
(s, 4H, COOH), 8.87 (s, 8H, B-pyrrole), 8.40 (d, 3J = 8.3 Hz, 8H, phenyl), 8.36 (d,3J = 8.4 Hz,
8H, phenyl), -2.94 (s, 2H, NH). Anal. calc. (%) for H,TCPP: C, 72.91; H, 3.82; N, 7.09. Found
(%): C, 67.85; H, 3.89; N, 6.37. Crystal water: 3 H,0.

The porphyrin ester (Et-TPPCOOMe) obtained in the first step of the synthesis of H,EtsTCPP
was confirmed via 'H NMR (400 MHz, CDCl3): & [ppm] = 8.33 (d, J = 8.1 Hz, 8H), 8.20 (d, J =
8.1 Hz, 8H), 4.10 (s, 12H), 2.38 (bs, 8H), 2.01 (bs, 8H), 0.52 (t, J = 7.3 Hz, 24H). '°C NMR
(101 MHz, CDCl3): & [ppm] = 167.27, 145.55, 144.28, 134.30, 129.85, 128.28, 116.44, 52.39,
19.66, 16.90. The subsequent linker synthesis of HEtsTCPP was confirmed via '"H NMR (600
MHz, DMSO-dj): & [ppm] = 8.80 (d, J = 8.0 Hz, 8H), 8.52 (d, J = 8.1 Hz, 8H), 2.44 (m, 8H),
2.05 (m, 8H), 0.21 (t, J = 7.4 Hz, 24H). °C NMR (151 MHz, DMSO-dg): d [ppm] = 167.77,
143.71, 140.72, 137.81, 137.57, 132.38, 129.81, 117.86, 18.52, 15.93.

NMR Spectroscopy.

Liquid state NMR measurements were performed on a Bruker AVIII 400 US ('H: 400.13 MHz)
at ambient temperature (298 K) to confirm the chemical composition of the linking porphyrin
ligands. The 'H NMR spectroscopic chemical shifts & are reported in ppm relative to
tetramethylsilane. '"H NMR spectra are calibrated against the residual proton and natural
abundance carbon resonances of the respective deuterated solvent as an internal standard
(CDClz: 6 ('H) =7.26 ppm, DMSO-ds: 6 ('H) = 2.50 ppm). The following abbreviations are
used to describe signal multiplicities: s = singlet, d = doublet, t = triplet, m = multiplet.

Elemental Analysis.

Elemental analysis of the porphyrin linkers including all measurements and quantifications
were carried out by the technical staff of the microanalytical laboratory at the Catalysis
Research Center at the Technical University of Munich. The elemental composition of samples
(sample weight around 3 mg) was analyzed using a HEKAtech Euro EA elemental analyzer
through flash combustion at 1800 °C and subsequent chromatographical separation and
quantification with a thermal conductivity detector (TCD).
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Attenuated Total Reflectance Infrared Spectroscopy.

IR measurements were carried out on a PerkinElmer Frontier FT-IR spectrometer featuring an
ATR plate with a diamond crystal with a 2 cm~" resolution and 16 accumulated scans.

Laboratory Powder X-ray Diffraction.

PXRD pattern were collected at ambient temperature on a silicon single-crystal wafer using
Bragg-Brentano geometry in a Rigaku MiniFlex 600-C diffractometer. X-ray Cu K, radiation
(M- 1.5406 A, N, - 1.5444 A, 1,/1; - 0.5) was used, and K radiation was removed by a Ni-filter.
The measurement range, unless stated otherwise, was from 2.0° to 50.0° (26) with a step size
of 0.010 degrees and a scan rate of 5 degrees per minute.

UV-Vis Spectroscopy.

UV-vis spectra were recorded on an Agilent Technologies Cary 60 with a scan rate of
600 nm/min. Baseline correction was performed with the respective pure solvent. Each sample
was measured in a QS Suprasil 10.00 mm quartz glass cuvette from Heraeus Quarzglas
GmbH.

Scanning Electron Microscopy.

SEM images of the MOF samples were recorded on a Carl Zeiss NVision40 field emission
scanning electron microscope with an acceleration voltage of 5.0 kV and a working distance
of 8 — 10 nm.

Confocal Microscopy.

Confocal microscopy was performed with with a STELLARIS 8 FALCON (Leica Microsystems,
Germany) equipped with the HC PL APO CS2 63x/1.10 OIL objective (Leica). Solid samples
were directly used without further preparation and placed in chambered coverslip wells.
Excitation was performed at 405 nm (Diode 405 laser). Fluorescence images were obtained in
the emission range of 700 — 760 nm. Merging of channels and localization of their fluorescence
intensity was performed with the software ImageJ. '
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2. Structures of the Organic Ligands

5,10,15,20-Tetrakis(4-carboxylphenyl)-porphyrin (H,TCPP)

Figure S1: Structure of the synthesized organic ligand H,TCPP.

2,3,7,8,12,13,17,18-Octaethyl-5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin
(H,EtsTCPP)

Et-TPPCOOMe
Scheme S1: Synthesis of 2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-tetrakis(4-methoxy-
carbonylphenyl)porphyrin (Et-TPPCOOMe).
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Figure S2: Structure of the synthesized organic ligand H,EtsTCPP.
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3. Material Characterization
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Figure S3: UV-vis spectra of H,TCPP and H,EtsTCPP in ethanol. The spectrum of H,EtsTCPP

indicates porphyrin core protonation (baselines adjusted arbitrarily).

Figure S4: Molecular structure of TCD1743 with thermal displacement at 50% probability
level; (b) Packing diagram for TCD 1743. TCD1743 refers to [H,EtsTCPP][CI],>DMSO.
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Figure S5: (a) Molecular structure of TCD1879 with thermal displacement at 50% probability
level; (b) Packing diagram for TCD 1879. TCD1879 refers to [H,Ets-TPPCOOMe][MeSO4H],.

Table S1: Crystallographic data for dication salts of the organic ligand H,EtsTCPP and its ester

analogue.

Table S1. Structural parameters for TCD1743 and TCD1879.

Compound [H4EtsTCPP][CI]*DMSO | [H4Et-TPPCOOMe][MeSO4H],
Internal Code TCD1743_sq TCD1879
CCDC Code 2302383 2302384

Empirical Formula CesH76C12N4010S2 CroHgoN4O17S;
Formula weight (g/mol) | 1244.34 1313.50
Temperature (K) 100(2) 100(2)

Crystal System Orthorhombic Orthorhombic

Space group Pnma Pnma

a(A) 41.133(2) 16.9412(11)

b (A) 20.1027(10) 25.9981(18)

c(A) 11.2225(6) 14.5811(10)

a(®) 90° 90°

B () 90° 90°

v (©) 90° 90°

Volume (A3) 9279.8(8) 6422.1(8)

Z 4 4

Peaic (g/cm?) 0.891 1.359

H (mm-T) 0.629 0.159

F(000) 2632 2784

Crystal size (mm?®) 0.189 x 0.081 x 0.037 0.29 x 0.26 x 0.032
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Radiation Cu Ka Mo Ka
26 (°) 2.148 to 54.396° 2.419 10 25.507°
Reflections collected 47160 78380
Independent reflections | 5872 6109
Rint 0.1214 0.1373
Rsigma 0.0810 0.0494
Restraints 18 710
Parameters 428 630
GooF (S) 1.042 1.029
Ry [I> 20 (1)] 0.0599 0.0815
WR; [I> 20 (1)] 0.1580 0.2013
R [all data] 0.0933 0.1340
WR; [all data] 0.1775 0.2432
Largest peak (e A3) 0.467 1.125
Deepest hole (e A3) .0.268 -0.560
Flack parameter - -

Refinement note for TCD_1743 Poor diffraction at higher angles and the resolution was
truncated to d=0.95 A. Both DMSO solvent molecules were modelled half occupied with a rigid
group. The diffuse diffraction components of the content of two voids in the asymmetric unit of
1796 A3 with approx. 542 electrons were removed from the data using the SQUEEZE
subroutine in PLATON. This is approx. 13 CH,Cl, molecules or 13 DMSO molecules or a
combination. Attempts to model these solvents were unsuccessful.

Refinement note for TCD1879 Half a molecule in the asymmetric unit. The porphyrin is
disordered: each methyl benzoate group was modelled over two locations with C51:C51a
65:35% occupied, C101:C10A 69:31% occupied. Both moieties were modelled with restraints
(SADI, SIMU) and a rigid ring model (AFIX). Two ethyl groups were also disordered (C31,
56:44%; C81, 51:49% occupied) and modelled with restraints (SADI, SIMU). The half-occupied
methyl sulfonate groups were modelled as rigid groups. Pyrrole hydrogens were refined semi-
free with restraints (DFIX). The water molecule is half occupied.
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72EtP-PCN-222

H,Et, TCPP

H,TCPP
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Figure S6: '"H NMR spectra of H,TCPP, H,EtsTCPP, and 72EtP-PCN-222 which was dissolved
in DCI/DMSO-dg (0.1 mL/0.3 mL). For comparison (since the shift of proton signals is pH
dependent) 0.1 mL of DCI was added to a 0.3 mL solution of H,EtsTCPP and H,TCPP
dissolved in DMSO-ds, respectively. The purple box represents the porphyrin signals while the
green box shows the peaks of 4-tert-butylbenzoic acid which was applied as modulator in MOF
synthesis and was not removed afterwards.
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72EtP-PCN-222
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Figure S7: '"H NMR spectra of H,TCPP, H,EtsTCPP, and 72EtP-PCN-222 samples dissolved
in DCI/DMSO-dg (0.1 mL/0.3 mL). For comparison (since the shift of proton signals is pH
dependent) 0.1 mL of DCl was added to a 0.3 mL solution of H.EtsTCPP and H,TCPP
dissolved in DMSO-ds, respectively. For H,TCPP, the Ary-porphyrin signals appear at
8.55 ppm, 8.62 ppm and 8.75 ppm, whereas the porphyrin signals of H,EtsTCPP are
observable at 8.38 ppm and 8.64 ppm. Thus, the different signals in the porphyrin region in
72EtP-PCN-222 (chosen as example) were assigned as follows: 8.35 ppm and 8.61 ppm for
H,EtsTCPP, 8.49 ppm, 8.55 ppm and 8.69 ppm for H,TCPP. For determination of the
H,Et; TCPP content in 72EtP-PCN-222, the integrals of the resonances at 8.69 ppm (H,TCPP)
and 8.35 ppm (H,EtsTCPP) were compared since these signals are the most intense and
signal overlap is less prominent than for the other porphyrin signals. For the calculation, the
peak at 8.69 ppm was set to 1 and compared to the integral of 8.35 pm (which is 3.44) which
resulted in an H,EtsTCPP content of 77% (=3.44/4.44).

Table S2: Mol% of H,EtsTCPP in PCN-222 determined by 'H NMR spectroscopy of acid
digested MOF by comparison of the integrals of the phenyl peaks at 8.71 ppm (for H,TCPP)
and 8.36 ppm (for H.EtsTCPP).

Sample Weigh in H,Et;sTCPP  Mol% H,EtsTCPP in PCN-222 (NMR)
20EtP-PCN-222 20 20.3+£32
59EtP-PCN-222 10 59.3+3.7
72EtP-PCN-222 20 721 +45
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Figure S8: PXRD measurements (A = 1.54 A) of PCN-222 with 0 mol% H,EtsTCPP (100 mol%
H,TCPP), 20 mol% H,EtsTCPP (80 mol% H,TCPP), 59 mol% H,EtsTCPP (41 mol% H,TCPP),
72 mol% H,EtsTCPP (28 mol% H,TCPP), and 100 mol% H,EtsTCPP (0 mol% H,TCPP)
compared to the pattern of PCN-222 calculated from single crystal structure data.

03
’ R RO

E OO TR0 n\o’ PCN-222
o L TITIITD GO -O-C R - § ——— 20EtP-PCN-222
E - R R ~ —— 59E(P-PCN-222
S oo =L o —— 72EtP-PCN-222
= s € 024
° . G
8 P ;+’! >
5 Lo = 9 [
g . ;S}/ —a— PCN-222 Adsorption 2
Z A —— PCN-222 Desorption a
%’ —=— 20EtP-PCN-222 Adsorption «‘g 01
c — = 20EtP-PCN-222 Desorption g " 1
g —=— 59EtP-PCN-222 Adsorption 5]

— — BYEtP-PCN-222 Desorption 2

—=— 72EtP-PCN-222 Adsorption

—— 72EtP-PCN-222 Desorption

T T T T o'o T
02 04 06 08 10 0 50 100
Relative Pressure / p/p® Pore Width / A

Figure S9: Left:N, adsorption isotherms at 77 K for as-synthesized PCN-222, 20EtP-PCN-222,
59EtP-PCN-222, and 72EtP-PCN-222 after activation at 120 °C in vacuo for 12 hours. The
BET surface areas were calculated as 2079 + 6.9 m?- g'' (PCN-222), 1744 + 15 m?- g' (20EtP-
PCN-222), 1594 + 12 m?- g (69EtP-PCN-222), 1512 + 10 m?- g (72EtP-PCN-222). Right:
Incremental pore volumes of PCN-222, 20EtP-PCN-222, 59EtP-PCN-222 and 72EtP-PCN-
222.

S-11

123



2100 -
o 2000
1900
1800 A

1700 A

BET surface area / m?/

1600

1500 8

T % T b2 T 14 T 5 T 3 T 4 T b T 4 1

0 10 20 30 40 5 60 70 80
Et-TCPPH, content / mol%

Figure S10: BET surface areas of PCN-222, 20EtP-PCN-222, 59EtP-PCN-222, and 72EtP-
PCN-222 as a function of the H,EtsTCPP content. Purple line: Linear fit. y = -7.81x + 2055. R?
=0.93286.

—

Transmission / a.u.

H,Et,TCPP
—— 72EtP-PCN-222
——— B9EP-PCN-222
—— 20EtP-PCN-222
——PCN-222

H,TCPP

4000 3500 3000 2500 2000 1500 1000
Wavenumber / cm’

Figure S11: Normalized IR spectra of PCN-222, 20EtP-PCN-222, 59EtP-PCN-222, and 72EtP-
PCN-222 in comparison to H,TCPP and H,Et;TCPP.
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Figure S12: Normalized solid-state UV-vis spectra of PCN-222, 20EtP-PCN-222, 59EtP-PCN-
222 and 72EtP-PCN-222 in comparison to H,TCPP and H,EtsTCPP.
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Figure S13: TGA curve of PCN-222.
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Figure S14: TGA curve of 20EtP-PCN-222.
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Figure S15: TGA curve of 59EtP-PCN-222.
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Figure S16: TGA curve of 72EtP-PCN-222.

Table S3: Linker defects of the different MOFs calculated from TGA curves according to the
literature.?2 The ideal sum formula of PCN-222 is Zrg(OH):6(TCPP-H,),.2

#H,TCPP #H,TCPP

linkersigea linkers ez
PCN-222 2 2.53
20EtP-PCN-222 2 2.08
59EtP-PCN-222 2 2.20
72EtP-PCN-222 2 2.27

ataken from 34,

Figure S17: Scanning electron microscopy images of PCN-222 with different magnifications.
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Figure S18: Scanning electron microscopy images of 20EtP-PCN-222 with different
magnifications.

Figure S19: Scanning electron microscopy images of 59EtP-PCN-222 with different
magnifications.

Figure S20: Scanning electron microscopy images of 72EtP-PCN-222 with different
magnifications.
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Figure S21: Confocal microscopy images of PCN-222 (a), 20EtP-PCN-222 (b), 59EtP-PCN-
222 (c), and 72EtP-PCN-222 (d). Excitation at 405 nm W|th a diode 405 Iaser and imaged at
700 — 760 nm. For the recording of the images the same conditions were applied to allow for
qualitative comparison of the different samples.
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Figure S22: PXRD data recorded at 310 K of PCN-222 derivatives from bottom to top following
an increasing H,EtsTCPP content (0 mol% H,EtsTCPP is shown in dark purple, 20 mol%
H,EtsTCPP in light purple, 59 mol% H,EtsTCPP in light green and 72 mol% H,EtsTCPP in dark
green).

Note for Pawley profile fit analysis. Pawley profile fit analysis was performed with TOPAS
v6. Standard deviations of all extracted lattice parameters (a, ¢, and V) were calculated and by
using “randomize_on_errors” it was ensured that the global minimum of refinement was
achieved. We performed the zero point refinement to account for a zero shift due to
misalignement by using “Zero_Error”, and the “Simple_Axial_Model” macro was used to model
the axial divergence. The zero error was refined for the first temperature point (100 K) and
then kept constant for the subsequent temperature points. The profile was fitted using
TCHZ_Peak_Type (the modified Thompson-Cox-Hastings pseudo-Voigt function with U, V, W,
X, Y, Z as refined parameters).
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Figure S23: Pawley fit refinement (light purple line) of the PXRD pattern at 310 K of PCN-222
(dark purple line), with Ry, = 3.98, Rex, = 1.36 and GOF = 2.92. The difference curve of the
profile fit (grey line) and the experimental PXRD data indicates phase purity.
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Figure S24: Pawley fit refinement (lighter purple line) of the PXRD pattern at 310 K of 20EtP-
PCN-222 (darker purple line), with Ry, = 3.10, Rey, = 1.16 and GOF = 2.67. The difference
curve of the profile fit (grey line) and the experimental PXRD data indicates phase purity.
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Intensity / arb. units

Figure S25: Pawley fit refinement (lighter green line) of the PXRD pattern at 310 K of 59EtP-
PCN-222 (darker green line), with Ry, = 3.24, Rey, = 1.53 and GOF = 2.11. The difference curve
of the profile fit (grey line) and the experimental PXRD data indicates phase purity.

Intensity / arb. units

Figure S26: Pawley fit refinement (light green line) of the PXRD pattern at 310 K of 72EtP-
PCN-222 (dark green line), with Ry, = 2.73, Reyp, = 1.36 and GOF = 2.01. The difference curve
of the profile fit (grey line) and the experimental PXRD data indicates phase purity.
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Table S4: Results for PCN-222 as obtained by Pawley refinement against VTPXRD data.

T/IK Rwp alA clA VIA3
150 31736 43.02(2) 18.59(2) 29793(43)
170 31710 42.86(2) 18.51(2) 20448(38)
190 3.4025 43.07(1) 18.61(2) 29903(38)
210 3.2566 42.92(1) 18.53(2) 29563(36)
230 3.4343 42.98(1) 18.56(2) 29708(33)
250 34199 42.90(1) 18.53(2) 209534(37)
270 3.6299 42.88(1) 18.56(2) 29557(35)
290 3.3638 42.96(1) 18.57(2) 29679(40)
310 3.9870 42.99(2) 18.69(1) 29780(37)
330 4.3497 42.99(2) 18.68(1) 29902(42)
350 4.3616 42.97(2) 18.66(2) 29839(43)
370 4.1493 42.93(2) 18.64(2) 29754(40)
390 44325 42.97(2) 18.66(2) 20833(45)
a b
N 0
A 400 K
| .
= __,J A ® 300}
© —/J__.»/L_*__. =2
P o= 00 i g
g __/-J\______A./\_,__, % 250 F
LA A ] =
_—FJ\___——/;_~__.
e (R S 200 |
(I ——
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Figure S27: VT-PXRD data of PCN-222 (a) from 150 to 400 K shown as contour plot (b) with

2

4

20/° A=0.70926 A

darker colors corresponding to a higher intensity.
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Table S5: Results for 20EtP-PCN-222 as obtained by Pawley refinement against VTPXRD

data.
T/K Rwp alA cl/A VIA3
150 35938 44.06(2) 18.74(1) 31511(40)
170 3.5190 44.09(3) 18.75(2) 31569(61)
190 35545 44.05(4) 18.71(2) 31442(73)
210 36225 43.88(3) 18.64(1) 31092(60)
230 3.6804 43.90(3) 18.66(1) 31153(54)
250 3.6712 43.89(3) 18.69(1) 31187(53)
270 3.9738 43.54(5) 18.59(2) 30532(98)
290 3.9703 43.36(6) 18.25(3) 30241(87)
310 3.1023 43.05(3) 18.56(2) 29786(46)
330 3.3605 43.32(5) 18.11(3) 29769(50)
350 3.2053 42.99(2) 18.56(2) 29714(43)
370 3.1206 43.01(2) 18.57(2) 29741(40)
390 3.0440 42.98(2) 18.55(2) 29688(39)
a b
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Figure S28: VT-PXRD data of 20EtP-PCN-222 (a) from 150 to 400 K shown as contour plot

20/° A=0.70926 A

(b) with darker colors corresponding to a higher intensity.

S-22

134



Table S6: Results for 59EtP-PCN-222 as obtained by Pawley refinement against VTPXRD

data.
T/K Rwp alA clA VI A3
150 3.1829 43.41(7) 18.58(4) 30326(122)
170 3.3325 43.51(6) 18.65(4) 30587(112)
190 3.3598 43.43(7) 18.60(5) 30392(130)
210 3.3521 43.44(6) 18.61(3) 30416(104)
230 3.1414 43.24(6) 18.52(4) 29988(108)
250 3.6554 43.35(6) 18.61(4) 30736(114)
270 36154 43.42(6) 18.68(2) 30510(90)
200 3.3258 43.16(6) 18.58(4) 20969(98)
310 3.2437 42.99(4) 18.54(4) 20688(88)
330 3.3340 43.13 (4) 18.83(3) 30334(81)
350 34108 43.08(5) 18.62(3) 20929(81)
370 3.4666 43.07(4) 18.77(3) 30166(77)
390 34923 43.12(4) 18.77(3) 30228(77)
a b
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—A—————~ 400K
5 1 350
2
2 ¢
; g 300
Bl g
c =
| g
il 200
— — 150K .

