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The substitution of atoms with molecular building blocks to form hybrid organic—inorganic networks has
been an important research theme for several decades. ABXs molecular perovskites (MolPs) are a sub-
class of hybrid networks, adopting the perovskite structure with cationic and anionic molecules on the
A-site and X-site. MolPs such as ((CH3z),NH2)Zn(HCOO)s or ((n-CsH7)4N)Mn(C,N=)s show a range of fas-
cinating structure—chemical properties, including temperature-driven phase transitions that include a
change of polarity as interesting for ferroelectrics, pressure-driven order—disorder phase transitions as
interesting for barocaloric solid-state refrigeration, and most recently, melting-behaviour before decom-
position with subsequent glass formation after cooling. In this feature article, we take a more personal
perspective, overviewing the field's current state and outlining future directions. We start by comparing
the MolPs’ structural chemistry with their inorganic parents, a comparison that helps us identify opportu-
nities for material design. After discussing the MolPs’ potential as barocalorics, ferroelectrics, and in the
area of glasses, we outline some challenges that lie ahead. Beyond their relevance as a hybrid analogue
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of inorganic perovskites, we find that MolPs’ chemical parameter space provides exciting opportunities
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Introduction

The targeted development of functional materials is an ongoing effort
in applied solid-state chemistry and materials science. When casting
material functionality as the specific material responsiveness in a
useful context, the challenge shifts to understanding and designing a
material’s macroscopic responsiveness to external stimuli such as
temperature, pressure, and electric fields, amongst others. In this
pursuit, using organic and inorganic moieties for building up
structures — making the material a hybrid - has developed into a
similarly exciting and important research direction.'> Examples of
whole material families derived by this approach are metal-organic
frameworks and hybrid organic-inorganic perovskites (HOIPs). Both
nicely show that using molecules as building blocks unlocks an
unlimited chemical scope for synthesising materials with optimised
and new properties, including metal-organic frameworks with che-
mically engineered pore-space® and HOIPs with optimised photo-
voltaic properties, to name only two prominent examples.”
Intriguingly, many hybrid compounds have a structurally
related, inorganic parent. Examples are zeolitic imidazolate
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frameworks,” diamondoid metal-organic frameworks,” the
entire family of HOIPs* and Ruddlesden Popper-type layered
HOIPs.'>!" This relation does not come by chance,’” and
historically, inorganic network structures served as inspiration
for designing hybrids."> In the search for crystal chemistry
principles that guide materials synthesis, the existence of well-
studied inorganic parent materials holds exciting opportunities.
On the one hand, and starting from established structure-
chemical concepts, this link can highlight new design opportu-
nities that come with the simple use of molecules. On the other
hand, this link can pinpoint where established principles reach
their limitations, motivating the development of improved or
new structure-chemical concepts. Therefore, we see this parent-
child relation as a cornerstone for efficiently harnessing the
chemical space as available for synthesising hybrid materials.
In this context, materials with the iconic ABX; perovskite
structure motif'>'* have a unique role, and both inorganic
perovskites and HOIPs are era-defining material families. For
inorganic perovskites, the piezoelectric and ferroelectric prop-
erties of BaTiO5,">"® PbZr,_,Ti,0;'” and PbMg; _,Nb,0;"® shall
be mentioned as early milestones,"® and the compositional
variability of the perovskite structure soon led to the discovery
of ferromagnetic SrRuO;,>° non-linear optical KNbO;,>' anti-
ferromagnetic KNiF;,>>*® multiferroic BiMnO;>* and supercon-
ductive YBa,Cuz;O, amongst many other examples.>>*® The
report of the hybrid organic-inorganic (CH3;NH;3)Pbl; in 1978
marks the next important point,*”*® although its potential in
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the context of photovoltaics was not recognised until 2009.>°
Since then, lead halide-based HOIPs with A" = (CH3;NH;)",
((NH,),CH)", (CH,N,)" and (C,HeN)" have led to a shift in
paradigm for obtaining high-performance semiconductors for
photovoltaics, photodetectors and light emitting diodes.**%?