Figure S29: VT-PXRD data of 59EtP-PCN-222 (a) from 150 to 400 K shown as contour plot

20/° A=0.70926 A

(b) with darker colors corresponding to a higher intensity.
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Table S7: Results for 72EtP-PCN-222 as obtained by Pawley refinement against VTPXRD

data.
T/K Rwp alA clA VI A3
150 2.5807 42.98(1) 18.55 (2) 29681(35)
170 2.9254 43.04(2) 18.58(1) 20814(33)
190 2.7682 43.09(1) 18.62(1) 29942(32)
210 2.6598 43.06(1) 18.59(1) 29862(27)
230 2.6602 42.99(1) 18.56(2) 29700(36)
250 2.6996 43.09(2) 18.63(2) 29954(40)
270 2.6300 42.95(2) 18.56(1) 29652(33)
290 26242 42.97(2) 18.57(1) 29700(33)
310 2.7344 43.01(2) 18.60(1) 29799(33)
330 2.8042 43.02(2) 18.61(1) 29818(30)
350 2.7071 42.96(1) 18.59(1) 29708(26)
370 27038 42.98(1) 18.59(1) 29752(24)
390 25958 42.94(1) 18.62(1) 29725(25)
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Figure S30: VT-PXRD data of 72EtP-PCN-222 (a) from 150 to 400 K shown as contour plot
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Figure S31: Structural details including lattice parameters a (a), ¢ (b) and the ratio c¢/a (c)
obtained by Pawley refinement against the PXRD data at 310 K as a function of increasing
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Figure S32: Lattice parameters a (a) and ¢ (b) extracted by Pawley refinement against variable
temperature PXRD data for the PCN-222 and its derivatives.
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Figure S33: Normalized lattice constants a/asw« (a), ¢/c310« (b), and the c/a ratio (c) extracted
by Pawley refinement against variable temperature PXRD data for the PCN-222 and its

derivatives.
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Figure S34: The evolution of the normalized volume V/V310k (a) and V/Visok (b) as determined
by Pawley refinement against variable temperature PXRD data as a function of temperature
along the series of PCN-222 solid solutions with increasing H2EtsTCPP amount.
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4. Material Properties

pH stability

Intensity / a.u.

——pH=11.0
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Figure S35: PXRD measurements (A = 1.54 A) of PCN-222 after 24 h of soaking in NaOH/H,O
solutions with different pH values. After soaking, the MOF was washed with water and dried

under vacuum before PXRD measurement.
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Figure S36: PXRD measurements (A = 1.54 A) of 59EtP-PCN-222 after 24 h of soaking in
NaOH/HzO solutions with different pH values. After soaking, the MOF was washed with water

and dried under vacuum before PXRD measurement.
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Catalytic Performance Testing — Thia-Michael Addition

Excursus: PCN-222 was applied in the thia-Michael addition where organocatalytic activity was
previously shown for an H.EtsTCPP analogue in a homogeneous system.® Thus, the
experiment aimed to investigate the performance of the non-planar porphyrin after MOF
incorporation and simultaneously potential matrix integration effects. However, under the
applied reaction conditions (see below, comparable to homogeneous conditions) no
conversion was detected. Therefore, this approach was not further studied.

For the thia-Michael addition the EtP-PCN-222 catalyst (3 mol% H:EtsTCPP) was suspended
in 2 mL dichloromethane (DCM, stored over K2CO3 for 2 days) in a 20 mL screw cap vial. The
substrate phenyl vinyl sulfone (2.2 mg, 0.013 mmol, 1.0 equiv.) was added, the vial capped
and flushed with argon. Afterwards, tert-butylbenzyl mercaptan (2.4 pL, 2.3 mg, 0.013 mmol,
1.0 equiv.) was added and an argon balloon placed on top of the vial. The reaction was
performed in the dark at room temperature while stirring (350 rpm). After 24 h of reaction, the
catalyst was separated via a syringe filter. The solution was analyzed via '"H NMR to evaluate
selectivity and conversion; however, resulting in no conversion.

Additionally, the solvent was varied (acetonitrile and dimethyl sulfoxide) and the amount of
sulfon increased (10 equiv.) which both did not result in any conversion. Although raising the
temperature resulted in conversion of the substrates, blank experiments without catalyst
indicated that this conversion enhancement is caused by the increased temperature instead
of the catalyst.

Porphyrin Metalation

—— EtP-PCN-222(Rh) reflux
—— PCN-222(Rh) reflux
—— PCN-222 calc.

Intensity / a.u.

10 20 30 40 50
20/°

Figure S37: PXRD measurements (A= 1.54 A) of EtP-PCN-222(Rh) and PCN-222(Rh)
compared to the calculated pattern of PCN-222 (calculation from crystal structure) after 22 h
of refluxing while stirring the as-synthesized MOF with RhClz*xH2O in DMF with subsequent
washing and drying.
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Intensity / a.u.
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Figure S38: PXRD measurements (A= 1.54 A) of EtP-PCN-222(Rh) and PCN-222(Rh)
compared to the calculated pattern of PCN-222 (calculation from crystal structure) after 12 h
of reaction of the as-synthesized MOF with RhClz*xH>O in DMF in an oven without stirring with

subsequent washing and drying.

Table S8: wt% of Rh and Zr, approximated percentage of linker metalation (calculated from
ideal sum formula of PCN-222 and therefore only for estimation) and Zr:Rh ratios for PCN-
222(Rh) and EtP-PCN-222(Rh) prepared via different methods (reflux vs. oven) determined by
ICP-MS analysis. The theoretical Zr:Rh ratio for complete linker metalation is 3 (calculated

from the ideal sum formula and the ratio Zr:linker).

Approximated
wt% Zr wt% Rh % of linker Zr:Rh
metalation®
PCN-222(Rh) Reflux 17.57 2.32 28.43 8.55
EtP-PCN-222(Rh) Reflux 17.04 1.96 23.96 9.80
PCN-222(Rh) Oven 17.62 0.80 9.62 24.94
EtP-PCN-222(Rh) Oven 16.72 0.84 10.18 22.37

2based on the ideal sum formula of PCN-222
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1. Material synthesis

Materials

N,N-dimethylformamide (DMF, 99.8% analytical grade; VWR/ extra dry 99.8%; Acros), methanol
(MeOH, 99.8% analytical grade; VWR), iron(II)chloride (99.999% Sigma Aldrich/ 98%; abcr),
4-methylbenzenesulfonohydrazide (97%; Alfa Aesar), ammonia (7M in methanol, Acros), and
1,1-dimethoxypropan-2-one (97%; Alfa Aesar) were used without further purification as obtained from
the commercial supplier. 1H-1,2,3-triazole (H-ta, 98%, BLDpharm) was degassed and stored over

molecular sieves under an argon atmosphere.
Synthetic procedures — Linker synthesis

The 1,4,5,6-tetrahydrocyclopenta-1H-1,2,3-triazole (H-cta) ligand was prepared following a
literature procedure' and purified further via sublimation, while methyl-1H-1,2,3-triazole (H-mta) was

synthesised by a protocol adapted from literature? and purified via distillation.
4-methyl-1H-1,2 3-triazole (H-mta)

In the first step, 1,1-dimethoxypropan-2-one (20 g, 20.2 mL, 169 mmol) and
4-methylbenzenesulfonohydrazide (30.8 g, 165 mmol) were dissolved in 250 mL MeOH in an ACE
round-bottomed pressure flask (400 mL inner volume, sealed with a silicone o-ring). After 5 min OF
stirring the solution, ammonia (7M in methanol; 52 mL, 364 mmol) was added and the resulting mixture
was heated to 110 °C. The solution was concentrated under reduced pressure and cooled to room
temperature. The resulting oil was separated from the crystallised by-products via decantation, followed
by two washing cycles with CH,Cl, (10 mL). The solvent was evaporated, and the resulting mixture was
distilled under reduced pressure to yield a fraction of the colourless product as an oil at approximately

130 °C (4.31 g, 1.61 mmol, 32% yield).
'H NMR (400 MHz, CDCl3) 6 [ppm]: 11.9 (br. s, 1H, N-H) 7.45 (s, 1H), 2.3 (s, 3H);
Synthetic procedures — MOF synthesis

Fe(ta), was prepared according to a previously reported synthesis route, and the Fe(cta), and Fe(mta),

coordination frameworks were synthesised in a similar fashion®.

Fe(cta), was synthesised by combining FeCl, (64.5 mg, 0.509 mmol) and H-cta (164.1 mg, 1.504
mmol) in dry DMF (3 mL) under an argon atmosphere in a DURAN® culture tube and sealed with a
teflon-lined screw cap. The vial was placed in a heating block and heated to 120 °C. After 3 d heating

at this temperature, the resulting product was centrifuged and washed three times with DMF (3 mL) and
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three times with MeOH (3 mL). After drying for 4 h in vacuo at room temperature, a phase pure product
as a greyish powder (55 mg, 40%) was yielded.

FT-IR (ATR) 4000 — 400 cm™': 2974 (m), 2924 (w), 2859 (m), 1604 (w), 1533 (m), 1500 (w), 1441
(w), 1265 (w), 1212 (s), 1156 (s), 1126 (w), 1074 (s), 1028 (m), 900 (m), 727 (m), 677 (w), 574 (s);
EDX Fe:Cl ratio: 1 : 0.066.

Fe(mta);-as (as-synthesised) was synthesised by combining FeCl, (316.9 mg, 2.5 mmol) and H-mta
(623.3 mg, 7.5 mmol) in dry DMF (15 mL) under an argon atmosphere in an ACE pressure tube (38 mL
inner volume, sealed with a silicone o-ring). After 3 d heating at 120 °C in a heating block, the resulting
product was centrifuged and washed with DMF (5 mL) and three times with MeOH (5 mL). A fter drying
in vacuo at room temperature, a phase pure product of Fe(mta);-as as a yellow powder (117 mg, 21%)
was yielded. The as-synthesised Fe(mta), was then activated in vacuo at 280 °C for 2 h to obtain

Fe(mta),.

FT-IR (ATR) 4000 — 400 cm™: 2930 (w), 1620 (w), 1532 (m), 1455 (w), 1374 (m), 1306 (w), 1222
(m), 1178 (m), 1069 (m), 1013 (m), 825 (s), 718 (w), 677 (m); EDX Fe:Cl ratio: 1: 0.114.
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2. NMR spectroscopy

To confirm the chemical composition of the triazole-based H-mta linker, we performed liquid state 'H
NMR measurements. The '"H NMR spectrum (400 MHz) was recorded on a Mercury plus 400 high-

resolution (Fa. Varian Deutschland GmbH) spectrometer at room temperature.
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Figure S1: 'H NMR of the 4-methyl-1H-1,2,3-triazole (H-mta) ligand in CDCls.
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3. Infrared spectroscopy

We used Fourier transform infrared (FT-IR) spectroscopy to characterise the vibrational spectrum of
Fe(ta),, Fe(mta),, and Fe(cta), to compare all synthesised triazole-based MOFs. We measured in the
range of 4000 — 400 cm™! on a Bruker Equinox 55 FT-IR spectrometer equipped with the PLATINUM

ATR unit.
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Figure S2: IR spectra comparison for Fe(ta), (red), Fe(mta): (blue), and Fe(cta)s (black). Fe(ta), shows a small
signal at 3150 cm! for its hydrogen atoms at the triazole ring, which is barely visible for Fe(mta),, featuring

only one of such hydrogen ators.
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Figure S3: IR spectra recorded for as-synthesised (black) and activated (blue) Fe(mta),, showing the loss of

the band around 1700 cm™' associated with residual solvent (DMF).
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4. Thermogravimetric analysis

We performed thermogravimetric analysis (TGA) of the Fe(ta),, Fe(mta),, and Fe(cta), samples with a
TA Instruments Q500 thermogravimetric analyser in a nitrogen atmosphere at a heating rate of 5 K min™!

after a 5 min isothermal step in the temperature range of 25 — 800 °C.
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Figure S4: TGA curves of as-synthesised Fe(mta),-as (dotted) and activated (solid) Fe(mta),, showing the
loss of approx. 2 wt% residual DMF from Fe(mta),-as as red traces, indicating the thermal derivative of the
relative mass changes (red) shows the decomposition onset at 400 °C and the peak at approximately 470 °C.
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Figure S5: TGA curve of Fe(cta), (black) and thermal derivative of the relative mass changes (red), showing
the decomposition onset at 400 °C and the corresponding peak at approximately at470 °C.

S-7

149



5. Differential scanning calorimetry

Differential scanning calorimetry (DSC) experiments of the powder Fe(ta), and Fe(mta), samples were
performed in a DSC (NETZSCH DSC 214) under constant nitrogen purging flow (40 mL min) and a
heating rate of 10 K min™ in the temperature range between 193.15—383.15 K. The NETZSCH-Proteus®

software was used to analyse the heat flow signals.
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Figure S6: Cycling DSC measurement of the of activated Fe(mta),, showing a reversible phase transition.
Note here that signals below 220 K are measurement artifacts. Running the DSC measurement with a heating
rate of 20 K min™! splits the broad heat signal into two signals. This underlines the complexity about the
temperature dependent behaviour and presumably the pressure-induced phase transition.
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Figure S7: Cycling DSC measurement of the as-synthesised Fe(mta)»-as, showing a phase transition shifted
to lower temperatures. Note here that the phase transition goes down to the signals below 220 K, which are

measurement artifacts.
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Figure S8: Cycling DSC measurement of Fe(ta),, showing a broad phase transition shifted to higher
temperatures in the first heating curve, as well as the loss of some water residues in the initial heating run.
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6. Magnetic susceptibility measurements

A superconducting quantum interference device (SQUID) magnetometer (Quantum Design, MPMSS5),
working in the temperature range of 2 K < T < 700 K and in magnetic fields =5 T < uOH < 5 T, was
used to measure the magnetization M of the powder MOF samples. A heating and cooling rate of
2K min"! was applied, and the temperature dependence of the magnetic susceptibility at a given

magnetic field was determined as y = M/H.
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Figure S9: Thermal variation of the molar susceptibility, comparing the spin-crossover behaviour of Fe(ta),
(green), Fe(mta)>-as (light blue), Fe(mta), dry (blue), and Fe(cta), (pink) in yMT representation taken on
increasing and decreasing temperatures in the corresponding colour based on the respective sum formulas
considering the different iron sites ([FeFea(X)e]).
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Figure S10: Temperature dependence of the magnetic susceptibility = M/H of Fe(cta), based on the reduced
form to one metal ion taken at an external field of H = 1000 Oe (left ordinate) and its inverse (right ordinate).
Insert: temperature dependence of the product yT. The pink solid lines indicate the fit curves.
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Figure S11: Temperature dependence of the magnetic susceptibility y = M/H of Fe(mta), based on the
reduced form to one metal ion taken at an external field of H = 1000 Oe (left ordinate) and its inverse (right
ordinate). Insert: temperature dependence of the product 3 T. The blue solid lines indicate the fit curves.
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Figure S12: Temperature dependence of the magnetic susceptibility y = M/H of Fe(mta)>-as based on the
reduced form to one metal ion taken at an external field of H = 1000 Oe (left ordinate) and its inverse (right

ordinate). Insert: temperature dependence of the product (T. The blue solid lines indicate the fit curves.

Figure S9 shows the temperature dependence of the molar susceptibility of Fe(ta), already described
in detail in the literature® in comparison to its new derivatives Fe(cta), and Fe(mta), in a T plot. In
general, the Fe(ta), showed the classical behaviour of a spin-crossover (SCO) transition at elevated
temperatures, exhibiting the largest hysteresis observed for such a material so far.* In contrast, depending
on the steric demand of the respective ligands resulting in larger unit cell constants (Table S3), the SCO
takes place in a step-wise fashion and is shifted to lower temperatures for Fe(mta),, and only partially

for Fe(cta), down to temperatures of 4 K.

The course of Fe(mta),-as starts with T = 0.3 emu Kmol ", rises steeply up to 40 K, and then changes
to a slightly rising plateau up to 240 K. The starting value, exceeding pure low-spin Fe(I), can be
explained by an incomplete transition, or impurities, as already described in the literature.’ The plateau
starts at ¥T = 1.5 emu Kmol™ (0.5 HS Fe(II)) and goes up to ¥T = 3 emu Kmol! (1 HS Fe(Il)). It then
goes into a steep transition to 280 K, ending at ¥T = 9 emu Kmol™, which corresponds well to 3 HS
Fe(II). This course is in fair agreement with a stepwise transition of the different iron sites in the
framework with a Fel: Fe2 1:2 ratio, suggesting that with increasing temperature, first all "Fel" (central
Fe ion of the Kuratowski unit) iron atoms go into the high spin state in a relatively long temperature
range before the "residual Fe2" (peripheral Fe ions of the Kuratowski unit) follow at higher temperatures
with a cooperative phase transition. Removal of residual DMF occluded in the structure at 553 K does
not change the general behaviour but shifts the spin transition of the Fe2 sites by approximately 15 K to
higher temperatures. This indicates that not only steric strain from bulky ligands but also solvent

molecules in the voids significantly influence the SCO transition behaviour in such frameworks, which
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could be exploited to further influence the behaviour via the incorporation of sterically demanding

molecules. Both Fe(mta), samples showed no signs of hysteresis in contrast to Fe(ta),.

Starting from yT= 1.3 emu Kmol™, the susceptibility of Fe(cta), at 4 K is larger than expected for a
pure Fe (IT) low spin compound (xT = 0 emu Kmol™) indicating that the material is already in a transition
state and the " plot (Figure S10) suggests from its slope that approximately half of the Fe ions in
Fe(cta); are already in the high-spin state at this temperature. The flat low-temperature range of Fe(cta),
cannot be represented because it is below 0 K. Upon heating, the ¥T-curve increases until it flattens out
at 150 K at yT = 9 emu Kmol™ in a complete high spin state for all 3 Fe(II) ions. Here, the transition

from low- to high-spin state seems to occur continuously, foreclosing a cooperative behaviour.
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7. Laboratory powder X-ray diffraction

Powder X-ray diffraction (PXRD) data was collected at ambient temperature using the Malvern
Panalytical Empyrean diffractometer equipped with a Bragg—Brentano'™® mirror and a PIXcel’P 2x2

detector. For the variable temperature PXRD data, a CHC+ reaction chamber was used with N, gas flow

for cooling control.
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Figure S13: Collection of laboratory PXRD data (A = 1.54 A) of Fe(mta),, and Fe(cta)» compared to the
calculated patterns of the high-spin and low-spin Fe(ta)s.
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Figure S14: Variable Temperature PXRD data (A = 1.54 A) of Fe(mta)s.
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Counts / arb. units

Figure S15: Variable Temperature PXRD data (A = 1.54 A) of Fe(cta),. The measurement at -180°C was
performed under vacuum instead of using Na.
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8. High-pressure powder X-ray diffraction

High-pressure powder X-ray diffraction (HPPXRD) data at variable pressure points was collected at the
Diamond Light Source (UK), beamline (I15) within beamtime CY30815-2. We used a monochromatic
X-ray beam 4 = 0.4246 A (with a fixed operating beam energy 29.2 keV), equipped with a Pilatus3 X
CdTe 2M area detector for HPPXRD data collection. The finely grounded MOF powders were handled
in the glove box and filled into soft plastic capillaries (Makrolon, inside diameter 1.8 mm), together with
Silicone oil AP100 (polyphenyl-methylsiloxane) as pressure transmitting medium to maintain
hydrostatic conditions up to 0.4 GPa, and sealed with adhesive epoxy paste (Araldyte-2014-1) by heating
up to 60 °C for 20 min. We used a hydraulic high-pressure cell as described in more detail in the
literature.® Therefore, the samples were loaded into a chamber filled with water to transmit the
hydrostatic pressure, and a hydraulic gauge pump was used to apply and release water pressure.
HPPXRD measurements were performed through two diamond windows in the high-pressure chamber
(metal block) along beam direction in the pressure range from ambient to 0.4 GPa in 0.02 GPa step size

(4p) with an estimated error of op = + 0.003 GPa.

Stack plot of the ambient pressure data
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Figure S16: Collection of the normalised PXRD patterns of each MOF, i.e. Fe(ta),, Fe(mta),, and Fe(cta),
recorded at ambient pressure.
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Stack plots of the HPPXRD data
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Figure S17: HPPXRD patterns for Fe(ta): collected in the pressure range from ambient to 0.4 GPa.
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Figure S18: HPPXRD patterns for Fe(mta): collected in the pressure range from ambient to 0.4 GPa.

S-17

159



Counts / arb. units

) () (S ;- A

0.5 1.0 16 20 25 30
Q/A"

Figure S19: HPPXRD data for Fe(cta) collected in the pressure range from ambient to 0.4 GPa.

S-18

160



9. PXRD analysis

The collected 2D detector images were integrated by DAWN software.” Profile fits (Pawley method)*
of the collected pressure-dependent PXRD data sets were performed using routines implemented in
TOPAS V6’ to obtain unit cell parameters and cell volume (a and V) with standard deviations. The
representative profile fits of the PXRD data collected at ambient pressure show a good fit using the
published cubic crystal structure of Fe(ta),.>'° Additionally, Rietveld refinements'! against high-
resolution HPPXRD data were performed using TOPAS V6° to obtain bond lengths (Fe-N) as a function
of increasing hydrostatic pressure. Therefore, the single crystal structure of the cubic Fe(ta),*!'°and 3D
electron diffraction data (Chapter 14) were used as the starting model, and Pawley fits provided unit cell
and background parameters for the refinement. The peak shapes were refined using the macro
“PVII_Peak Type” (with ha, hb, he, lora, lorb, lorc as refined parameters), and we performed zero point
refinement to account for a zero shift due to misalignment using “Zero Error”. The zero error was
refined for the first pressure point and then kept constant for subsequent pressure points. We described

the structure models using atom coordinate sites and parameters as given below.

Rietveld refinements

R, =289
a=17.3175A
— Exp. Data
- Rietveld Fit
Diff. Curve

Intensity / arb. units

A, _J A A

0.76 1.00 1.25 1.50 1.75
Q/A’

Figure S20: Rietveld refinement of Fe(mta), at ambient pressure. Experimental data is shown as dark blue

line and the calculated data from Rietveld refinement as light transparent blue line, and the difference curve

(fit — data) as grey line. Reflection positions are shown as black vertical tick marks.

Atom coordinates of Fe(ta); used in the Rietveld refinement with fixed cell parameter ¢ = 16.5969 A
extracted from Pawley refinement of the ambient PXRD data; Wyckoff position (site symmetry) for the
crystallographic Fe': Fe?* (16¢) and Fe?*" (8a)

siteHl  x=Hlx;  y0.817810 z0.580600

site Fel — x0.00000  y 0.00000  z 0.00000

siteFe2  x0.12500  y 012500  z0.12500

siteNI x0.67090  y0.290360 =z 0.579100

siteCl x0.65421 y=Cly;  z0.595790
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siteN2  x 0.62500  y 0.244960  z 0.62500

prm Hix 0.93219°_0.01460 min 0.932190 max 0.932191
prm Cly 0.36780°_0.00291 min 0.3678 max 0.36781
Ruagg 4.9143

R,, 6.8140

Atom coordinates of Fe(mta); used in the Rietveld refinement with fixed cell parameter « = 17.3175
A extracted from Pawley refinement of the ambient PXRD data; Wyckoff position (site symmetry) for
the crystallographic Fe': Fe?* (16d) and Fe** (8b)

site Fel x 0.375000 y 0.375000 = 0.375000

site Fe2 x 0.500000 y 0.250000  z 0.250000

site NI x0.375000 y0.375000 = 0.24820

site N2 x = Clx +de2x+dn2x;  y = 0.75-Clx -dc2x-dn2x;  z 0.20580

siteCl x=Clx; y=075-Clx; z 0.13010

site C2 x = Clx+dc2x; y C2y 0.31967°_0.00868 z 0.05720 prm Clz 0.13025°_0.01022 min 0.1301 max 0.13025

prm Clx 0.40294°_0.00125 min 0.375

prmde2x 0.01794°_0.00792 min 0 max 0.03

prmdn2x 0.00265"_0.00801 min 0 max 0.03

Flatten(NI 00 00N20000N233000C10000CI33 000,0°,0.2,1000)

Distance_Restrain(NI ON2 0 000, 1.30656, 1.39690"_0.23615, 0.15, 1000)

Distance_Restrain(N2 0C1 0 000, 1.37385, 1.40454°_0.09905, 0.15, 1000)

Distance_Restrain(C1 0C1 33 000, 1.3692, 1.36837"_0.06146, 0.15, 1000)

Distance_Restrain(C1 0C2 0 000, 1.43927, 1.38393"_0.05619, 0.15, 1000)

Angle_Restrain(N2 11 C1 11 C2 11,120, 135.02828"_13.70031, 5, 0.001)

Angle_Restrain(N2 11 C1 11 C2 88,120, 92.29834°_0.49327, 5, 0.001)

Rirage 1.1806

R,,2.8995

Atom coordinates of Fe(cta); used in the Rietveld refinement with fixed cell parameter « = 18.2301 A
extracted from Pawley refinement of the ambient PXRD data; Wyckoff position (site symmetry) for the
crystallographic Fe': Fe?* (16¢) and Fe** (8a)

site Fel x 0.125000  y 0.625000 = 0.625000

site Fe2 x 0.250000  y 0.750000 z 0.750000

site NI x 0.092750 v 0.705470 = 0.705470

siteN2 x 0135260y 0.750000  z0.750000

siteCl x0.023380 y=Cly;  z=Cly;

site C2 x-0.050130 y=C2y; z 1.200660

siteC3 x0.000000 y=C3y;  z1.000000

site HI x =-Ix; Y 0.141570 == Hlz;

site H2a x = H2ax; y=H2ay; z=1+Hax;

prm Cly 0.72430°_0.00188 min 0.724 max 0.7243
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prm C2y 0.20100°_0.00355 min 0.200 max 0.201
prm C3y 0.65000"_0.00377 min 0.650 max 0.651
prm Hix 0.05840°_0.00605 min 0.058 max 0.0584
prm Hlz 1.21290°_0.01172 min 1.2128 max 1.2129
prm H2ay 0.61680°_0.01112 min 0.6168 max 0.6169
prm Felbeq 2.03690°_1.09329 min 0.1 max 5

prm Fe2beq 2.87588"_1.37744 min 0.1 max 5

prm Nlbeq 1.00000°_1.98487 min I max 2

prm N2beq 2.00000°_2.28288 min 1 max 2

prm Clbeq 1.00000°_3.04254 min 1 max 2

prm C2beq 2.00000°_1.89394 min 1 max 2

prm C3beq 2.00000°_8.37352 min 1 max 2

Rirage 1.6689

R,,2.6856
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Table S1: Overview of the Fe-N bond lengths of Fe(ta), derived from Rietveld refinements of the HPPXRD

data.

p/GPa - Fel-NI/A Fe2-N2/A
ambient 6.8140 1.97360 1.99082
0.0194 6.6503 1.97374 1.99096
0.0398 7.0890 1.97358 1.99080
0.0598 7.5883 1.97309 1.99030
0.0797 7.8771 1.97257 1.98978
0.0995 7.9865 1.97208 1.98928
0.1199 7.9965 1.97170 1.98890
0.1399 7.9905 1.97114 1.98834
0.1593 7.7592 1.97058 1.98777
0.1793 7.7794 1.97024 1.98743
0.1996 7.7105 1.96972 1.98691
0.2196 7.7578 1.96934 1.98653
0.2397 7.7167 1.96895 1.98613
0.2597 7.7362 1.96857 1.98575
0.2797 7.6352 1.96807 1.98524
0.2997 7.6308 1.96774 1.98491
0.3198 7.6966 1.96713 1.98429
0.3397 7.8345 1.96673 1.98389
0.3598 7.7522 1.96619 1.98335
0.3798 7.9929 1.96576 1.98291
0.3998 7.8943 1.96538 1.98253
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Table S2: Overview of the Fe-N bond lengths of Fe(cta), derived from Rietveld refinements of the HPPXRD

data.

p/GPa pr Fel-NI/A Fe2-N2/A
ambient 2.6856 2.15631 2.09172
0.0194 1.5022 2.15648 2.09188
0.0398 1.2959 2.15550 2.09093
0.0598 1.4141 2.15423 2.08970
0.0793 2.7892 2.15388 2.08936
0.0995 1.5303 2.15377 2.08925
0.1198 1.3998 2.15350 2.08899
0.1399 2.2272 2.15303 2.08853
0.1594 1.4342 2.15227 2.08780
0.1794 1.4543 2.15200 2.08753
0.1996 1.7422 2.15113 2.08670
0.2196 1.6495 2.15073 2.08631
0.2397 1.7356 2.15035 2.08594
0.2597 1.4728 2.15003 2.08563
0.2798 1.4311 2.14961 2.08522
0.2998 1.5466 2.14906 2.08469
0.3198 1.6351 2.14867 2.08431
0.3397 1.8914 2.14822 2.08387
0.3598 2.1734 2.14777 2.08344
0.3798 1.9975 2.14735 2.08302
0.3998 1.8562 2.14708 2.08276
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Figure S21: The evolution of the bond distances (Fel-N1 and Fe2-N2) as a function of pressure up to 0.4
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Figure S22: Pawley fit for Fe(ta), at ambient pressure. Experimental data is shown as dark green line, Pawley
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Figure S23: Pawley fit for Fe(mta), at ambient pressure. Experimental data is shown as dark blue line, Pawley
fit as light blue line, and the difference curve (fit — data) as grey line.
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Figure S24: Pawley fit for Fe(cta), at ambient pressure. Experimental data is shown as dark pink line, Pawley
fit as light pink line, and the difference curve (fit — data) as grey line.
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Fe(mta),
Fd-3m
a 16.812(1) A

Intensity / arb. units

20/°(A=0.4246 A)

Figure S25: Pawley fit for Fe(mta), at 0.4 GPa. Experimental data is shown as dark blue line, Pawley fit as
light blue line, and the difference curve (fit — data) as grey line.

Table S3: Structural parameters (lattice parameter a, volume ¥, and space group S.G.) for all studied triazole-
based Fe(II) MOFs obtained from Pawley refinement of the ambient pressure PXRD data.

Fe(x), Fe(ta), Fe(mta), Fe(cta),
alA 16.5969(6) 17.3175(7) 18.2301(4)
ViA3 4571.8(5) 5193.5(7) 6058.6(4)
S.G. Fd-3m Fd-3m Fd-3m
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Table S4: Overview of the unit cell parameters and volumes of Fe(ta), derived from Pawley fits of the

HPPXRD data.

p/GPa R alA v/ A3

ambient 273774 16.5969(6) 4571.8(5)
0.0194 2.73552 16.5969(6) 4571.8(5)
0.0398 2.45438 16.5955(6) 4570.6(5)
0.0598 2.58785 16.5914(6) 4567.2(5)
0.0797 2.75515 16.5870(6) 4563.6(5)
0.0995 2.81962 16.5829(6) 4560.2(5)
0.1199 2.83131 16.5797(6) 4557.5(5)
0.1399 2.82163 16.5750(6) 4553.7(5)
0.1593 2.81628 16.5703(6) 4549.8(5)
0.1793 2.78023 16.5674(7) 4547.4(5)
0.1996 2.77953 16.5631(7) 4543.9(5)
0.2196 2.71871 16.5599(6) 4541.3(5)
0.2397 2.68595 16.5566(6) 4538.5(5)
0.2597 2.70596 16.5534(6) 4535.9(5)
0.2797 2.73582 16.5492(7) 4532.4(5)
0.2997 2.76427 16.5464(7) 4530.1(5)
0.3198 2.78284 16.5413(7) 4526.0(5)
0.3397 2.81206 16.5379(7) 4523.2(5)
0.3598 3.10945 16.5334(7) 4519.5(6)
0.3798 2.86024 16.5298(7) 4516.5(5)
0.3998 287148 16.5266(7) 4513.9(5)
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Table S5: Overview of the unit cell parameters and volumes of Fe(cta), derived from Pawley fits of the

HPPXRD data.

p/GPa R alA VA3

ambient 2.66004 18.2301(4) 6058.6(4)
0.0194 1.57839 18.2315(9) 6060.0(9)
0.0398 1.5153 18.2232(8) 6051.7(8)
0.0598 1.53717 18.2125(6) 6041.1(6)
0.0793 233418 18.2095(9) 6038.1(9)
0.0995 1.40499 18.2086(7) 6037.2(7)
0.1198 1.49129 18.2063(7) 6034.9(7)
0.1399 1.51052 18.2023(7) 6030.9(7)
0.1594 1.54993 18.1959(9) 6024.5(8)
0.1794 1.55415 18.1936(9) 6022.3(9)
0.1996 1.51402 18.1863(8) 6015.1(8)
0.2196 1.548 18.1829(8) 6011.6(8)
0.2397 1.54349 18.1797(7) 6008.5(7)
0.2597 1.56373 18.1770(7) 6005.8(7)
0.2798 1.57277 18.1734(7) 6002.2(7)
0.2998 156371 18.1688(8) 5997.6(7)
0.3198 1.57561 18.1655(7) 5994.4(7)
0.3397 1.55788 18.1617(7) 5990.6(7)
0.3598 1.59253 18.1579(8) 5986.9(7)
0.3798 1.56215 18.1543(7) 5983.3(7)
0.3998 1.61549 18.1520(7) 5981.0(7)
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10. Bulk moduli (EOSFit)

The unit cell volume changes obtained by HPPXRD data analysis were fitted to 2" order Birch-
Murnaghan (B-M) equation of state using EoSFitGui to estimate the bulk moduli of Fe(ta), and
Fe(cta),.!? The standard deviations of the volumes extracted by Pawley profile fitting and a standard
pressure error (op = £ 0.003 GPa) were included in the B-M fitting routine. For both studied MOFs,
variable pressure unit cell volumes across the p range between ambient — 0.4 GPa were used for fitting.

In addition, we present 2" and 3" order calculations of the bulk moduli for completeness (Table S6).
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Figure S27: The evolution of the unit cell volume of Fe(ta)> is fitted using 2" order B-M equation of state

shown as green line in the ¥(p)-plot (a) and F(f)-plot (b), confirming the applicability of the 2™ order fit to
calculate the bulk modulus.
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Figure S28: The evolution of the unit cell volume of Fe(cta), is fitted using 2™ order B-M equation of state

shown as pink line in the ¥(p)-plot (a) and F(f)-plot (b), confirming the applicability of the 2" order fit to
calculate the bulk modulus.
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Table S6: Overview of bulk moduli (B) determined by using 2°¢ and 3™ order B-M equation of state
calculations for the unit cell volume at ambient pressure (¥, at zero pressure and temperature) with standard

deviations.

Fe(ta)2 Fe(cta)2

B(2™)/ GPa 28.2 29.5
0B (2')/ GPa 0.2 0.5

Vo (2d)/ A3 4576.5 6057.9
oVo(2)/ A3 0.3 0.8
B(3")/ GPa 27.3 26.8
0B (3" / GPa 0.9 0.5

Vo (31 / A3 4576.9 6058.8
oVo(31)/ A3 0.5 0.8
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11. Standard material for high-pressure PXRD analysis

To validate the high-pressure cell setup, we used Ni(dmgH), (Nickel dimethylglyoxime) as reference
material with literature-known variable pressure behaviour.'>!'¥ The sample was prepared in a similar
fashion as described above in the HPPXRD experimental details (Chapter 8). The HPPXRD data was
collected in the pressure range (ambient pressure to 0.4 GPa) with a defined pressure step size
(0.02 GPa). Pawley refinement of the PXRD data at ambient pressure reveals unit cell parameters
a=16.5717(6) A, b= 10.4331(3) A, c = 6.4621(2) A, and V' = 1117.28(6) A® is in great accordance
across variable pressure PXRD data with the reported structure.'> The calculated bulk moduli, i.e.
B=18.43 £ 0.15 GPa (derived from the B-M 3™ order equation of state fit) and B = 9.57 = 0.09 GPa

(derived from the B-M 2™ order equation of state fit) are in line with literature data, confirming the

applicability of the setup.'

PP?PP?PPP?P(??P

Counts / arb. units

2 . 3 . 4 . 5 . 6 . 7
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.
g
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Figure S29: Normalised HPPXRD data of the standard material Ni(dmgH) recorded in the pressure range
from ambient pressure up to 0.4 GPa.
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Table S7: Unit cell parameters and the corresponding Ry, values for Ni(dmgH)» derived from Pawley profile
fitting of the HPPXRD data.

p/GPa Rwp alA b/A clA V/IA3
ambient 2.95280 16.5717(6) 10.4331(3) 6.4621(2) 1117.28(6)
0.0197 3.58596 16.5718(9) 10.4265(5) 6.4539(4) 1115.16(10)
0.0398 2.99285 16.5677(7) 10.4105(4) 6.4483(3) 1112.21(8)
0.0598 2.96639 16.5690(8) 10.4004(4) 6.4412(3) 1109.99(9)
0.0793 2.97736 16.5615(9) 10.3890(5) 6.4345(3) 1107.11(10)
0.0999 2.87619 16.5635(8) 10.3808(6) 6.4283(3) 1105.31(10)
0.1199 2.95232 16.5562(6) 10.3677(5) 6.4217(4) 1102.29(9)
0.1399 2.49250 16.5566(6) 10.3571(4) 6.4157(3) 1100.16(7)
0.1594 3.03165 16.5552(8) 10.3482(6) 6.4108(2) 1098.30(11)
0.1795 2.52741 16.5501(6) 10.3387(4) 6.4045(2) 1095.86(7)
0.1996 3.04075 16.5497(8) 10.3310(5) 6.3991(4) 1094.11(10)
0.2196 2.55868 16.5480(6) 10.3221(4) 6.3934(2) 1092.07(7)
0.2397 2.66187 16.5446(6) 10.3129(4) 6.3890(3) 1090.12(7)
0.2597 2.66473 16.5418(8) 10.3073(6) 6.3828(3) 1088.29(9)
0.2798 2.61754 16.5367(7) 10.2969(4) 6.3774(3) 1085.93(8)
0.2997 2.37638 16.5330(7) 10.2919(5) 6.3722(3) 1084.28(9)
0.3198 2.96540 16.5287(7) 10.2873(6) 6.3673(3) 1082.68(9)
0.3397 2.72334 16.5242(9) 10.2765(6) 6.3609(4) 1080.17(10)
0.3598 2.86385 16.5198(7) 10.2708(5) 6.3565(3) 1078.52(9)
0.3798 2.57641 16.5161(6) 10.2624(5) 6.3514(3) 1076.54(8)
0.3998 2.58556 16.5147(6) 10.2581(4) 6.3463(2) 1075.14(7)
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Figure S31: 2" order -BM equation of state fit of Ni(dmgH), shown as blue line in the V(p)-plot (a) and F(f)-
plot (b), confirming the applicability of the 2™ order fit to derive the bulk modulus.
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Figure S32: 3" order B-M equation of state fit of Ni(dmgH)> shown as blue line in the V(p)-plot (a) and F(f)-
plot (b), confirming the applicability of the 3 order fit to derive the bulk modulus.
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13. Scanning electron microscopy and energy-dispersive X-ray
spectroscopy

Scanning electron microscopy (SEM) images were obtained with a Zeiss Crossbeam 550 electron
microscope, and subsequent energy-dispersive X-ray spectroscopy (EDX) of Fe(mta), was performed
using this device equipped with a EDAX SiLi detector. The EDX spectra of Fe(cta), were collected using
the Philips XL 30 FEG with an EDAX SiLi detector. The Fe:Cl ratios were determined as average from

measurements on sample squares of at least 5 x 5 um and applying an operating voltage of 20 kV.

Figure S33: SEM micrograph of Fe(mta),.

Figure S34: SEM micrographs of Fe(cta),.
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14. 3D electron diffraction data

3D electron diffraction (3DED) data of Fe(mta), and Fe(cta), was collected using a Rigaku XtaLAB
Synergy-ED system!” equipped with a Rigaku HyPix-ED detector and LaBs electron source operating
at 200 keV (A = 0.0251 A)in a vacuum at different temperatures using Gatan’s Elsa cryo-transfer holder.
Data collection and processing, i.e. structure refinements, data reductions, and analysis were performed
using the Rigaku Oxford Diffraction CrysAlis*™ program package.'® The shutterless data was recorded
in continuous crystal rotation mode at the 645 mm detector distance using the selected area
configuration. The samples were placed on a standard amorphous carbon on a Cu grid and transferred
to a holder at 233 K. The initial object search, electron beam sensitivity tests, selection and centering of
crystal, and first measurements were performed at the transfer temperature. Next, the continuous grid
was cooled down to 173 K, and the same crystal was located again and measured with the same scan
conditions. In the last step, the grid was heated to 373 K, and measurements were repeated for the same
crystals. Due to the high symmetry of the crystal structures, dataset merging was not required. The
collected data was processed and finalised with frame scaling and empirical absorption correction up to
0.8 A resolution. The structure was solved, and the space group Fd-3m was determined by the ShelXT
2018/2" structure solution program using Intrinsic Phasing and refined in the kinematic approximation
model using atomic electron scattering factors®® by Least Squares using ShelXL 2018/3.2! An extinction
parameter has been refined to mitigate the effect of dynamic intensity data. All non-hydrogen atoms
were refined anisotropically. Hydrogen atom positions were calculated geometrically and refined using
the riding model. Hydrogen atom positions were calculated geometrically and refined using the riding
model. A static disorder of ligand molecules around the symmetry elements in both crystal structures

can be observed and refined with constrained atom occupancies and RIGU/SIMU restrains.
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Table S8: Crystal structure and refinements details for Fe(mta),.

Compound data M-173 data_M-233 data_M-293 data_M-373
Fe(mta),

Formula CigHgFesNyg
D, 4./ g cm? 1.820 1.760 1.688 1.690
Formula weight 654.00 654.00 654.00 654.00
T/K 173(1) 233(1) 293(2) 373(1)
Crystal system cubic cubic cubic cubic
Space group Fd-3m Fd-3m Fd-3m Fd-3m
a/A 16.84(8) 17.0(4) 17.26(9) 17.26(8)
V/A3 4773(68) 4936(316) 5146(78) 5140(74)
zZ 8
Z' 1/24
Wavelength / A 0.0251
Radiation type electrons
Ol 0.074 0.073 0.072 0.072
Onax!” 0.896 0.898 0.897 0.898
Measured refl. 4981 1808 5776 4510
Independent refl. 270 267 291 291
Reflections with I 188 134 208 251
>2(1)
Ry 0.5094 0.2492 0.4135 0.2358
Parameters 31 30 30 31
Restraints 0 0 30 0
Largest peak 0.710 0.350 0.250 0.212
Deepest hole -0.230 -0.098 -0.177 -0.274
GoF 1.310 1.117 1.268 1.285
WR; (all data) 0.3978 0.3815 0.3803 0.3491
wR; 0.3804 0.3236 0.3453 0.3406
R; (all data) 0.1904 0.1702 0.1420 0.1288
R; 0.1779 0.1198 0.1209 0.1218
CCDC Deposition 2311804 2311805 2311806 2311807
number

Figure S35: Image of Fe(mta),, showing suitable crystals used for ED.
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@  Fe(mta), at 173 K b Fe(mta), at 233 K

Alom Alom Length/ A Alom Atom Lenglh /A
Fel N3 2.083(14) Fe2 N4 2.08(5)
Fel N3! 2.083(14) Fe2 N4! 2.08(5)
Fel N32 2.083(14) Fe2 N42 2.08(5)

Fel N33 2.083(14) Fe2 N4* 2.08(5)
Fel N34 2.083(14) Fe2 N4+ 2.08(5)

Fel N33 2.083(14) Fe2 N4’ 2.08(5)
Fe2 N40 2.048(14) Fel N3¢ 2.15(5)
Fe2 N4 2.048(14) Fel N3 2.15(5)
Fe2 N47 2.048(14) Fel N37 2.15(5)
Fe2 N48 2.048(14) Fel N3¢ 2.15(5)
Fe2 N49 2.048(14) Fel N33 2.15(5)
Fc2 N410 2.048(14) Fcl N3? 2.15(5)

N3 N4 1.303(12) N3 N4 1.29(3)

N3 N411 1.303(12) N3 N4° 1.29(3)

N4 Cs5 1.322(16) N4 [5) 1.33(3)

C5 cs5u 1.39(3) (8] cs? 1.33(4)

C5 Co6 1.44(3) Cs5 C6 1.54(5)
L1/242,3/4-%,5/4-y: 2-1/2+2,1/2+x,+y; 33/4- 1-z,1-x,1-y; Hz,4%,7y; 31-y,1-z,1-%; Hy,+z,+x;
v,42,3/4-x; 41/4-x,5/4-y +1; >-1/2+y +7,1/2+x; 01 - S1x,1y,1-2; 63/4-y +2.3/4-x; 7~2,3/4-x,3/4-y;
V. 1/4+42Z.1/44x; 7-1/442Z.1-X,- 1/4+y: 8-1/2+y.5/4- 83/4.x,3/4-y +17; 93/4-x +y 3/4-2

2,3/4-%; °1/2-x,3/2-y,1-2; 193/4-£,1/2+X,5/4-y;
11x,5/4-y,5/4-z

¢ Fe(mta), at RT d Fe(mta), at 373 K
Atom Atom Length /A Atom Atom Length /A
Fel Ni! 2.198(15) Fel N3! 2.198(13)
Fel N12 2.198(15) Fel N32 2.198(13)
Fel N3 2.198(15) Fel N33 2.198(13)
Fel N4 2.198(15) Fel N3¢+ 2.198(13)
Fel N3 2.198(15) Fel N33 2.198(13)
Fecl N1¢ 2.198(15) Fcl N3 2.198(13)
Fe2 N22 2.117(14) Fe2 N4 2.129(13)
Fe2 N25 2.117(14) Fe2 N4$6 2.129(13)
Fe2 N27 2.117(14) Fe2 N47 2.129(13)
Fe2 N28 2.117(14) Fe2 N4¢ 2.129(13)
Fe2 N2°¢ 2.117(14) Fe2 N4t 2.129(13)
Fe2 N210 2.117(14) Fe2 N4} 2.129(13)
N1 N2 1.302(11) N3 N4° 1.285(10)
N1 N2 1.302(11) N3 N4 1.285(10)
N2 Cl 1.369(15) N4 cs 1.331(14)
Cl1 Cl 1.338(19) C5 Cs? 1.39(2)
Cl1 C3 1.43(3) Cs C6 1.38(3)
Lz x+1/2,y+1/2; 2-y+3/4,-z+1/4 x+1/2; 3- L4y,3/4-2,3/4-x; 13/4-2,3/4-x +y: +z4%,+y;
Z+3/4 -3+ 1/4,y+1/2; 4-x+3/4,2+1/2,-y+1/4; 5- dry 474 33/4-x,-y,3/4-z; 61-x,1-y,1-z; T1-z,1-

y+3/4,%+1/2,-z+1/4; O-x+3/4,-y+1/4,z+1/2; 7 x,1-y; 81-y,1-z,1-X; °3/4-x,3/4-y,+z
y+1/4,-%+1/2,7+3/4; 8 —z+3/14 X+1/2 -y+1/4; °
yi11/4,z13/4,x11/2; 10z1 1/4,-x11/2,y13/4

Figure S36: Bond lengths for Fe(mta), as determined at different temperatures (a-d).
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Table S9: Crystal structure and refinements details for Fe(cta)s.

Compound data_C-173 data_C-233 data_C-293 data_C-373
Fe(cta),

Formula C3Hs6Fe3N g
Do/ g cm3 1.840 1.836 1.802 1.828
Formula weight 816.28 816.28 816.28 816.28
T/K 173(1) 233(1) 293(2) 373(1)
Crystal system cubic cubic cubic cubic
Space group Fd-3m Fd-3m Fd-3m Fd-3m
alA 18.06(7) 18.08(16) 18.19(10) 18.10(10)
vV /A3 5893(65) 5907(158) 6017(99) 5932(99)
A 8
Z 124
Wavelength / A 0.0251
Radiation type electrons
Ol 0.069 0.069 0.068 0.069
Ol 0.896 0.896 0.898 0.899
Measured refl. 6138 6134 4041 4241
Independent refl. 327 327 333 328
Reflections with I 310 306 306 250
>2(I)
Ry 0.3114 0.2070 0.1988 0.4731
Parameters 39 42 31 39
Restraints 27 45 0 27
Largest peak 0.233 0.249 0.492 0.256
Deepest hole -0.157 -0.164 -0.319 -0.155
GoF 1.255 1.352 1.844 1.238
WR, (all data) 0.3649 0.3568 0.4424 0.3659
WR, 0.3605 0.3535 0.4358 0.3380
R; (all data) 0.1530 0.1491 0.2025 0.1734
R; 0.1479 0.1434 0.1950 0.1434
CCDC Deposition 2311808 2311809 2311810 2311811
number

Figure S37: Image of Fe(cta),, showing suitable crystals used for ED.
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15. Note to the structural chemistry of Fe(mta):

The crystal structure of Fe(mta), was obtained by 3DED at four different temperatures (173 K, 233 K,
RT and 373 K). In addition, a Rietveld-based structure refinement was performed based on the PXRD
data at ambient pressure (s. S-20). Due to the aromaticity of triazolate linker, one would expect that -
CH; groups of (mta) are disordered between two sites (50% occupancy) and located within the plane of
the trizolate ligand. During structure solution and refinement of 3DED and PXRD data, a significantly
better structural model was obtained when moving the -CHs group out of the triazolate plane, leading to
a 25% occupancy of carbon atoms. Since this leaves some open questions related to the final structure
of Fe(mta): and translates to ambiguities when analyzing the pressure-induced phase transition of
Fe(mta),, we decided focus on the comparison of the high-pressure behaviour of Fe(ta), and Fe(cta), in

this work and address the high-pressure behaviour of Fe(mta), in a follow-up study.
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1. Material synthesis

All used chemicals for the A-site cation (A*) precursor synthesis and molecular perovskite
synthesis were purchased from Sigma Aldrich without further purification. Solvents and

ultrapure (Millipore) water were in the quality of reagent grade.

Synthesis of the A-site precursor 1,1-diethylpiperidinium bromide — [DEP]Br:
12.30 mL (0.9 mol, 1 eq.) 1,5-dibromopentane was added in a three-necked flask setup to 20
ml acetonitrile under stirring. The solution was heated up to reflux, and 10.30 mL (1 mol, 1.1
eq.) diethylamine was added dropwise. After stirring overnight, 12 g of potassium carbonate
was added, and the mixture was stirred overnight at reflux temperature. The mixture was
filtered, and the excess solvent was removed in vacuo, yielding a white, crystalline precipitate
recrystallised in isopropanol and dried in vacuo. 10.55 g (52.2% yield) of the product was
obtained.

'H NMR: (400 MHz, deuterated chloroform): § / ppm = 3.65 (t, 4 H), 3.58 (q, 4 H), 1.88 (q, 4
H), 1.81 (g, 2 H),1.33 (¢, J =7.3 Hz, 6 H).
3C NMR:(100 MHz, deuterated chloroform): § / ppm = 57.78, 52.82, 20.37, 19.42, 7.12.

K,CO,4 (N/_ Bre
/\H/\ £ Br/\/\/\Br PR @

Figure S1: Nucleophilic substitution reaction scheme towards the synthesis of the A-site cation
precursor salt [DEP]Br ([DEP]* = [CaH20N]*).

Synthesis of the A-site precursor 1-ethyl-1-propylpiperidinium bromide -
[PEP]Br:

In a three-necked flask, 9.11 mL (0.1 mol, 1 eq.) bromopropane was added dropwise to a
stirring solution of 13.81 mL (0.1 mol, 1 eq.) ethylpiperidine in 40 mL acetonitrile. The mixture
was heated to reflux overnight, and 14 g of potassium carbonate was added. The mixture was
stirred at reflux temperature overnight. The solvent was removed in vacuo, and the crystalline
product was washed using 70 mL ethyl acetate, yielding a pure product of 19.18 g (81.2%).

'H NMR: (400 MHz, deuterium oxide): 6 / ppm = 3.28 (g, 2 H), 3.22 (m, 4 H), 3.12 (m, 2 H),
1.77 (m, 4 H), 1.60 (m, 4 H), 1.18 (¢, = 1.8 Hz, 3H), 0.88 (t, J = 7.3 Hz, 3 H).

3C NMR: (100 MHz, deuterium oxide): § / ppm = 59.01, 58.70, 53.78, 20.74, 19.06, 14.36,
9.91, 6.33.
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MeCN —\§ Br@

) A N
S O

Figure S2: Nucleophilic substitution reaction scheme towards the synthesis of the A-site cation
precursor salt [PEP]Br ([PEP]* = [C10H22N]*).

Synthesis of the A-site precursor 1,1-diisopropylpiperidinium bromide —
[DIP]Br:

12.30 mL (0.9 mol, 1 eq.) 1,5-dibromopentane was added in a three-necked flask to 40 ml
methanol under stirring. The solution was heated to reflux, and 14.05 mL (1 mol, 1.1 eq.) di-
isopropylamine was added dropwise. The mixture was stirred overnight. In the next step, 16 g
potassium carbonate was added, and the mixture was stirred for 3 h at reflux temperature.
After cooling down to room temperature, the base was filtered, forming a white, crystalline
precipitate, which was recrystallised in isopropanol and dried in vacuo, yielding 3.77 g (16.5%
yield).

H NMR: (400 MHz, deuterium oxide): § / ppm = 3.98 (p, 2 H), 3.29 (¢, 4 H), 1.79 (m, 4 H), 1.58
(p, 2 H), 1.35 (dt, J = 1.5 Hz, 12 H).
13C NMR: (100 MHz, deuterium oxide): § / ppm = 60.27, 53.47, 20.61, 19.46, 17.10.

)\ J\ K2CO3 <N)\
N BTN T eon @ B>

Figure S3: Nucleophilic substitution reaction scheme towards the synthesis of the A-site cation
precursor salt [DIP]Br ([DIP]* = [C11H24N]*).

Synthesis of the A-site precursor 1,1-dipropylpiperidinium bromide — [DPP]Br:
1,1-dipropylpiperidinium bromide was prepared in a two-step synthesis. First 1-
propylpiperidinium bromide was synthesised starting from 4.10 mL (41.4 mmol, 1 eq.)
piperidine and 4.15 mL (45.6 mmol, 1.1 eq.) bromopropane in 30 mL acetonitrile. Next, the
solution was heated to reflux and stirred overnight. After cooling to room temperature, the
solvent was removed in vacuo, followed by working up with 70 mL ethyl acetate to remove the
solvent via decantation. The white crystalline product was recrystallised in 10 mL acetonitrile
and washed with ethyl acetate, yielding 5.11 g (24.55% yield).
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'H NMR: (400 MHz, deuterium oxide): § / ppm = 3.29 (d, 3J = 12.3 Hz, 2H), 3.00 (m, 2H), 2.87
(td, 3J =12.6, 3.1 Hz, 2H), 1.91 (d, 3J = 14.7 Hz, 2H), 1.57 (m, 6H), 0.92 (t, J = 37.4 Hz, 3H).
3C NMR: (100 MHz, deuterium oxide): § / ppm = 58.42, 53.02, 22.76, 21.13, 17.04, 10.11.

G o =

Figure S4: Synthesis of 1-propylpiperidinium bromide.
In a second step, 4.10 g (19.7 mmol, 1 eq.) 1-propylpiperidinium bromide was dissolved in 40

mL ethanol and 9 g potassium carbonate was added. Next, the solution was heated to reflux
temperature and 3.85 mL (39.4 mmol, 2 eq.) bromopropane was added dropwise followed by
stirring under reflux overnight. After cooling down, the base was removed via filtration. The

remaining solvent was removed, and the crystalline product was recrystallised in 30 mL ethyl

acetate, yielding 4.032 g (81.7% yield).

H NMR: (400 MHz, deuterium oxide): § / ppm = 3.29 (t, 3J = 5.8 Hz, 4H), 3.19 (m, 4H), 1.82
(m, 4H), 1.65 (m, 6H), 0.92 (t, 3J = 7.3 Hz, 6H).
3C NMR: (100 MHz, deuterium oxide): § / ppm = 61.66, 59.17, 20.71, 19.08, 14.40, 9.82.

H(r:) Bre+ Br/\/ i, N B"e
EtOH @

Figure S5: Synthesis towards 1,1-dipropylpiperidinium bromide used as A-site precursor salt [DPP]Br
([DPP]* = [C11H24N]").
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Synthesis of molecular perovskites [A]JNi(C2N3)s:

Single crystals of the family of molecular perovskites [A]JNi(C2Nas)s (A* = [DEP]* = [CoH20N]*,
[PEP]" = [C10H22N]", [DIP]* = [C11H2aN]* and [DPP]" = [C11H24N]*) were synthesised following
an established mild solution crystallisation method in aqueous solution from commercialy
available Na(C2Ns3) (96 %, Sigma-Aldrich), Ni(NO3)2:6H20 (98 %, Sigma-Aldrich) and ultrapure
water." In a typical crystallisation routine, 1 mL ultrapure water was placed in a glass vial, and
the precursor solutions were layered on top in order of 0.5 mL of the respective aqueous
[DIP]Br solution (0.2 M), 1.0 mL of an aqueous Ni(NOs)z solution (0.4 M) and 0.3 mL of an
aqueous sodium dicyanamide solution (2 M). After cooling in a refrigerator overnight, small,
well-defined block single crystals with sizes between 2 and 4 mm were collected at ambient
temperature, washed with ultrapure water, and dried (Fig. S6).

Figure S6: Microscopic image of the crystalline compound [DIP]Ni(C2N3)s showing small block-
shaped blue crystals.
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Elemental analysis:

The elemental analysis measurements and quantifications of the synthesised molecular
perovskites [A]Ni(C2N3)s (A* = [PEP]" = [C10H22N]*, [DEP]* = [CeH20N]*, [DIP]* = [C11H2aN]" and
[DPP]* = [C11H2aN]*) were determined by the technical staff of the microanalytical laboratory at
the Catalysis Research Center at the Technical University of Munich. The elemental
composition (sample weight around 5 — 10 mg) was analysed using a HEKAtech Euro EA
elemental analyser with flash combustion at 1800 °C and subsequent chromatographical
separation and quantification with a thermal conductivity detector (TCD).

[DEP]Ni(C2N;);: calc. C 45.60 H 4.08 N 35.46 Ni 14.86, found C 45.63 H 4.09 N 35.02 Ni
14.71.

[PEP]Ni(C;N3);: calc. C 46.52 H 5.37 N 33.91 Ni 14.26, found C 46.23 H5.32 N 33.23 Ni
14.20.

[DIPINi(C,N;);: calc. C 47.80 H5.66 N 32.79 Ni13.74, found C 46.82 H5.51 N 32.41 Ni
13.42.

[DPP]INi(C;N;);: calc. C47.80 H5.66 N 32.79 Ni13.74, found C 47.56 H5.48 N 32.73 Ni
13.89.

Synthesis of [PEP]+.x[DPP]xNi(C2N3); solid solutions:

Similar to the described synthesis of the pure molecular perovskite compounds [A]Ni(C2N3)s,
the solid solutions were prepared via a mild solution route in aqueous solution using
commercially available Na(C2Ns) (96 %, Sigma-Aldrich), Ni(NOs)2:6H20 (98 %, Sigma-Aldrich)
and ultrapure water. Afteradding 1 mL of ultrapure water to the bottom of a glass vial, a mixture
of the A-site precursors [PEP]Br/[DPP]Br (0.5/0 mL, 0.4/0.1 mL, 0.25/0.25 mL, 0.15/0.35 mL,
0.05/0.45 mL and 0/0.5 mL) in varying ratios was added, followed by 1 mL of an aqueous
Ni(NOzs)2solution (0.4 M) and 0.3 mL of an aqueous sodium dicyanamide solution (2 M). After
cooling overnight, small single crystals were obtained, which were not suitable for SCXRD

analysis.
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2. Single crystal X-ray diffraction (SCXRD) data

The single crystal X-ray diffraction experiments of the molecular perovskites [A]Ni(C2Nas)s (A*
= [DEP]* = [CoH20NT*, [PEP]* = [C1oH22NT*, [DIP]* = [C11H24N]* and [DPP]* = [C11H24N]*) were
performed using a Bruker APEX-II CCD diffractometer equipped with a fine focus tube with a
Mo Ka radiation source (A = 0.71073 A), a Triumph monochromator, a CMOS plate detector
and an Oxford Cryosystem for temperature control. Suitable single crystals were selected and
mounted onto a Kapton micro-sample loop in perfluorinated ether, fixed to the instrument
goniometer and cooled to 100 K under a stream of cold nitrogen flow. A matrix scan for initial
unit cell determination, data reduction and absorption correction (including odd and even
ordered spherical harmonics was performed using SADABS?) was performed by using the
APEX Il software package.® Reflections were merged and corrected for Lorentz and
polarisation effects, scan speed and background using SAINT.* The successful structure
refinement and systematic absences were used as the basis for the respective space group
assignments. The structure solution was performed by using SHELX5 as integrated in Olex2.”
Structures were solved by direct methods with the aid of successive difference Fourier maps
and were refined against all data. The VESTA software package 3.4.0 was used to visualise
the crystal structures (Fig. S7-S10).8
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[001]

[010]

Figure S7: Structure of the asymmetric unit of [DEP]Ni(C2N3)3s when looking along the [100] axis
with (C2Ns)~ ligands acting as bridges between the Ni2* cations while the [DEP]* cations occupy the
void of the pseudo-cubic ReOs cavities. Colour code: Ni — green, N — blue, C — dark grey and H -

light purple.

[001]

[010]

Figure S8: Structure of the asymmetric unit of [PEP]Ni(C2N3)s when looking along the [100] axis
with (C2Ns)~ ligands acting as bridges between the Ni2* cations while the [PEP]* cations occupy the
void of the pseudo-cubic ReOs cavities. Colour code: Ni — green, N — blue, C — dark grey and H -

atoms were neglected.
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[001]

[010]

Figure S9: Structure of the asymmetric unit of [DIP]Ni(C2N3)s when looking along the [100] axis
with (C2Na)- ligands acting as bridges between the Ni2* cations while the [DIP]* cations occupy the
void of the pseudo-cubic ReOs3 cavities, with the longer butyl group slightly extending into the
neighbouring cavity. Colour code: Ni — green, N — blue, C — dark grey and H — light purple.

[010]

[100]

Figure $10: Structure of the asymmetric unit of [DPP]Ni(C2N3)s when looking along the [001] axis
with (C2Ns)~ ligands acting as bridges between the Ni2* cations while the [DPP]* cations occupy the
void of the pseudo-cubic ReO3 cavities, with the longer butyl group slightly extending into the
neighbouring cavity. Colour code: Ni — green, N — blue, C — dark grey and H — light purple.
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Table S1: Crystallographic data from SCXRD for the as-synthesised [DEP]Ni(C2N3)3 at 100 K.

Compound

Chemical Formula
Formula weight (g/mol)
Temperature (K)
Crystal system

Space group

a(A)

b (A)

c(A)

a()

B ()

v ()

Volume (A3)

z

Pcalc (g/cm?)

M (mm™)

F (000)

Radiation

20 range for data collection (°)

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness of fit on F2

Final R indexes [l > 20 (l)]
Final R indexes [all data]
Largest diff. peak/hole/ (A3)

Deposition number

[DEP]Ni(C2N3)3
C15H20NiN10

399.12

100

monoclinic

P2i/c

16.3161(17)

12.1389(13)

10.1679(11)

90

101.691(3)

90

1972.1(4)

4

1.344

1.004

832.0

MoKa (A = 0.71073)

2.65 to 26.47

20sh<20

15 k<15

1251512

48266

4029 [Rint = 0.0267, Rsigma=0.0110]
4029/0/198

1.048

R1=0.0523, wR2 = 0.1136
R1 = 0.0555, wR2 = 0.1159
1.015/-0.709

CCDC 2309035
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Table S2: Crystallographic data from SCXRD for the as-synthesised [PEP]Ni(C2Ns)s at 100 K.

Compound

Chemical Formula
Formula weight (g/mol)
Temperature (K)
Crystal system

Space group

a(A)

b (A)

c(A)

a(’)

B ()

v ()

Volume (A3)

z

Pcalc (g/cm?)

M (mm-)

F (000)

Radiation

20 range for data collection (°)

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness of fit on F2

Final R indexes [I > 20 (l)]
Final R indexes [all data]
Largest diff. peak/hole/ (A3)

Deposition number

[PEP]Ni(C2Na)3
C16H22NiN10

413.14

100

monoclinic

P2ilc

16.3743(14)

11.9171(9)

10.4761(8)

90

105.903(4)

90

1966.0(3)

4

1.396

1.010

864.0

MoKa (A = 0.71073)

2.59 to 30.31

-22<h<23

-17 £ k<17

14 </<15

32134

6028 [Rint = 0.0814, Rsigma = 0.0650]
6028/0/239

1.054

R1 = 0.0685, wR2 = 0.1592
R1 = 0.1315, wR2 =0.1920
1.096/-1.163

CCDC 2309049
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Table S3: Crystallographic data from SCXRD for the as-synthesised [DIP]Ni(C2N3)3 at 100 K.

Compound [DIP]Ni(C2N3)3
Chemical Formula C17H24NiN10
Formula weight (g/mol) 427.15
Temperature (K) 100
Crystal system monoclinic
Space group P2ilc
a(A) 16.1247(8)
b (A) 11.9812(5)
c(A) 10.8829(5)
a () 90
B () 95.986(2)
v () 90
Volume (A3) 2091.04(17)
z 4
Pealc (g/cm?3) 1.281
p (mm-) 0.952
F (000) 896.0
Radiation MoKa (A = 0.71073)
20 range for data collection (°) 2.122 t0 28.312
Index ranges 21<h<s21
-15<k<15
14 <114
Reflections collected 96894
Independent reflections 5203 [Rint =0.0211, Rsigma = 0.0080]
Data/restraints/parameters 5203/0/260
Goodness of fit on F2 1.037
Final R indexes [I> 20 (I)] R1 = 0.0237, wR2 = 0.0627
Final R indexes [all data] R1 = 0.0258, wR2 = 0.0644
Largest diff. peak/hole/ (A-3) 0.363/-0.247
Deposition number CCDC 2309038
S-12
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Table S4: Crystallographic data from SCXRD for the as-synthesised [DPP]Ni(C2N3)3 at 100 K.

Compound

Chemical Formula
Formula weight (g/mol)
Temperature (K)
Crystal system

Space group

a(A)

b (A)

c(A)

a()

B ()

Y ()

Volume (A3)

z

Pealc (g/cm?3)

M (mm™)

F (000)

Radiation

26 range for data collection (°)

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness of fit on F?

Final R indexes [l > 20 (l)]
Final R indexes [all data]
Largest diff. peak/hole/ (A3)

Deposition number

[DPP]Ni(C2N3)3
C17H24NiN10

427.15

100

monoclinic

C2/c

17.1198(15)

12.3344(10)

10.2007(9)

90

110.800(3)

90

2013.6(3)

4

1.409

0.989

896.0

MoKa (A = 0.71073)

2.55 to 25.37

20sh<20

14 k<14

121512

22253

1847 [Rint = 0.0652, Rsigma = 0.0257]
1847/0/153

1.074

R1=0.0473, wR2 = 0.1184
R1=0.0534, wR2 = 0.1226
0.875/-0.789

CCDC 2309042
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Table S5: Crystallographic data from SCXRD for the as-synthesised [DEP]Ni(C2Ns)3 at 300 K.

Compound

Chemical Formula
Formula weight (g/mol)
Temperature (K)
Crystal system

Space group

a(A)

b (A)

c(A)

a()

B ()

Y ()

Volume (A3)

z

Pealc (g/cm?3)

B (mm~)

F (000)

Radiation

20 range for data collection (°)

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness of fit on F2

Final R indexes [l > 20 (l)]
Final R indexes [all data]
Largest diff. peak/hole/ (A3)

Deposition number

[DEP]Ni(C2N3)3
C15H20NiN10

399.12

300

monoclinic

P2i/c

16.3871(7)

12.2076(5)

10.2673(4)

90

100.250(2)

90

2021.16(14)

4

1.312

0.980

832.0

MoKa (A = 0.71073)

2.092 to 31.032
-23<hs<23

17 <k<17

14 </<14

61583

6371 [Rint = 0.0957, Rsigma = 0.0473]
6371/0/240

1.172

R1 = 0.0609, wR2 = 0.1782
Ri = 0.1254, wR2 = 0.2452
0.609/-0.593

CCDC 2309036
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Table S6: Crystallographic data from SCXRD for the as-synthesised [PEP]Ni(C2N3)3 at 300 K.

Compound

Chemical Formula
Formula weight (g/mol)
Temperature (K)
Crystal system

Space group

a(A)

b (A)

c(A)

a(’)

B (°)

v ()

Volume (A3)

z

Pealc (g/cm?)

M (mm™)

F (000)

Radiation

20 range for data collection (°)

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness of fit on F2

Final R indexes [I > 20 (l)]
Final R indexes [all data]
Largest diff. peak/hole/ (A-3)

Deposition number

[PEP]Ni(C2Na3)3
C16H22NiN10
413.14

300
monoclinic
P2ilc
16.4756(7)
11.9516(5)
10.6587(4)
90
104.9160(10)
90
2028.08(14)
4

1.353

0.979

864.0

MoKa (A = 0.71073)
2.56 to 24.09
-18<h<18
13 k<13
12112
30600

3184 [Rint = 0.0737, Rsigma = 0.0362]

3184/0/249

1.117

R1=0.0606, wR2 = 0.1630
R1=0.0943, wR2 = 0.2082
0.603/-0.481

CCDC 2309050
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Table S7: Crystallographic data from SCXRD for the as-synthesised [DIP]Ni(C2N3)3 at 300 K.

Compound

Chemical Formula
Formula weight (g/mol)
Temperature (K)
Crystal system

Space group

a(A)

b (A)

c(A)

a(’)

B (°)

v ()

Volume (A3)

z

Pealc (g/cm?)

M (mm™)

F (000)

Radiation

20 range for data collection (°)

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness of fit on F2

Final R indexes [I > 20 (l)]
Final R indexes [all data]
Largest diff. peak/hole/ (A-3)

Deposition number

[DIP]Ni(C2Ns)3
C17H24NiN10
427.17

300
monoclinic
P2ilc
16.346(2)
12.0065(16)
11.0462(17)
90

93.708(6)

90

2163.4(5)

4

1.312

0.920

896.0

MoKa (A = 0.71073)
2.50 to 26.25
20<h<20
-15<k<15
-13</<13
46500

4227 [Rint = 0.0445, Rsigma = 0.0230]

4227/0/260
2.669

R1 = 0.1450, wR2 = 0.5296
R1=0.1558, wR2 = 0.5445

1.639/-0.765
CCDC 2309039
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Table S8: Crystallographic data from SCXRD for the as-synthesised [DPP]Ni(C2N3)s at 300 K.

Compound [DPP]Ni(C2Ns)3
Chemical Formula C17H24NiN10
Formula weight (g/mol) 427.15
Temperature (K) 300
Crystal system monoclinic
Space group C2/c
a(A) 17.3196(5)
b (A) 12.3357(3)
c(A) 10.4909(3)
a () 90
B(°) 111.9170(10)
v () 90
Volume (A3) 2079.38(10)
z 4
Pealc (g/cm?) 1.365
M (mm-) 0.957
F (000) 896.0
Radiation MoKa (A = 0.71073)
20 range for data collection (°) 2.081 to 29.145
Index ranges 23<h=<23
-16 < k<16
-14</<14
Reflections collected 52302
Independent reflections 2803 [Rint = 0.0502, Rsigma = 0.0194]
Data/restraints/parameters 2803/0/131
Goodness of fit on F2 1.180
Final R indexes [1> 20 (1)] R1 = 0.0592, wR2 = 0.1756
Final R indexes [all data] R1 = 0.0848, wR2 = 0.2271
Largest diff. peak/hole/ (A3) 0.736/-1.038
Deposition number CCDC 2309043
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3. NMR spectroscopy of the precursor A-site cations

To confirm the chemical composition of the A-site precursor salts ([DEP]Br, [PEP]Br, [DIP]Br
and [DPP]Br), we used a combination of 'H and *C NMR measurements. All NMR spectra
were recorded on a Bruker AVIII 400 US spectrometer at ambient temperature (298 K).
Chemical shifts are expressed as parts per million (6/ ppm) and are corrected for the strongest
residual solvent shift as an internal standard for '"H NMR spectra. The following descriptions of
signal multiplicity are used: t= triplet, df= doublet of triplets, p = pentet, g = quartet and
m = multiplet. NMR data are reported in the order of chemical shifts (multiplicity, coupling
constant and integral). The coupling constants are absolute values and are expressed in Hertz

(Hz).°
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/T\N‘/— &
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Figure $11: 'H NMR spectrum of [DEP]Brin CDCls.

S-18

202



5901
~-58.70
5378
—20.74
1436
—9.91
—6.33

A WA AN Mo ‘;NJ\M\JM AN RO M h bl

45 40 35 30 25 20 15 10 5 0

Figure S14: '3C NMR spectrum of [PEP]Brin D20.
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Figure S16: '3C NMR spectrum of [DIP]Brin D20.
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Figure S17: 'H NMR spectrum of [DPP]Brin D20.
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Figure S18: 3C NMR spectrum of [DPP]Brin D20.
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Figure $19: Stacked 'H NMR spectra of the solid solutions [PEP]7-x[DPP]xNi(C2Na)3 with x = 0.45,
0.69, 0.85 and 0.96 in D20 including the chemical shift range (0.8 — 1.3 ppm) used for determination
of x.
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We performed '"H NMR spectroscopy to calculate the composition of the A-site cations present
in the solid solutions [PEP]+-«[DPP1«Ni(C2Ns)s (Table S9). The terminal carbon atoms of the
propyl groups of [PEP]* and [DPP]* are both visible in the spectra as a triplet at around
0.9 ppm. The terminal carbon atom of the ethyl group of [PEP]" is also visible as a triplet, but
at a much higher chemical shift, around 1.2 ppm. The triplet resulting from the terminal carbon
of ethyl and propyl groups of the [PEP]* should hypothetically have the same integral size.
Consequently, the size of the ethylintegral was subtracted from the propylintegral to calculate
X, resulting in a value that is directly related only to the [DPP]* propyl groups. Compared to
other possible analytical methods, we used NMR spectroscopy to avoid contamination by
residual X- or M-site precursor salts.

Table S9: Overview of determined composition via 'H NMR spectroscopy and the used
stoichiometry during mild solution synthesis in the ratio of [PEP]Br/[DPP]Br.

x in [PEP]1.,[DPP]Ni(C2N3) x ("H NMR) X (Synthesis)
0.45 0.2
0.69 0.5
0.85 0.7
0.96 0.9
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4. Thermogravimetric analysis and differential scanning
calorimetry (TGA-DSC)

Thermal analysis (TGA-DSC experiments) of the molecular perovskites [A]Ni(C2Ns)s (A* =
[DEP]" = [CoH20N]*, [PEP]" = [C10H22N]*, [DIP]* = [C11H2sN]* and [DPP]* = [C11H2aN]*) was
performedon a Netzsch STA449F5 Jupiter TGA-DSC device using aluminium oxide pans with
alid (70 L) under flowing argon (20 mL min"). The temperature calibration of the oven cell
was carried out based on the melting points of metals (In, Sn, Bi, Zn, Al, Au and Ag). The
baseline was corrected by screening an empty sample pan with the respective temperature
program from room temperature to 1073.15 Kusing a heating rate of 10 K min-'. The respective
sample masses (mo) are given below in the captions (Fig. S20-S23). The onset of significant
thermal decomposition (Ts) was determined by extrapolating the linear range of the relative
mass loss observed with a heating rate of 10 K min-'. We observe the following decomposition
temperatures: Ta of [DEP]Ni(C2Ns)s = 595.15 K, Ta of [PEP]Ni(C2Ns)s = 598.35 K, Ta of
[DIP]Ni(C2N3)s=568.95 K and Ta of [DPP]Ni(C2N3)s=598.05 K.

0 a5 l 100
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z -8 &
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Figure $20: TGA-DSC of [DEP]Ni(C2N3)3 with a sample mass of 5.0842 mg from room temperature
to 1073.15 K with a heating rate of 10 K min"!. TGA curve is shown in dark blue, indicating the
thermal stability under constant argon flow before thermal decomposition, and the corresponding
DSC curve is highlighted in light blue.
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Figure $21: TGA-DSC of [PEP]Ni(C2N3)3 with a sample mass of 5.608 mg from room temperature
to 1073.15 K with a heating rate of 10 K min"'. TGA curve is shown in dark green, indicating the
thermal stability under constant argon flow before thermal decomposition, and the corresponding
DSC curve is highlighted in light green.
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Figure $22: TGA-DSC of [DIP]Ni(C2N3)3 with a sample mass of 3.1921 mg from room temperature
to 1073.15 K with a heating rate of 10 K min-'. TGA curve is shown in dark pink, indicating the
thermal stability under constant argon flow before thermal decomposition, and the corresponding
DSC curve is highlighted in light pink.
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Figure S23: TGA-DSC of [DPP]Ni(C2N3)3 with a sample mass of 6.238 mg from room temperature
to 1073.15 K with a heating rate of 10 K min"'. TGA curve is shown in dark purple, indicating the
thermal stability under constant argon flow before thermal decomposition, and the corresponding
DSC curve is highlighted in light purple.
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5. Differential scanning calorimetry

DSC experiments of powder samples [A]JNi(C2Ns)s (with A* = [DEP]* = [CeH20N]*, [PEP]* =
[C1oH22N]*, [DIP]* = [C11H2aN]* and [DPP]* = [C11H2sN]*) were performed in a DSC (TA
Instruments Q2000) under a constant He purging gas flow (25 mL min™") and a heating rate of
20 Kmin™ in the temperature range between 173 and 423 K by using liquid nitrogen for

cooling.
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Figure S24: Reversible DSC measurement of [DEP]Ni(C2N3)3 with an initial heating run and
subsequent cooling shown as dark blue line and the re-heating run in light blue.
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Figure S25: Reversible DSC measurement of [PEP]Ni(C2N3)s with an initial heating run and
subsequent cooling shown as dark green line and the re-heating run in light green.
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Figure S26: Reversible DSC measurement of [DIP]Ni(C2N3)3 with an initial heating run and
subsequent cooling shown as dark pink line and the re-heating run in light pink.
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Figure S27: Reversible DSC measurement of [DPP]Ni(C2N3)3 with an initial heating run and
subsequent cooling shown as dark purple line and the re-heating run in light purple.
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6. Powder X-ray diffraction (PXRD) data

Laboratory PXRD measurements of the molecular perovskites [A]JNi(C2Ns)s (with A* = [DEP]*
=[CeH20N]*, [PEP]* = [C10H22N]*, [DIP]* = [C11H2aN]* and [DPP]* = [C11H24N]*) were performed
at ambient temperature using Debye-Scherrer geometry with borosilicate glass capillaries
(0.8 mmdiameter) in a STOE Stadi P diffractometerwitha DECTRISMYTHEN 1K/ DECTRIS
Multi-MYTHEN detector, a curved Ge(111) monochromator and a Mo K« source
(A=0.70926 A). The measurement range was from 2° to 36.56° (26) with a step size of 0.015°
(28). To verify the phase purity of the samples, we carried out a Pawley profile fit analysis of
all PXRD patterns by using the TOPAS v6 software.'® Standard deviations of all parameters
were calculated, and "randomize_on_errors" was used to ensure that the refinement minimum
was achieved.

Laboratory PXRD measurements of the series of solid solutions [PEP]x[DPP]xNi(C2Ns)s with
x =0, 0.45, 0.69, 0.85, 0.96 and 1, and a 1:1 mixture of [PEP]Ni(C2N3)s and [DPP]Ni(C2Ns)
were collected at ambient temperature on a silicon wafer using Bragg-Brentano geometry in a
Rigaku MiniFlex 600-C diffractometer with X-ray Cu Ka radiation (A1 - 1.5406 A, Az - 1.5444 A,
l2/I1 - 0.5, Kp radiation was removed by a Ni-filter). The measurement range, unless stated
otherwise, was from 2.0° to 50.0° (26) with a step size of 0.010° and a scan rate of 5° per min.

[DEP]Ni(C,N;);
P2,lc

16.384(2) A

12.221(1) A

10.271(1) A

100.279(6) °

RO T O

Intensity / arb. units

20/° (A = 0.70926 A)

Figure S28: Powder X-ray diffraction data of [DEP]Ni(C2N3)3 (dark blue) compared to the
calculated data from Pawley profile fit analysis (light blue), with Rwp=2.334, Rexp= 0.924 and
GOF =2.524. The grey difference curve (Pawley profile fit — experimental data) indicates phase

purity.
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[PEP]Ni(C2Ns);
P2,lc

a 16.482(1) A
b 11.9561(7) A
c 10.6637(8) A
B 104.930(6) °

Intensity / arb. units

5 10 15 20 25
20/° (A= 0.70926 A)

Figure S29: Powder X-ray diffraction data of [PEP]Ni(C2N3)s (dark green) compared to the
calculated data from Pawley profile fit analysis (light green), with Rwp= 3.555, Rexp= 3.244 and
GOF =1.095. The grey difference curve (Pawley profile fit — experimental data) indicates phase
purity.

[DIP]Ni(CN3);
P2,lc

a 16.335(8) A
b 12.008(5) A
c 11.048(4) A
B 93.67(3)°

Intensity / arb. units

1 1 1 1

5 10 15 20 25
20/° (A =0.70926 A)

Figure S$30: Powder X-ray diffraction data of [DIP]Ni(C2N3)3 (dark pink) compared to the calculated
data from Pawley profile fit analysis (light pink), with Rwp= 4.759, Rexp = 3.959 and GOF = 1.202.
The grey difference curve (Pawley profile fit —experimental data) indicates phase purity.
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Figure S31: Powder X-ray diffraction data of [DPP]Ni(C2N3)3s (dark purple) compared to the
calculated data from Pawley profile fit analysis (light purple), with Rwp= 3.635, Rexp= 2.450 and
GOF =1.483. The grey difference curve (Pawley profile fit — experimental data) indicates phase

purity.

Counts / arb. units

Figure S$32: Collections of PXRD patterns of the pure perovskites [PEP]Ni(C2Ns)3, [DPP]Ni(C2N3)z
and a 1:1 mixture compared to [PEP]-x[DPP]:Ni(C2N3)3 (with x = 0.69) (a) and stacked PXRD
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7. High-pressure powder X-ray diffraction (HPXRD)

High-pressure powder X-ray diffraction (HPPXRD) data was collected at beamline 115 (within
beamtime CY30815-2) at the Diamond Light Source (UK) using a fixed operating photon
energy of 29.2 keV (A = 0.4246 A), equipped with a Pilatus3 X CdTe 2M area detector. Single
crystals of the studied samples were ground to a fine powder and filled with Silicone oil AP100
as pressure transmitting medium into a plastic capillary (Makrolon, inside diameter 1.8 mm)
and sealed with Araldyte-2014-1 by heating up to 60 °C for 20 min. Please note that Silicone
oil AP100 has been previously applied in hydrostatic pressure experiments and is known to
maintain hydrostatic conditions up to pressures of 0.9 GPa. We used an automated high-
pressure setup with hydrostatic conditions, as described in detail in the literature.*12 Tofurther
validate the performance of the high-pressure setup, Nickeldimethylglyoxime (Ni(dmgH)z) was
used as a standard, see Chapter 10 of this supporting information. The samples were loaded
into a chamber filled with water to transmit the pressure, and a hydraulic gauge pump was
used to apply and release pressure. We collected HPPXRD data for all three samples through
two diamond windows in the metal block (sample chamber) along beam direction in the range
of p = ambient — 0.4 GPain small p steps (0.02 GPa) with an estimated standard deviation of
p =+0.003 GPa.

® [DEP]Ni(C;N3),

® [PEP]Ni(C,N,),

@ [DIP]Ni(C;N3);

Counts / arb. units

® [DPP]Ni(C;N,),

1 1 1 1

0.5 1.0 15 20 25 3.0
Q/A"

Figure S33: Collection of the normalised PXRD patterns recorded at ambient pressure of all
studied [A]Ni(C2N3)3 molecular perovskites.
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Figure S34: HPPXRD patterns for [DEP]Ni(C2N3)3 collected between the pressure range from
ambient to 0.4 GPa.
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Figure S$35: HPPXRD patterns for [PEP]Ni(C2N3)3 (within the solid solution solution [PEP].
x[DPP]xNi(C2N3)3, x = 0) collected between the pressure range from ambient to 0.4 GPa.
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Figure S$36: HPPXRD patterns for [DIP]Ni(C2N3)s collected between the pressure range from
ambient to 0.4 GPa.
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Figure S37: HPPXRD patterns for [DPP]Ni(C2N3)s (within the solid solution [PEP]1-x[DPP[xNi(C2Na)
, x = 1) collected between the pressure range from ambient to 0.4 GPa.
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Figure S$38: Collection of normalised PXRD patterns recorded at ambient pressure of the series of
solid solutions [PEP]1-x[DPP]xNi(C2N3)3 with x = 0, 0.45, 0.69, 0.85, 0.96 and 1.
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Figure S39: HPPXRD patterns for the solid solution [PEP]1x[DPP]Ni(C2N3)3 (with x = 0.45)
collected between the pressure range from ambient to 0.4 GPa.
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Figure S40: HPPXRD patterns for the solid solution [PEP]1-x[DPP]xNi(C2N3)3 (with x = 0.69) collected
between the pressure range from ambient to 0.4 GPa.
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Figure S41: HPPXRD patterns forthe solid solution [PEP]1-x[DPP]xNi(C2N3)3 (with x = 0.85) collected
between the pressure range from ambient to 0.4 GPa.
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Figure S42: HPPXRD patterns forthe solid solution [PEP]1x[DPP]xNi(C2N3)3 (with x = 0.96) collected
between the pressure range from ambient to 0.4 GPa.
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8. HPPXRD analysis

The collected HPPXRD detector images were calibrated and integrated using DAWN. "
Subsequent analysis, i.e. Pawley refinements' on the HPPXRD data, was performed by
sequential refinement of the multipattern datasets of each sample using TOPAS v6."°
Representative Pawley profile fits of the ambient pressure PXRD data show a good fit to the
monoclinic space groups as determined by SCXRD experiments at 300 K. We obtained
pressure dependent cell parameters with standard deviations and full-width at half maximum
(fwhm) using “pv_fwhm” of the average of peak profiles in the Pawley refinement of the
diffraction data up to 0.28 GPa for [DIP]Ni(C2Ns)s, 0.26 GPa for [PEP]Ni(C2Ns)s and 0.28 GPa
for [DIP]Ni(C2Ns)s a pressure-induced phase transition (ps.) is observed and up to 0.4 GPa for
[DPP]Ni(C2Ns3)s.

Table S$10: Structural parameters (refined lattice parameter a, b, c, 8, volume V and space group
S.G.) for all studied [A]Ni(C2N3)3 molecular perovskites obtained from Pawley refinement of the

ambient pressure PXRD data.

[AINI(C2Na)s [DIP]* [PEP]* [DEP]* [DPP]*
SG. P21/c P21/c P21/c c2/
alA 16.337(1) 16.485(2) 16.465(2) 17.309(2)
b/A 12.005(8) 11.949(1) 11.950(2) 12.330(1)
c/A 11.031(7) 10.665(1) 10.663(1) 10.479(1)
B/e 93.729(7) 104.973(8) 104.961(9) 111.790(9)
VIA 2159.1(3) 2029.7(4) 2027.2(5) 2076.9(4)
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Figure S43: Pawley fit to synchrotron PXRD data at ambient pressure for [DEP]Ni(C2Na)s.
Experimental data is shown as dark blue line, Pawley fit as light blue line, and the difference curve

(fit — data) as grey line.
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Figure S44: Pawley fit to synchrotron PXRD data at ambient pressure for [PEP]Ni(C2Na3)s.
Experimental data is shown as dark green line, Pawley fit as light green line, and the difference

curve (fit — data) as grey line.
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Figure S45: Pawley fit to synchrotron PXRD data at ambient pressure for [DIP]Ni(C2Na3)s.
Experimental datais shown as dark pink line, Pawley fit as light pink line, and the difference curve
(fit— data) as grey line.
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Figure S46: Pawley fit to synchrotron PXRD data at ambient pressure for [PEP]1x[DPP]xNi(C2N3)
(with x = 1). Experimental data is shown as dark purple line, Pawley fit as light purple line, and the
difference curve (fit —data) as grey line.
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Table $11: Overview of the unit cell parameters and volumes of [DEP]Ni(C2N3)3 obtained from
Pawley fits of the HPPXRD data up to 0.28 GPa.

p/GPa Rup alA blA clA BI° VIA3
ambient 1.66366 16.466(2)  11.952(2)  10.663(1)  104.964(9)  2027.4(5)
0.0194 2.22259 16.456(3)  11.921(3)  10.659(3)  104.88(2)  2020.9(8)
0.0398 1.46792 16.451(2)  11.909(2)  10.653(1)  105.054(8)  2015.6(4)
0.0598 1.60712 16.442(2)  11.906(2)  10.648(1)  105.067(8)  2012.9(4)
0.0794 1.75472 16.436(2)  11.893(2)  10.646(2)  105.105(9)  2009.3(5)
0.0995 1.80946 16.428(3)  11.871(2)  10.636(2)  105.19(1)  2001.8(6)
0.1199 1.69991 16.414(2)  11.866(2)  10.632(2) 105.208(8)  1998.2(6)
0.1399 1.62644 16.412(2)  11.846(2)  10.632(2)  105.20(1)  1994.8(6)
0.1594 1.59567 16.406(3)  11.829(2)  10.629(2)  105.25(1)  1990.3(6)
0.1794 1.53563 16.387(2)  11.822(2)  10.623(2) 105.316(8)  1984.9(6)
0.1996 1.77553 16.381(2)  11.814(2)  10.617(2)  105.35(1)  1981.4(6)
0.2196 1.62587 16.378(2)  11.799(2)  10.624(2)  105.38(1)  1979.5(6)
0.2397 1.69393 16.375(2)  11.778(2)  10617(2)  105.34(1)  1974.6(6)
0.2597 1.58818 16.357(3)  11.771(2)  10.623(2)  10551(1)  1971.2(6)
0.2798 1.60136 16.355(3)  11.765(2)  10.614(3)  105.48(1)  1968.1(8)
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Figure S47: The evolution of unit cell volume (a), parameters (b), angle (c) and fwhm (d) as a
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Table S12: Overview of the unit cell parameters and volumes of [PEP]Ni(C2N3)s obtained from
Pawley fits of the HPPXRD data up to 0.26 GPa.

pl/GPa [ alA blA clA BI° VIA3
ambient 1.44525 16.486(2)  11.949(1)  10.667(1)  104.981(8)  2029.9(4)
0.0198 153702 16.485(2)  11.941(1)  10.659(1)  105.028(8)  2026.6(4)
0.0398 1.79636 16.478(4)  11.926(1)  10.656(3)  105.03(2)  2022.5(8)
0.0598 1.70747 16.466(5)  11.910(2)  10.665(4)  105.06(2)  2019.7(9)
0.0793 1.48532 16.447(3)  11.889(1)  10.643(3)  105.08(1)  2009.5(7)
0.0999 1.43183 16.424(4)  11.886(2)  10.638(3)  105.10(1)  2004.9(8)
0.1199 1.47878 16.417(3)  11.883(2)  10.631(2)  105.23(1)  2001.1(6)
0.1393 151467 16.417(3)  11.865(2)  10.622(2)  10527(1)  1996.1(7)
0.1594 1.38044 16.414(3)  11.851(2)  10.622(3)  105.335(9)  1992.7(6)
0.1793 1.72835 16.404(3)  11.835(1)  10.627(2)  105.36(1)  1989.5(6)
0.1996 1.96211 16.403(3)  11.822(1)  10.619(3)  105.39(1)  1985.4(7)
0.2195 1.80703 16.381(3)  11.815(1)  10.617(2)  105.395(1)  1981.0(6)
0.2397 152922 16.383(2)  11.796(1)  10.612(1)  105.417(9)  1976.9(4)
0.2597 1.84962 16.373(3)  11.791(2)  10.606(2)  105.47(1)  1973.5(6)
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Table S13: Overview of the unit cell parameters and volumes of [DIP]Ni(C2N3)3 obtained from
Pawley fits of the HPPXRD data up to 0.28 GPa.

p !/ GPa Rup alA blA clA BI° VIA3
ambient 1.57572 16.337(1)  12.006(1)  11.031(1)  93.727(7)  2159.1(3)
0.0196 1.54057 16.323(2)  11.989(1)  11.021(1)  93.839(9)  2152.1(3)
0.0398 1.37845 16.307(1)  11.975(1)  11.014(1)  93.883(4)  2145.9(2)
0.0598 1.69156 16.297(2)  11.959(1)  11.011(1)  93.987(9)  2140.9(3)
0.0797 1.54961 16.276(1)  11.957(1)  11.005(1)  94.102(5)  2136.3(2)
0.0993 1.56752 16.271(1)  11.942(1)  11.002(1)  94.158(5)  2132.1(3)
0.1198 1.50498 16.251(1)  11.920(1)  11.001(1)  94.229(5)  2125.1(2)
0.1399 1.33754 16.243(1)  11.913(1)  10.993(1)  94.341(4)  2121.2(2)
0.1594 1.66066 16.223(2)  11.904(1)  10.993(1)  94.437(7)  2116.7(3)
0.1794 1.62171 16.222(1)  11.882(1)  10.987(1)  94.495(6)  2111.3(3)
0.1995 15133 16.206(1)  11.872(1)  10.986(1)  94.549(5)  2107.2(3)
0.2195 1.37688 16.497(1)  11.861(1)  10.982(1)  94.643(5)  2102.9(3)
0.2397 1.57011 16.191(1)  11.846(2)  10.982(1)  94.711(6)  2099.3(4)
0.2597 1.31572 16.182(1)  11.828(1)  10.981(1)  94.761(6)  2094.5(3)
0.2798 1.37773 16.164(2)  11.821(1)  10.979(1)  94.872(8)  2090.1(4)
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Table S14: Overview of the unit cell parameters and volumes of [PEP]7-x[DPPNi(C2N3)s (with x =
1) obtained from Pawley fits of the HPPXRD data up to 0.4 GPa.

p ! GPa Rup alA blA cl/A BI° VIA3
ambient 1.87831 17.306(2)  12.330(2)  10.482(1)  111.801(9)  2076.9(5)
0.0197 1.55011 17.299(2)  12.326(1)  10.472(1)  111.81(1)  2073.3(4)
0.0398 1.50488 17.266(1)  12.318(1)  10.453(1)  111.825(5)  2063.9(3)
0.0598 1.55784 17.247(1)  12.321(2)  10.442(2)  111.685(8)  2061.9(5)
0.0794 153154 17.241(1)  12.311(1)  10.429(1)  111.694(6)  2057.0(3)
0.0999 1.64929 17.224(1)  12.313(1)  10.421(1)  111.674(6)  2053.8(3)
0.1199 1.57977 17.219(1)  12.302(1)  10.412(1)  111.616(5)  2050.6(2)
0.1399 1.8763 17.206(2)  12.298(1)  10.406(1)  111.602(7)  2047.2(4)
0.1593 1.72529 17.196(2)  12.289(1)  10.393(1)  111.543(7)  2042.8(4)
0.1793 2.08452 17.189(2)  12.283(2)  10.383(1)  111.514(1)  2039.6(4)
0.1995 1.58205 17.479(1)  12277(1)  10.365(1)  111.409(7)  2035.2(3)
0.2196 1.85094 17471(2)  12273(2)  10.359(1)  111.397(8)  2032.5(4)
0.2397 1.7263 17.458(2)  12.272(2)  10.345(1)  111.320(7)  2029.2(4)
0.2597 1.58309 17.439(1)  12.266(1)  10.335(1)  111.299(5)  2024.4(3)
0.2798 1.55227 17.431(1)  12.263(1)  10.328(1)  111.264(5)  2022.0(3)
0.2997 1.59153 17.126(1)  12.261(2)  10.316(1)  111.227(6)  2019.2(4)
0.3198 1.70593 17.108(1)  12.260(2)  10.308(1)  111.171(7)  2016.2(4)
0.3397 1.42475 17.098(1)  12.250(1)  10.306(1)  111.181(6)  2012.9(3)
0.3598 1.5862 17.089(2)  12.235(2)  10.297(1)  111.209(8)  2007.2(5)
0.3798 1.82388 17.087(2)  12.233(2)  10.284(1)  111.144(9)  2005.0(5)
0.3998 1.41571 17.082(1)  12.231(2)  10.272(1)  111.112(7)  2002.0(4)
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Figure S50: The evolution of unit cell volume (a), parameters (b), angle (c) and fwhm (d) as a
function of hydrostatic compression until 0.4 GPa for [PEP]7.x[DPPxNi(C2N3)3 (with x = 1).

We determined unit cell volumes, cell parameters, angles and fwhm of all solid solutions
[PEP]+-«[DPP]xNi(C2Ns)s (with x = 0.45, 0.69, 0.85 and 0.96) with standard deviations up to

0.4 GPa.

Table $15: Volume (V), angle (8) and space group (S.G.) for all studied solid solutions [PEP]1-
x[DPP]xNi(C2N3)3 (with x = 0, 0.45, 0.69, 0.85, 0.96 and 1) obtained from Pawley fits of the ambient
pressure PXRD data.

x 0 0.45 0.69 0.85 0.96 1

SG. P2i/c P2i/c P21/ P2i/c P2i/c c2ke

B/° 104.973(8) 104.59(1) 104.446(9)  104.295(6) 104.17(1) 111.790(9)

Vi A3 2029.7(4) 2042.5(7) 2054.3(4) 2060.6(4) 2072.6(5) 2076.9(4)
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Figure $51: Pawley fit to synchrotron PXRD data at ambient pressure for [PEP]1-x[DPP]«Ni(C2N3)
(with x = 0.45). Experimental data is shown as dark turquoise line, Pawley fit as light turquoise line,
and the difference curve (fit — data) as grey line.
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Figure S52: Pawley fit to synchrotron PXRD data at ambient pressure for [PEP]7-x[DPP]xNi(C2N3)
(with x = 0.69). Experimental data is shown as dark blue line, Pawley fit as light blue line, and the
difference curve (fit —data) as grey line.
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Figure S§53: Pawley fit to synchrotron PXRD data at ambient pressure for [PEP]1-x[DPP]«Ni(C2N3)
(with x = 0.85). Experimental data is shown as dark blue line, Pawley fit as light blue line, and the

difference curve (fit —data) as grey line.
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Figure S54: Pawley fit to synchrotron PXRD data at ambient pressure for [PEP]1-x[DPP]xNi(C2N3)
(with x = 0.96). Experimental data is shown as dark purple line, Pawley fit as light purple line, and

the difference curve (fit — data) as grey line.
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Table S16: Overview of the unit cell parameters and volumes of [PEP]1x[DPP]«Ni(C2N3)3 (with x =
0.45) obtained from Pawley fits of the HPPXRD data up to 0.4 GPa.

p/ GPa Rup alA blA clA BI° VIA3
ambient 3.41886 16.493(4)  12.089(1)  10.591(3)  104.58(2)  2043.6(9)
0.0194 2.73906 16.479(3)  12.070(2)  10.601(3)  104.59(1)  2040.4(7)
0.0398 2.53516 16.476(3)  12.058(2)  10.595(3)  104.63(1)  2036.6(7)
0.0598 1.63417 16.481(2)  12.040(1)  10.581(2)  104.757(9)  2030.4(4)
0.0795 2.13199 16.462(2)  12.005(1)  10.589(2)  104.720(9)  2024.0(5)
0.0998 2.2139 16.455(1)  11.998(1)  10.582(2)  104.778(9)  2020.2(5)
0.1199 2.30452 16.444(2)  11.995(1)  10.573(3)  104.82(2)  2016.1(7)
0.1399 2.44387 16.434(2)  11.980(2)  10.574(2)  104.886(9)  2011.9(6)
0.1593 2.35471 16.429(2)  11.970(2)  10.564(3)  104.918(9)  2007.5(7)
0.1794 1.92737 16.423(2)  11.959(1)  10.554(2)  105.006(7)  2002.3(5)
0.1996 2.103 16.413(2)  11.950(2)  10.551(2)  105.007(8)  1998.8(5)
0.2196 2.26691 16.403(2)  11.945(1)  10.547(2)  105.02(1)  1995.9(5)
0.2397 2.71957 16.385(3)  11.945(2)  10.543(3)  105.04(1)  1992.8(7)
0.2597 261814 16.381(3)  11.923(1)  10.539(3)  105.08(1)  1987.5(6)
0.2797 2.64843 16.378(2)  11.916(1)  10.528(3)  105.09(1)  1983.8(6)
0.2997 2.95571 16.369(3)  11.913(1)  10.522(3)  105.12(1)  1980.7(6)
0.3198 3.74298 16.355(4)  11.904(2)  10.518(3)  105.15(2)  1976.5(9)
0.3397 2.7522 16.351(3)  11.880(1)  10.518(3)  105.18(1)  1971.8(7)
0.3598 2.81426 16.341(3)  11.874(1)  10515(3)  105.17(1)  1969.0(8)
0.3798 2.94866 16.332(4)  11.868(2)  10.511(4)  105.19(1)  1965.9(9)
0.3998 3.37968 16.323(4)  11.866(2)  10.504(2)  105.22(2)  1963.1(8)
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Figure S55: The evolution of unit cell volume (a), parameters (b), angle (c) and fwhm (d) as a
function of hydrostatic compression until 0.4 GPa for [PEP]1x[DPP]:Ni(C2Ns)3 (with x = 0.45).
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Figure S56: The evolution of unit cell volume (a), parameters (b), angle (c) and fwhm (d) as a
function of hydrostatic compression until 0.4 GPa for [PEP]1-x[DPP]:Ni(C2N3)3 (with x = 0.69).
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Table S18: Overview of the unit cell parameters and volumes of [PEP]1x[DPP]«Ni(C2N3)3 (with x =
0.85) obtained from Pawley fits of the HPPXRD data up to 0.4 GPa (0.24 GPa was not used for
further analysis of the V(p) data due to the Rwp value).

p ! GPa Rup alA blA clA BI° VIA3
ambient 2.08697 16.527(2)  12.221(1)  10.526(1)  104.298(6)  2060.1(4)
0.0194 2.00284 16.525(2)  12.217(1)  10.516(1)  104.318(7)  2057.1(4)
0.0398 2.2769 16.509(1)  12.213(1)  10512(1)  104.356(6)  2053.2(4)
0.0598 2.20888 16.502(1)  12.206(1)  10.506(1)  104.427(6)  2049.3(4)
0.0795 2.15894 16.491(2)  12.197(1)  10.499(1)  104.485(7)  2044.8(4)
0.0998 2.01669 16.489(2)  12.170(1)  10.499(1)  104.518(7)  2039.8(3)
0.1199 2.0015 16.469(1)  12.161(1)  10.497(1)  104.521(9)  2035.1(4)
0.1399 2.65996 16.459(2)  12.158(1)  10.482(2)  104.536(9)  2031.1(5)
0.1593 1.78337 16.459(2)  12.131(1)  10.491(1)  104.54(1)  2027.7(4)
0.1794 2.20132 16.446(2)  12.126(1)  10.480(2)  104.600(8)  2022.5(4)
0.1996 2.30149 16.439(2)  12.122(1)  10473(1)  104.611(7)  2019.4(4)
0.2196 2.08851 16.438(2)  12.114(1)  10471(1)  104.653(7)  2017.4(4)
0.2597 1.92212 16.418(1)  12.079(1)  10.472(1)  104.714(8)  2008.6(4)
0.2797 2.21099 16.419(1)  12.069(1)  10.469(1)  104.750(9)  2006.1(4)
0.2997 1.87295 16.409(2)  12.051(1)  10475(1)  104.77(1)  2002.8(4)
0.3198 1.97827 16.393(2)  12.042(1)  10467(1)  104.77(1)  1997.9(4)
0.3397 2.05381 16.386(2)  12.039(1)  10.453(1)  104.73(1)  1994.3(3)
0.3598 2.26418 16.382(2)  12.031(1)  10.444(1)  104.71(1)  1991.1(4)
0.3798 2.42483 16.379(2)  12.025(1)  10.438(1)  104.807(9)  1987.7(4)
0.3998 1.96896 16.368(2)  12.008(1)  10.442(1)  104.85(1)  1983.8(4)
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Table S19: Overview of the unit cell parameters and volumes of [PEP]1x[DPP]Ni(C2N3)3 (with x =
0.96) obtained from Pawley fits of the HPPXRD data up to 0.4 GPa.

p!/GPa Ryp alA blA clA BI° VIA3
ambient 1.64612 16.559(1) 12.307(1) 10.488(1) 104.158(5) 2072.5(3)
0.0194 1.69902 16.547(1)  12.297(1)  10.478(1)  104.151(6)  2067.3(3)
0.0398 1.81976 16.535(1) 12.295(1) 10.469(1) 104.172(5) 2063.5(2)
0.0598 1.88344 16.529(1)  12.286(1)  10.466(1)  104.225(5)  2060.2(2)
0.0795 1.85947 16.524(1)  12.279(1)  10.455(1)  104.275(6)  2055.8(3)
0.0998 1.9511 16.522(1) 12.264(1) 10.447(1) 104.307(6) 2051.2(3)
0.1199 1.88938 16.516(1)  12.259(1)  10.438(1)  104.346(6)  2047.5(3)
0.1399 2.20804 16.509(2) 12.251(1) 10.430(1) 104.372(8) 2043.4(3)
0.1593 2.28441 16.506(2)  12.247(1)  10.423(1)  104.436(8)  2040.5(4)
0.1794 1.76172 16.490(2)  12.231(2)  10.422(1)  104.469(7)  2035.3(4)
0.1995 1.59709 16.486(1) 12.220(1) 10.418(1) 104.489(6) 2031.9(3)
0.2195 1.94357 16.474(2)  12.197(1)  10.418(1)  104.485(7)  2026.9(4)
0.2397 2.18806 16.450(2)  12.197(2)  10.408(1)  104.506(7)  2022.7(4)
0.2596 2.00007 16.446(2)  12.174(1)  10.412(1)  104.534(6)  2017.7(3)
0.2798 1.66219 16.445(1)  12.163(1)  10.408(1)  104.559(6)  2014.9(3)
0.2998 1.8349 16.438(2) 12.159(1) 10.402(1) 104.623(6) 2012.1(3)
0.3198 2.08299 16.422(1) 12.154(1) 10.403(1) 104.631(6) 2009.0(3)
0.3397 1.78474 16.419(1)  12.136(1)  10.402(1)  104.673(6)  2005.1(3)
0.3598 1.75927 16.416(1) 12.128(1) 10.401(1) 104.682(5) 2003.2(3)
0.3798 1.85032 16.404(1) 12.116(1) 10.390(1) 104.681(6) 1997.7(3)
0.3998 1.86516 16.397(1) 12.096(1) 10.389(1) 104.692(5) 1993.2(3)
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Rietveld refinements of solid solution samples. We have performed Rietveld
refinements of the PXRD patterns at p = ambient with the goal of analysing tilt distortions
across the solid solution [PEP]:«[DPP]xNi(C2Ns)s structures. This was done by using
routines as implemented in TOPAS v6 software. '

In detail, we have used the single crystal structure of [PEP]Ni(C2N3)s (monoclinic, P21/c)
as a starting structural model. The unit cell parameters, as obtained from Pawley profile
fits (Fig. S51-S54), were applied in the refinement (Rietveld method) and fixed. The
structure models for [PEP]+x[DPP]xNi(C2Ns)s (x = 0.45, 0.69, 0.85 and 0.96) were refined
against ambient pressure PXRD data (A = 0.4246 A) in the 26 range from 2.5° t09.0°. The
peak shapes were refined using “TCHZ_Peak_Type” (modified Thompson-Cox-Hastings
pseudo-Voigt functionwith U, V, W and Y as refined parameters). Notably, the A-site cation
has been refined as a rigid body. The A-site cation, i.e. [PEP]x[DPP]x*, was modelled by
starting from the structure of [PEP]* and adding one carbon atom at a chemically sensible
position with a fixed occupancy. During the refinement, the A-site cation was allowed to
move and rotate freely without conformational changes. Furthermore, distance and angle
restraints were applied within the (C2Ns)~ units, and NiNs octahedra as a chemically
informed guess for guiding the refinement.

We expect that this approach won't deliver an accurate model of the A-site cation but
will enable us to analyse structural distortions of the [Ni(C2Ns)s]- network to an accuracy
level that we can estimate Ap and, overall, draw conclusions between A, and B; however,
we would like to mention that a custom-built high-pressure diffraction setup was applied for
data collection, where the background (water, plastic capillary and diamond windows) and
a relatively large capillary diameter of (~ 1mm) decreased the quality of PXRD data for a
quantitative structural analysis based on a Rietveld refinement. Furthermore, non-uniform
Bragg rings were visible on the 2D detector with spots of high intensities. By applying
intensities cut-off during data integration, we attempted to reduce these intensity
inaccuracies to a minimum; however, these are certainly additional error sources for wrong
intensities. Lastly, we would like to mention that we have tried several approaches (with
and without restraints, with several different rigid bodies, etc.), where all structural
refinements led to Ap values between 2 — 4 for the solid solution series (0 < x < 1). Given
the various sources for inaccuracies, however, we only provide structural models of the
input for the ISODISTORT''¢ analysis to avoid false interpretation, i.e. overinterpretation
of the obtained structures.
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Figure S60: Rietveld fit of high-resolution PXRD data for [PEP]+-x[DPP]xNi(C2N3)3 (with x = 0.45).
Experimental data is shown as dark turquoise line, Rietveld fit as light turquoise line, reflection
positions as black vertical tick marks, and the difference curve (fit — data) as grey line.
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Figure S62: Rietveld fit of high-resolution PXRD data for [PEP]7x[DPP]Ni(C2N3)s (with x = 0.85).
Experimental data is shown as dark purple line, Rietveld fit as light blue purple, reflection positions
as black vertical tick marks, and the difference curve (fit — data) as grey line.
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Figure S63: Rietveld fit of high-resolution PXRD data for [PEP]7-x[DPP]xNi(C2N3)3 (with x = 0.96).
Experimental datais shown as dark purple line, Rietveld fit as light purple line, reflection positions
as black vertical tick marks, and the difference curve (fit — data) as grey line.
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9. Bulk modulus

The unit cell volume changes obtained by HPPXRD throughout the hydrostatic regime
were fitted to a 2™ order Birch-Murnaghan (B-M) equation of states using the software
EoSFit7-Gui to estimate each material’s bulk modulus (B)."” The standard deviations of the
volumes extracted by Pawley fits and a standard pressure error (p = + 0.003 GPa) were
included in the B-M fitting procedure. Additionally, 2" and 3™ order calculations are given
in Table S20 and Chapter 14 of this supporting information.
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Figure S64: The change in unit cell volume of [DEP]Ni(C2Nas)s is fitted using 2"¢ order B-M equation

of state shown as blue line in the V(p)-plot (a) and F(f)-plot (b), confirming the applicability of the
2" order fit to calculate B.
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Figure S65: The change in unit cell volume of [PEP]Ni(C2N3)3 (within the solid solution x = 0) is
fitted using 2" order B-M equation of state shown as green line in the V(p)-plot (a) and F(f)-plot (b),
confirming the applicability of the 2" order fit to calculate B.
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Figure S66: The change in unit cell volume of [DIP]Ni(C2N3)s is fitted using 2" order B-M equation

of state shown as blue line in the V(p)-plot (a) and F(f)-plot (b), confirming the applicability of the
2" order fit to calculate B.
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Figure S67: The change in unit cell volume of [DPP]Ni(C2N3)3 (within the solid solution x = 1) is
fitted using 2" order B-M equation of state shown as blue line in the V(p)-plot (a) and F(f)-plot (b),
confirming the applicability of the 2"dorder fit to calculate B.
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Figure S68: The change in unit cell volume of [PEP]1x[DPP]Ni(C2N3)3 (with x = 0.45) is fitted using
2 order B-M equation of state shown as blue line in the V(p)-plot (a) and F(f)-plot (b), confirming
the applicability of the 2" order fit to calculate B.
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Figure S69: The change in unit cell volume of [PEP]1x[DPP]«Ni(C2N3)3 (with x = 0.69) is fitted using
2" order B-M equation of state shown as blue line in the V(p)-plot (a) and F(f)-plot (b), confirming
the applicability of the 2" order fit to calculate B.
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Figure S70: The change in unit cell volume of [PEP]1x[DPP]«Ni(C2N3)3 (with x = 0.85) is fitted using
2" order B-M equation of state shown as blue line in the V(p)-plot (a) and F(f)-plot (b), confirming
the applicability of the 2" order fit to calculate B.
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Figure S71: The change in unit cell volume of [PEP]1x[DPP]Ni(C2N3)3 (with x = 0.96) is fitted using
2 order B-M equation of state shown as blue line in the V(p)-plot (a) and F(f)-plot (b), confirming
the applicability of the 2" order fit to calculate B.
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Table S20: Bulk moduli (B) of [PEP]+x[DPP]xNi(C2Ns)3 calculated from 2" and 3 order B-M

equation of state fits to the HPPXRD data using EOSFit.

x 0.45 0.69 0.85 0.96
B(2™)/ GPa 8.9 9.4 97 96
0B (2")/ GPa 0.1 0.1 0.1 0.1
Vo (20)/ A® 20429 2052.9 2060.7 2072.3
oVo (2/) / A3 05 0.4 04 03
B(3%/GPa 77 9.1 9.3 96
0B(3) / GPa 0.3 03 03 03
Vo (3) / A3 2045.1 2053.4 2061.3 20723
Vo (39)/ A3 06 05 05 05
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10. Ni(dmgH): as reference material

We used Ni(dmgH)2 (Nickel dimethylglyoxime) as reference material with well-known reported
variable pressure behaviour to verify the applied pressure cell setup.’®'® The sample was
prepared similiarly as described above in Chapter 7, including HPPXRD experimental details.
The HPPXRD data was collected in the same pressure regime (ambient pressure to 0.4 GPa)
with the same pressure step size of 0.02 GPa (Fig. S72). Pawley refinement of the PXRD data
at ambient pressure shows unit cell parameters a = 16.5717(6) A, b = 10.4331(3) A, ¢ =
6.4621(2) A and V = 1117.28(6) A3, which is in great accordance across variable pressure
PXRD data with the reported structure.?® The calculated bulk moduli, i.e. B =8.43+0.15 GPa
(derived from the 3 order B-M equation of state fit) and B = 9.57+0.09 GPa (derived from the
2" B-M order equation of state fit) are in line with reported data, confirming the applicability of
the setup (Fig. S74).2'
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Figure S72: Collection of HPPXRD data of Ni{dmgH)2 up to 0.4 GPa.
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Table S21: Overview of the unit cell parameters and volumes Ni(dmgH)2 obtained from Pawley fits

of the HPPXRD data up to 0.4 GPa.

plbar R alA blA c/A VIA®

ambient 2.95280 16.5717(6) 10.4331(3) 6.4621(2) 1117.28(6)
0.0197 358596  16.5718(9)  10.4265(5)  6.4539(4)  1115.16(10)
oiie 299285  16.5677(7) 10.4105(4)  6.4483(3)  1112.21(8)
o 296639  16.5690(8)  10.4004(4)  6.4412(3)  1109.99(9)
o 297736  16.5615(9)  10.3890(5)  6.4345(3)  1107.11(10)
0.0999 2.87619 16.5635(8)  10.3808(6)  6.4283(3)  1105.31(10)
01190 295232 1655626) 10.3677(5)  6.4217(4)  1102.29(9)
01389 249250  16.5566(6)  10.3571(4)  6.4157(3)  1100.16(7)
0.1564 3.03165  16.5552(8) 10.3482(6)  6.4108(2)  1098.30(11)
p— 252741 16.5501(6)  10.3387(4)  6.4045(2)  1095.86(7)
BiioR 3.04075  16.5497(8)  10.3310(5)  6.3991(4)  1094.11(10)
— 255868 16.5480(6)  10.3221(4)  6.3934(2)  1092.07(7)
02307 266187  16.5446(6) 10.3120(4)  6.3890(3)  1090.12(7)
0.2507 266473  16.5418(8) 10.3073(6)  6.3828(3)  1088.29(9)
0.2798 261754  165367(7) 10.2969(4)  6.3774(3)  1085.93(8)
02097 237638  16.5330(7) 10.2919(5)  6.3722(3)  1084.28(9)
0.3198 2.96540 16.5287(7)  10.2873(6)  6.3673(3)  1082.68(9)
— 2.72334 16.5242(9)  10.2765(6)  6.3609(4)  1080.17(10)
. 286385  16.5198(7) 10.2708(5)  6.3565(3)  1078.52(9)
e 2.57641 16.5161(6)  10.2624(5)  6.3514(3)  1076.54(8)
0/9968 258556  16.5147(6) 10.2581(4)  6.3463(2)  1075.14(7)
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of state shown as grey line in the V(p)-plot (a) and F(f)-plot (b), confirming the applicability of the

3 order fit to calculate B.
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11. Tilt analysis of molecular perovskites

We used the web-based software tool ISODISTORT'>'® to explore the active framework
distortion modes of the [Ni(C2Ns)s]- framework. Herein, group theoretical analysis was applied
to SCXRD data of 300 K to describe network distortions compared to a hypothetical cubic
[MXs]- network. In a first step, we created a hypothetical highly symmetric parent perovskite
structure (aristotype) from two atom sites (Ni 1.0 0.500000 0.50000 0.500000 Biso 1.000000
Niand N 1.0 0.250000 0.500000 0.500000 Biso 1.000000 N)in Pm-3m cubic symmetry with
unit cell parametersa =b=c =8 Aand a= B8 =y = 90 °. This parent structure was used for all
compounds and uploaded as a cif structure file to start the structural distortion mode analysis
in ISODISTORT. After simplifying the low-symmetry crystal structure (hettotype) by removing
the respective A* atom coordinates, resulting in the [Ni(C2Ns)s]~ network structure composed
of linear dicyanamide linkers, we subsequently uploaded all the distorted cif files to proceed
with Method 4: “Mode decomposition of a distorted structure” implemented in ISODISTORT.
Here, the mode decomposition of the distorted structure was analysed with respect to the cubic
parent framework, identifying all active distortion modes corresponding to octahedral tilts and
columnar shifts, as well as the overall distortion mode amplitude (Ap). These active distortions
were assigned to a combination of irreducible representations (irreps) for conventional (Rs and
M-*), unconventional tilts (/"4*, X5 and Ms*) and columnar shifts (/'s*).

To showcase how Ap can be calculated, we present the procedure on the example of
[DPP]INi(C2Ns3)s in the following. In a first step, we simplified the cif file by removing all atom
coordinates of [DPP]* and atom coordinates of (C2Ns)~ despite the N atoms of the NiNs
octahedra. This cif file contains the distorted octahedral network structure from four atom sites
(Ni1 1.0 0.250000 0.250000 0.500000 Uiso 0.034915 Ni, N1 1.0 0.1264(2) 0.2917(4) 0.4062(4)
Uis0 0.058012 N, N2 1.0 0.2812(2) 0.4008(4) 0.4472(4) Uiso 0.056581 N and N4 1.0 0.2540(2)
0.6843(4) 0.1851(4) Uiso 0.056376 N) with space group symmetry C2/c (a = 17.3196(5) A, b
=12.3357(3) A, ¢=10.4909(3) Aand a =y =90 °B = 111.917(1) °). Our next step was to start
the analysis in the web-based software ISODISTORT and import our chosen high symmetry
structure as a cif file. Important here, both cif files must contain the same types of atoms (e.g.
Ni and N). Then, we used Method 4: “Mode decomposition of a distorted structure”, and
uploaded our maodified cif file of the distorted structure. Here, a specified sublattice basis must
be provided, i.e. a set of basis vectors specified as a transformation matrix (a’ (211) b’ (01-1)
and ¢’ (011) for the crystallographic basis vectors of the maodified cif file of [DPP]Ni(C2N3)s).
This basis is chosen with real-space lattice vectors of the distorted structure in relation to the
lattice vectors of the undistorted structure. In this case, the “nearest-site method” to match
each atom of the parent structure to the nearest atom in the distorted structure failed.
Therefore, the “more robust but slower method: dmax = 3 A” is chosen, mapping an atom in the
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parent structure to every atom in the distorted structure within the chosen distance, e.g. here,
3 A. The distortion page then appears, giving complete mode details with displacive mode
amplitudes for each active irrep and an overall amplitude (Ap) normalised to the parent cell.s'®

By

I'Tny

[DPP]Ni(C,N5); [DEPINI(C;N;); [PEPINI(C,N,); [DIPINI(C,N5)y

Relative magnitude of A,/ A

Figure S75: Relative magnitude of the overall parent-cell normalised amplitude (Ap) and the
framework distortion modes with the largest amplitude associated with the irreducible
representations (irreps) for conventional tilting (Rs and M2*) and columnar shifts (/5*) derived from
the mode decomposition analysis of the distorted [A]Ni(C2N3)3 structures along the series with
varying A*. The colour saturation corresponds to a higher magnitude within the respective primary

order parameters.

Table S$22: Group theoretical analysis of AMX3 materials for the crystal structures obtained at 100
and 300 K, showing the strongest irreps from the left to right in order of decreasing relative
magnitude and a possible set (not a unique set, one of several possible sets) of distortions
accounting for the symmetry with the largest magnitude, giving the primary order parameters
(POPs).

Compounds Temperature/ K Irreps S.G. POPs
[DIP]Ni(C2N3)3 100 Rs M2*Ms* I's* X5 4" P24lc s Ry Xz
[PEP]Ni(C2N3)s 100 Rs st Ms*M2*Xs 4" P24lc 4" Ry Xz
[DEPINi(C2N3); 100 Mz*Rs 5" Xs Ms* 4" P21/c 4" Ry Xz
[DPPINi(C2N3)s 100 r+ Rs Is* C2lc r+ Ry
[DIPINi(C2N3)s 300 Rs Mz* Ms*Xs Is* 4" P21/c 4" Ry Xz
[PEP]Ni(C2N3)s 300 Rs 5" Ms* Xs M2* T4t P21/c s Rs Xz
[DEPINi(C2N3)s 300 M2t Rs 5" X5 Ms* s+ P2/c 4 Rs Xz
[DPPINi(C2N3)s 300 r+ Rs 5" C2lc r+Rs
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Table S$23: Mode decomposition of the distorted [AJNi(C2N3)3 structures (obtained from SCXRD of
100 K) with displacive mode amplitudes displaying the parent-cell normalised amplitude (Ap) for
each active mode. Displacive modes are given in Angstrom units.

[DIPINi(C2Ns)s [PEP]Ni(C2Ns)s [DEP]Ni(C2N3)3 [DPP]Ni(C2N3)s

S.G. P2ilc P2ilc P2ilc C2/c

Rs 1.67136 1.91172 1.17738 2.39294
Mz 0.74040 0.33760 1.64960 -

r« 0.23561 0.12105 0.19103 2.86078

X5 0.37122 0.25950 0.56322 -

Ms* 0.69707 0.45264 0.44891 -

Fs* 0.42617 0.83306 0.60846 2.09049
Al A 2.08543 2.19858 2.27946 4.39524

Table S24: Mode decomposition of the distorted [A]Ni(C2N3)3 structures (obtained from SCXRD of
300 K) with displacive mode amplitudes displaying the parent-cell normalised amplitude (Ap) for
each active mode. Displacive modes are given in Angstrom units.

[DIPINi(C2N3)3 [PEP]Ni(C2N3)3 [DEP]Ni(C2N3)3 [DPP]Ni(C2N3)s

S.G. P2i/c P2ilc P2ilc C2/c

Rs 1.48752 1.78415 1.09421 2.20013
Mz2* 0.67680 0.25480 1.561840 -

ra 0.10579 0.07128 0.14934 2.76733

X5 0.33173 0.29571 0.54472 -

Ms* 0.55209 0.31201 0.39960 -

rs* 0.30552 0.73871 0.55841 2.15237
Al A 1.81201 2.01309 2.10231 4.23220
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Table S25: Mode decomposition of the distorted [PraNMe]M(C2Ns)s structures with varying M2* (for
SCXRD data of 300 K accessed from the CCDC) with displacive mode amplitudes displaying the
parent-cell normalised amplitude (Ap) for each active mode. Displacive modes are given in

Angstrom units.

[PraNMe]M(C2N3)3 Mn? Co* Ni?*
(reference?®)
CCDC number 2068843 2068842 2068716
S.G. Pnma Pnma Pnma
Rs 1.68563 1.55756 1.50846
Mzt 1.02984 0.99776 0.97728
rs - - -
X5 1.04105 0.90069 0.84449
Ms* - - -
5 0.65560 0.57760 0.54528
POP Rs Rs Rs
Al A 2.35863 2.16636 2.09184

Table S26: Mode decomposition of the distorted [PEP]1x[DPP]xNi(C2N3)s structures (obtained from
Rietveld refinement data at ambient pressure) with displacive mode amplitudes displaying the
parent-cell normalised amplitude (Ap) for each active mode. Displacive modes are given in

Angstrom units.

X 0.45 0.69 0.85 0.96
S.G. P2i/c P2ilc P2ilc P2ilc
Rs 1.83227 1.97842 1.97021 2.70344
M2* 0.40800 0.62800 0.04000 0.22400
r« 0.12445 0.16405 0.46386 0.09051
X5 0.64647 0.62405 0.57822 0.26242
Ms* 0.67090 0.68071 0.23786 0.51480
rs 0.92413 0.88532 1.25633 0.89385
POP Rs Rs Rs Rs
Al A 2.32350 246623 2.51368 2.93780
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12. DFT calculations

All density functional theory (DFT) calculations were performed using the Gaussian16
software? at the B3LYP/6-311+G** level of theory to approximate the molecular geometry of
A*, i.e. molecular volumes (Va+) and radius (ra.), that were used in the model study of
[AINi(C2N3)s materials. Therefore, the polarisable continuum model (PCM) was used and we

chose the simplified crystal structure data (of 300 K) of [A]JNi(C2Ns)s materials reduced to the
atom coordinates of the organic A* molecules as a basis.

Table S27: DFT calculations using the PCM model based on SCXRD data from 300 K to describe
the A* geometry and shape incorporated in the [A]Ni(C2N3)3 series, including the volume (V*a+), the

surface (Sma+), the surface derived from the volume of sphere (SspA+) and the globularity factor
(G’ = Ssp,A+/Sm,A+)‘

A [DIP]* [PEP]* [DEP]* [DPP]*
Vil A3 270.986 242.984 235.791 271.266
Smas | A2 241.078 234,653 219.225 259.426
Sspar | A2 202.068 188.205 184.335 203.078
G 0.838 0.802 0.841 0.783
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13. PASCalcalculations

To verify the calculation of B as described in Chapter 9, we used the web-based tool PASCal
to fit the HPPXRD data to a 2" and 3 order B-M equation of states.?* The calculated B of
Ni(dmgH)2, i.e. B = 9.26+0.12 GPa (derived from 2" order B-M equation of state fit) and
B= 7.89+0.28 GPa (derived from 3" order B-M equation of state fit) are in line with the

obtained values as described in Chapter 10.

Table $28: Bulk moduli (B) calculated from 2" and 3 order B-M equation of state fits to the

HPPXRD data using PASCal.

[DIPINi(C2N3)3

[PEP]Ni(C2N3)3

[DEP]Ni(C2N3)s

[DPPINi(C2N3)s

B(2™)/ GPa 8.2 8.4 8.9 104
0B (2™)/ GPa 0.1 02 0.2 0.1

Vo (2™)/ A3 2156.9 2030.5 2025.5 2074.2
oVo(2) /| A3 0.5 0.9 0.7 0.6
B(3)/ GPa 78 6.7 74 9.3
0B(3) / GPa 0.3 0.8 05 05

Vo (319) 1 A3 21576 20326 20272 20755
aVo(3)/ A3 0.7 15 0.9 0.8
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Table S$29: Bulk moduli (B) of the solid solutions calculated from 2" and 3¢ order B-M equation of
state fits to the HPPXRD data using PASCal.

x 0.45 0.69 0.85 0.96
B(2™)/ GPa 9.0 94 97 96
0B (2™)/ GPa 05 0.1 0.1 0.1

Vo (2)/ A3 2043.0 2052.8 2060.6 2072.4
oVo(27) / A3 05 03 04 06
B(3)/ GPa 7.9 9.2 9.0 95
0B(3") / GPa 03 03 03 0.3

Vo (379) 1 A3 2044.8 2053.1 2061.4 20724
oVo(31)/ A3 06 05 06 06
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14. Dataoverview of [A]JNi(C2N3): materials

Table S30: Crystallographic data of the [A]Ni(C2N3)3s series at 100 and 300 K. Differences of the A*
were captured by the volume (Va+) enclosed by the “promolecule electron density isosurface” and
the globularity factor (G) obtained by Crystal Explorer17 based on 300 K SCXRD data. Additionally,
the volume (V*a+) and surface (Sma+) of all A* were determined using Gaussian16 based on 300 K
SCXRD data. Here, the surface was derived from the spherical volume (Ssp,A+) to obtain a second
globularity factor defined as (G’ =Ssp,A+/Sm,a+) to provide a comprehensive data set of A*'s size and
shape. The overall parent-cell normalised amplitude (Ap), as determined from group theoretical
analysis, is given based on 300 K SCXRD data. The calculated bulk moduli (B, calculated from 2™
and 3" order B-M equation of state fits via EOSFit) and volumes (Vo at zero pressure and
temperature obtained from experimental HPPXRD) are given below.

[A]Ni(C2N3)3 A* = [DIP]* [DEP]* [PEP]* [DPP]*
Vs | A3 227.25 190.56 202.18 225.87
G 0.872 0.879 0.831 0.807
Vias | A3 270.986 235.791 242.984 271.266
Smas | A2 241.078 219.225 234.653 259.426
Sspas | A2 202.068 184.335 188.205 203.078
G’ 0.838 0.841 0.802 0.783
T/ K 100 100 100 100
Space group P2ilc P2ilc P24/lc C2/c
alA 16.1247(8) 16.3161(17) 16.3743(14) 17.1198(15)
blA 11.9812(5) 12.1389(13) 11.9171(9) 12.3344(10)
cl/A 10.8829(5) 10.1679(11) 10.4761(8) 10.2007(9)
Bl 95.986(2) 101.691(3) 105.903(4) 110.800(3)
VIA3 2091.04(17) 1972.1(4) 1966.0(3) 2013.6(3)
Apl A 2.085 2.279 2.199 4.395
T/K 300 300 300 300
Space group P2ilc P2ilc P2ilc C2/c
alA 16.346(2) 16.3871(7) 16.4756(7) 17.3196(5)
blA 12.0065(16) 12.2076(5) 11.9516(5) 12.3357(3)
cl/A 11.0462(17) 10.2673(4) 10.6587(4) 10.4909(3)
B/° 93.708(6) 100.250(2) 104.9160(10) 111.9170(10)
Vear | A2 2163.4(5) 2021.16(14) 2028.08(14) 2079.38(10)
Aol A 1.812 2.102 2.013 4.232
B(2™) / GPa 8.2+0.1 8.8+0.2 8.5+0.1 10.5+0.2
Vo (2™) / A3 2157.1+0.5 2025.9+0.2 2030.3+0.6 2073.8+0.6
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B(3")/ GPa 7.1£0.2 75105 7.3+£06 9.0+0.5

Vo (31) / A3 2158.5+0.5 2027.2+0.8 2031.1+£0.7 2075.6+0.8
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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(C2Ns)s subclass has been in the focus of

this thesis, a more detailed survey is given below.

Table columns (in order): References, Year, [A]B(C2Ns); Materials, Organic A" Cation, Polar
Space group? (Yes / No), Phase Transition? (Yes / No), Melting? (Yes / No), Special Feature.

46 2020 | [ASU]Cd(C2N3)s azaspiroundecanium Yes (Pna2: Yes n. SHG active
100 K) (irrev. | a.
328
K,
rev.
293
K)
4 2003 [BeTriBu]B(C2N3)s benzyltributylammonium | No (Pnma RT) | n. a. n. n. a.
(B = Mn?*, Co?") a.
4 2003 | [BeTriEt]B(C2N3s)s benzyltriethylammonium | No (PnmaRT) | n. a. n. n. a.
(B = Mn?*, Fe?") a.
48 2005 | [Cp*2C0]B(C2Nas)s (B = Mn?*, | decamethylcobaltoceniu | No (Im-3 123 n. a. n. n. a.
Co?, Ni?*) m K) a.
48 2005 | [Cp*2Fe]B(C2Ns)s (B =Mn?*, | decamethylferrocenium No (Im-3 123 n. a. n. n. a.
Fe?*, Co?, Ni**, Cd*") K) a.
142 2024 | [DEP]Ni(C2N3)s diethylpiperidinium No (P21/c RT) | Yes n. n. a.
(rev. a.
313,
527
K)
142 2024 | [DIP]Ni(C2N3s)s diisopropylpiperidinium No (P21/c RT) | Yes n. n. a.
(rev. a.
434
K)
142 2024 | [DPP]Ni(C2Ns)s dipropylpiperidinium No (C2/c RT) Yes n. n. a.
(rev. a.
433
K)
196 2017 | [Ets3(CH2CHCH2)P]Mn(C2Ns) | allyltriethylphosphonium | No (P2i/c RT) | Yes n. n. a.
3 (rev. a.
350
K)
160 2018 | [EtsP(CH2)2CI|Cd(C2N3)s triethyl-(2-chloro-ethyl)- No (P212121 Yes n. switchable
phosphonium RT) (rev. a. dielectric
320, behaviour
374
K)
160 2018 | [EtsP(CH2)2F]Cd(C2Ns)s triethyl-(2-fluoro-ethyl)- No (C2/c RT) | Yes n. ferroelastic,
phosphonium (rev. a. switchable
357, dielectric
428 behaviour
K)
196 2017 | [Ets(CH20CH3)PIMN(C2Ns)s | triethylmethoxy- No (P212121 Yes n. switchable
methylphosphonium RT) (rev. a. NLO
265,
333
K)
197 2017 | [Ets(n-Pr)P]Cd(C2Ns)s propyltriethylphosphoniu | No (P212:12; Yes n. switchable
m RT) (rev. a. NLO, PL
270, active
386,
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415

K)
196 2017 | [Ets(n-Pr)P]Mn(C2Ns)s propyltriethylphosphoniu | No (P2:2:2; Yes n. switchable
m RT) (rev. a. NLO
363
K)
% 2021 | [EtPIMn(C2N3)s tetraethylphosphonium No (P212121 Yes n. two
RT) (irrev. | a. ferroelectric
313 transitions
K
and
rev.
407,
476,
486
K)
178 2020 | [Prs(CH2CHOHCH3)N]Mn(C | (2-hydroxy-propyl)- Yes (P-42ic Yes n. n. a.
2N3)3 tripropyl-ammonium 143 K) (rev. a.
207
K)
1r8 2020 [Prs(CHsCHCH20OH)NIMn(C | (2-hydroxy-1-methyl— Yes (Pna2; Yes n. ferroelastic,
2N3)3 ethyl)-tripropyl- 193 K) No (rev. a. two-step
ammonium (P21212, 282 267, switchable
K) 287, NLO
331
K)
198 2004 | [SPhs]Mn(C2Ns)s triphenylsulfonium No (P2/cRT) | n.a. n. spin canted
a. antiferromag
net
87 2019 | [TriBuMeN]Co(C2N3)3 tributylmethylammonium | No (P2:/n RT) | No Yes | paramagnet
389
K
87 2019 [TriBuMeN]Fe(C2Ns)s tributylmethylammonium | No (P2:/n RT) | Yes Yes | paramagnet
(rev. 409
399 K
K)
87 2019 [TriBuMeN]Mn(C2Ns)s tributylmethylammonium | No (P2:/n RT) | Yes Yes | paramagnet
(irrev. | 404 | and orange
384 K emission
K)
87 2019 [TriBuMeN]Ni(C2N3)3 tributylmethylammonium | No (P2:/n RT) | Yes Yes | paramagnet
(rev. 434
394 K
K)
90 2021 [TriBuMeP]Mn(C2N3)3 tributylmethylphosphoni No (P2:/n RT) | Yes n. ferroelectric
um (irrev. | a. transition
348
K
and
rev.
410
K)
8 2021 [TriPrMeN]Co(C2Nz)3 tripropylmethylammoniu No (Pnma RT) | Yes n. polymorphis
m (irrev. | a. m
359
K,
rev.
301
K)
8 2021 [TriPrMeN]Mn(C2Ns)s tripropylmethylammoniu No (Pnma RT) | Yes n. polymorphis
m (irrev. | a. m
350
K,
rev.
284
K)
8 2021 [TriPrMeN]Ni(C2N3)3 tripropylmethylammoniu No (Pnma RT) | Yes n. polymorphis
m (irrev. | a. m
365
K,
rev.
312
K)
142 2024 | [PEP]Ni(C2N3)s ethylpropylpiperidinium No (P21/c RT) | Yes n. n. a.
(rev. a.
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401
K)
102 2023 | [PrsNBu]lMn(C2Ns)s tripropylbutylammonium | No (Pbcn RT) | Yes *Ye | melting
(irrev. | s
368 474
K) K
59 2018 | [PraN]Cd(C2N3)s tetrapropylammonium Yes (P-42ic Yes n. barocaloric
RT) (rev. a.
242,
363,
387
K)
62 2016 [PraN]Co(C2Ns)s tetrapropylammonium Yes (P-42:c Yes *Ye | dielectric
*101 200 K) (rev. s transition
246, 503
301, K
341
K)
62 2016 [PraN]Fe(C2N3)s tetrapropylammonium Yes (P-42:c Yes *Ye | dielectric
*101 200 K) (rev. s transition
286, 536
300, K
331
K)
36 2005 | [PraN]Mn(C2N3)s tetrapropylammonium Yes (P-42:c Yes *Ye | dielectric
*101 RT) (rev. s transition,
Hxdl 332 544 | **barocaloric
K) K
36 2005 | [PraN]Ni(C2N3)s tetrapropylammonium Yes (P-42:c Yes n. *dielectric
62 160 K) (rev. a. transition
216,
302,
356
K)

Table columns (in order): References, Year, [A]B(Nz); Materials, Organic A* Cation, Space
group (polar).

199 2017 [CPrN]Mn(Ns3)s cyclopropylammonium Pbca 296 K

200 1986 [EtsN]Ca(Ns3)s tetraethylammonium P2/m 293 K

201 2013 [MeN]Mn(Na)3 methylammonium P2i/c 173 - 320K

202 2019 [Me2EtN]MN(N3)s dimethylethylammonium Cc 296 K

203 2014 [Me2N]Cd(Ns3)s dimethylammonium P-1 296 K R-3 203 - 273 K

201 2013 [Me2N]Mn(N3)s dimethylammonium P2; 173 K Cmca 323 K

204 2015 [MesN]Cd(N3)s trimethylammonium P2i/c 283 K C2/c 348 K

201 2013 [MesN]Mn(N3)s trimethylammonium P2i/c 173 - 298 K C2/c 330 -
350 KR-3m 360 - 393 K

205 1988 [MesN]Ca(Ns)s tetramethylammonium P4/nmm RT

85,206 2000 [MeaN]Cd(N3)s tetramethylammonium C2/c 220 K P21/m 300 K Pm-
3/m 350 K

201 2013 [MeaN]Mn(N3)s tetramethylammonium P21/m 173 K Pm-3m 333 K

Table columns (in order): References, Year, [A]B(BX4)s Materials with BXs = BH -
borohydride or BF — tetrafluoroborate, Organic A* Cation, Space group.

207 2019 [Hzdabco]Na(BF4)s dabconium Pa-3 293 K Pm-3m 408 K

208 2017 [Hzdabco]K(BFa)s dabconium Pa-3 293 K

208 2017 [Hzpz]Na(BFa4)s piperazinium P43 293 K

208 2021 [MedabcoF]Rb(BF4)s | fluoromethyldabconium P2i/c 168 K P42/mbc 253 K
Fm-3c 315 KPm-3m 353 K

209 2015 [NH4]Ca(BHa)3 ammonium Pm-3m RT
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Table columns (in order): References, Year, [A].BB'(CN)s Materials, Organic A* Cation,

Space group (polar).

210 2016 [Ac]2KFe(CN)s acetamidinium C2/m 150 K R-3m RT Fm-
3m 395 K

a 2016 [AZ]2KCO(CN)s azetidinium Fm-3m 113 K

210 2016 [Gua]zKFe(CN)s guanidinium R-3c RT R-3m 425 K Fm-
3m 455 K

212 2015 [Im]2KCo(CN)s imidazolium R-3m 293 K

213 2010 [Im]2KFe(CN)s imidazolium C2/c 83 K R-3m 173, 293 K

214 2013 [Me2N]2KCo(CN)s dimethylammonium P4/mnc 113, 280, 293 K

215 2015 [Me2N]2KFe(CN)s dimethylammonium P4/mnc 165 K, RT

216 2019 [Me2N]2KCr(CN)s dimethylammonium P4/mnc 140, 230 K

2 2016 [MeN]2KCo(CN)s methylammonium C2/c 293 K Fm-3m 463 K

215 2016 [MeN]2KFe(CN)s methylammonium C2/c 193 K Fm-3m 443 K

2 2016 [MeN]2NaCo(CN)s methylammonium Fm-3m 293 K

218 1994 [MeN]2NaFe(CN)s methylammonium Fm-3m 295 K

2 2016 [MeN]2RbCo(CN)s methylammonium C2/c 293 K

219 2018 [MesN]2KFe(CN)s trimethylammonium C2/c 113 K Fm-3m 350 K

220 2022 [MesFMeN]:KFe(CN)s | trimethylfluoromethylammonium | C2/c 243 K

221 2020 [MesNOH]2KCo(CN)s | trimethylhydroxylammonium Cc @ 100 K Fm-3m 440 K

163 2017 [MesNOH].KFe(CN)s | trimethylhydroxylammonium Cc @ RT Fm-3m 408 K

218 1994 [MesN]2CsCo(CN)s tetramethylammonium 12/m 295 K

222 2000 [MesN]2CsCr(CN)s tetramethylammonium C2/c RT

222 2000 [MesN]2KCr(CN)s tetramethylammonium Fm-3m RT

215 2016 [MesN]2KFe(CN)s tetramethylammonium 14/m RT Fm-3m 373 K

223 1997 [MesN]2RbCr(CN)s tetramethylammonium R-3m RT

223 1997 [MesN]2RbFe(CN)s tetramethylammonium R-3m RT

223 1997 [MesN]2TICr(CN)s tetramethylammonium R-3m RT

223 1997 [MesN]2TIFe(CN)s tetramethylammonium C2/c RT

Table columns (in order): References,
dicyanoaurates, Organic A* Cation, Space group.

Year, [A]B(M(CN)2); with M(CN), = Au -

65 2016 [PPN]Cd(Au(CN)2)s bistriphenlyphosphineiminium 12/a 291 K
224 2007 [PPN]Co(Au(CN)2)s bistriphenlyphosphineiminium R-3c RT
65 2016 [PPN]Mn(Au(CN)2)s | bistriphenlyphosphineiminium 12/a 150 K
224 2007 [PPN]Ni(Au(CN)2)s bistriphenlyphosphineiminium R-3c RT

Table columns (in order): References, Year, [A]B(HCOO); Materials, Organic A* Cation,

Space group (polar).

225 2017 [Ac]Mn(HCOO); acetamidinium P21/n 100 K Imma 320 K

226 2011 [AZ]Cu(HCOO)s azetidinium P2i/c 123, 280, 243, 260
K Pnma 300, 333 K

34 2004 [AzZ]Mn(HCOO); azetidinium P2i/c 180 K, Pnma 290 K

221 2012 [AZ]Zn(HCOO)s azetidinium Pnma RT

228 2011 [DMezN]Co(DCOO)s perdeuterodimethylammonium Cc 93K, R-3c 293, 373 K

229 2015 [EtN]Cu(HCOO)s ethylammonium Pna2; 93, 180, 291, 320,
340 K P212:2; 360 K

230 2014 [EINJMg(HCOO)3 ethylammonium Pna2: 93, 280, 292, 363 K
R-3378 KImma 430 K

34 2004 [EIN]MNn(HCOO)s ethylammonium Pna2; 180, 290 K
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=1 2016 [EtN]Nao.sAlos(HCOO)s ethylammonium Pn270 K P21/n 375 K
=1 2016 [EtN]Nao.5Alo.475Cro.025 ethylammonium PnRT
(HCOO)s

=1 2016 [EtN]NaosCros(HCOO)s ethylammonium Pn297 K P21/n 400 K

22 2015 [EtN]Nao.sFeos(HCOO)s ethylammonium Pn297 K P2:/n 377 K

23 2015 [Fmd]Co(HCOO)s formamidinium Pnna 295 K

24 2017 [Fmd]Cu(HCOO)s formamidinium Pnna 173 K

23 2015 [Fmd]Fe(HCOO)s formamidinium Pnna 294 K

5 2012 [Fmd]Mg(HCOO)3 formamidinium Pnna 120 K

236 2014 [FmdIMn(HCOO)3 formamidinium C2/c 110, 295 K R-3c 355

=1 1986 [Fmd]Zn(HCOO)s formamidinium Ilgnna 295 K

238 2009 [Gua]Co(HCOO)s guanidinium Pnna 293 K

238 2009 [Gua]Cu(HCOO)s guanidinium Pna2; 293 K

7% 2016 [Gua]Cd(HCOO)s guanidinium R-3c 150, 250, 300, 450 K

238 2009 [Gua]Fe(HCOO)s guanidinium Pnna 293 K

235 2012 [Gua]Mg(HCOO)s guanidinium Pnna 298 K

238 2009 [Gua]Mn(HCOO)3 guanidinium Pnna 293 K

238 2009 [Gua]Ni(HCOO)s guanidinium Pnna 293 K

238 2009 [Gua]Zn(HCOO)3 guanidinium Pnna 293 K

240 2016 [Im]Mg(HCOO)s imidazolium P21/n 296 K

241 2013 [ImIMn(HCOO)s imidazolium P21/n 293 K P-42:m 453 K

242 2017 [Hym]Co(HCOO)s hydrazinium Pna2: 100, 298 K Pnma
353, 393 K

243 2016 [Hym]Fe(HCOO)s hydrazinium Pna2: 290 K Pnma 360 K

244 2014 [Hym]Mg(HCOO)s hydrazinium P2:212: 110, 200, 292 K
P63 400 K

244 2014 [Hym]Mn(HCOO)s hydrazinium Pna2: 110, 200, 290 K
Pnma 400 K

244 2014 [Hym]Zn(HCOO)s hydrazinium Pna2: 110, 200, 290 K
Pnma 375 K

245 2021 [MezHym]Mn(HCOO)3 dimethylhydrazinium P21/n 99.9, 299.9 K

246 2017 [MeHym]Fe(HCOO)s 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,

246 2017 [MeHym]Zn(HCOO); methylhydrazinium 3R?C(3)CK18O, 300, 350 K

241 2010 [Me2N]Cd(HCOO)s dimethylammonium R-3c 293 K

248 2004 [Me2N]Co(HCOO)s dimethylammonium R-3c 297 K

249 1973 [Me2N]Cu(HCOO)s dimethylammonium 12/c 295 K

49 2009 [Me2N]Fe(HCOO); dimethylammonium R-3c 273 K

20 2008 [Me2N]Mg(HCOO); dimethylammonium R-3c 293 K

84 2004 [Me2N]Mn(HCOO); dimethylammonium R-3c 180, 290 K

1 2015 [Me2N]Nao.sCros(HCOO)s | dimethylammonium R-3 115, 302 K

22 2014 [Me2N]Nao.sFeos(HCOO)s | dimethylammonium R-3 115, 293 K

248 2004 [Me2N]Ni(HCOO)s dimethylammonium P-1 110 K R-3c 297 K

a4 2008 [Me2N]Zn(HCOO); dimethylammonium R-3¢c 273 K

25 2021 [MezHym]Mn(HCOO)3 dimethylhydrazinium P21/n 100, 300 K

23 2016 [MeN]Co(HCOO)s methylammonium Pnma 100 K

29 2016 [MeN]Cd(HCOO)s methylammonium Pnma RT

29 2016 [MeN]Fe(HCOO)s methylammonium Pnma RT

29 2016 [MeN]Mg(HCOO)s methylammonium Pnma RT

34 2004 [MeN]Mn(HCOO)s methylammonium Pnma 180, 290 K

265



29 2016 [MeN]Zn(HCOO)s methylammonium Pnma RT

254 2014 [MesN]Mn(HCOO)s tetramethylammonium Pnma RT

75,255 1983 [NH4]Cd(HCOO)s ammonium Pna2; 100, 295, 350 K
254 2014 [NH4]Mn(HCOO)3 ammonium Im-3 RT

Table columns (in order): References, Year, [A]B(H.POO); Materials, Organic A* Cation,

Space group (polar).

88 2017 [Fmd]Mn(H2POO)3 formamidinium P2i/c 115 K C2/c RT
256 2022 [Gua]Cd(HPOO)3 guanidinium R-3¢ 293 K

256 2022 [Gua]Co(HPOO)3 guanidinium 12/m 293 K

88 2017 [Gua]Mn(HzPOO)s guanidinium 12/m 298 K P-1 302 K
256 2022 [Im]Cd(H2POO0)3 imidazolium P2i/c RT

256 2022 [Im]Co(H2POO0)s imidazolium Pbca 295 K

88 2017 [Im]Mn(H2POO)3 imidazolium P2i/c RT

27 2020 [MeHym]Mn(HCOO)s methylhydrazinium Pnma 100, 295 K

61 2018 [Me2N]Mn(H2POO)3 dimethylammonium P2i/c RT

256 2022 [Pyr]Cd(H2POO)s pyrrolidinium Aea2 295 K

88 2017 [Trz]Mn(H2POO)3 triazolium P2i/c RT

Table columns (in order): References, Year,
A* Cation, Space group.

[A]2BB’(SCN)s/ [A]B(SCN)s Materials, Organic

258 2021 [Me2N]2CdNi(SCN)e dimethylammonium P-1 293 K

258 2021 [Me2N]2CdMn(SCN)s dimethylammonium P-1 293 K

258 2021 [MesS]Cd(SCN)s trimethylsulfonium Pa-3 RT

259 2016 [NH4]2CdNi(SCN)s ammonium P2:/c 90 K, RT

Table columns (in order): References, Year, [A]B(ClO.); Materials, Organic A* Cation, Space

group.
208 2017 [Hzdabco]K(Cl04)s dabconium Pa-3 293 K
208 2017 [Hzdabco]Na(ClOa)s dabconium Pa-3 293 K
260 2018 [Hzdabco]Rb(ClOa)3 dabconium Pa-3 293 K
261 2018 [H2dabcoO]K(ClO4)3 hydroxydabconium P2i/c 223 K Fm-3c RT
262 2017 [Hzhpz]K(CIlOa)3 homopiperazinium Pbca RT
208 2017 [H2pz]Na(ClO4)s piperazinium P2i/c RT, 378 K
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