In HOIPs, the X-anion is typically a halide, making the 3D
[BX3]™ network purely inorganic. This is different from what we
here refer to as molecular perovskites (MolPs). In these, the A-cation,
e.g. dimethylammonium ((CH;),NH,)", guanidinium ((NH,);C)",
tripropylmethylammonium ((n-CsH;);(CH5)N)" or tetramethylam-
monium ((CH;),N)", and the X-anion, e.g. formate (HCOO)", hypo-
phosphite (H,POO)~, dicyanamide (C,N;) or azide (N;), are
molecules and form perovskite-type materials such as ((CH;),NH,)-
Zn(HCOO0);,**  ((NH,);C)Mn(H,PO0);,*  ((n-CsH,);(CH5)N)Ni-
(C2N3);% or ((CH3),N)Mn(N3);,” see Fig. 1. Therefore, molecular in
MolPs serves to highlight the use of molecules on the A- and X-site.
In MolPs, the B-cation and X-anion form a negatively charged, 3D
coordination network. All B-cations are octahedrally coordinated
by the coordinating atoms of the X-anion and linked to their six
neighbouring B-cations via six molecular X-site bridges. The A-
cation sits in the void of the ReOs-type coordination network for
charge balance and, additionally, can interact with the network via
hydrogen bonds.

The bond type in the 3D BX; network of MolPs makes them
insulators, and therefore, the interest of the material science
community focuses on different aspects. For instance, some MolPs
show pressure-driven phase transitions with large entropy
changes, which renders them interesting for next-generation cool-
ing approaches based on the barocaloric effect.***° Likewise, and
very similar to their inorganic parents, the right combination of
framework distortions breaks inversion symmetry, raising interest
in the context of (improper) ferroelectrics and multiferroics.*’
Additionally, their modular crystal structure enables the systematic
study of how small chemical changes impact such properties and
for developing knowledge-informed design principles for func-
tional MolPs. This combination of fundamental structural
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((n-C3H7)5(CH3)N)Ni(C5N3)s

Fig. 1 (a) 2D representation of the ABXz perovskite building principle, empha-
sising the difference between inorganic perovskites and MolPs, where single
atoms on the A- and X-site are substituted by molecular ions. In (b) and (c), two
representative MolPs are shown, (b) (CH3sNHz)Mn(HCOO)s (CCDC number:
234550; colour code: Mn - light grey, O - red, N — grey, C — dark grey and
H — light pink) and (c) ((n-CsH7)3(CH3)N)Ni(C,N3)s (CCDC number: 2068844;
colour code: Ni — light grey, C — dark grey, N — grey and H — light pink).

chemistry and applied solid-state chemistry has initially sparked
our interest and inspiration.

In this feature article, we survey important structure-
chemical properties of MolPs. By drawing on research high-
lights from us and others, we provide a more personal reflection
on how the field developed over the past decade, focusing on
the interplay between composition, structure and properties.
We close this feature article with an outlook, discussing some
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remaining milestones, including the development of synthetic
guidelines for MolPs with targeted properties.

Structure—chemical properties

Historical remarks

The first report of MolPs dates back to 1973,** but the relation
to their inorganic parents was not mentioned until 2005.***>
MolPs that were reported between 1973-2000 are based on
relatively small X-site anions such as (HCOO)  and (N3) . By
establishing the diffusion-based room temperature crystallisa-
tion method, these early works laid the basis for all subsequent
reports. Until today, the mild-solution approach in its variants
is the prevailing synthetic approach. Starting from approxi-
mately 2003, research turned to larger X-site anions such as
(C,N3)™ and [M(CN),] . These larger anions increase the size of
the ReOs-type network, enabling the use of larger and chemi-
cally more complex A-cations.*> *> A literature survey from us
shows that MolPs encompass over 160 members, see Fig. 2 and
Table S1 in the ESLi Among all members, formate- and
dicyanamide-based MolPs are the largest subclasses. They
include the series of multiferroic ((CHj;),NH,)B(HCOO);***°
and barocaloric ((n-C3H,)4N)B(C,N;);***” (B> = Mn**, Fe*",
Co™", etc.) and most of our understanding of structure-property
relations has developed around these two families.*®

In total, over 50 different A-site cations have been employed.
Based on the relation between [BX;] -cage size and the avail-
able space for the A-cation, an increased chemical space is
available when larger X-anions are used. Therefore, it can be
approximated that the number of MolPs for a certain subclass
scales with the [BX;3] -cage size. Looking at Fig. 2 and Table S1
(ESI), this is true for (C,N;)~, while only a few candidates for
X~ = [M(CN),]~ (M" = Au" and Ag') have been reported. This
implicates much room for the discovery of new compounds.
Similar arguments can be made for the X-site families
(A)BB'(CN)s, (A)B(N;);, (A)B(M(CN));, (A)B(BM.); (M = F
and H), (A),BB/(SCN)s, (A)B(ClO,); and (A)B(H,POO); where
commercially available A-cations have dominantly been used.

More than 50 years after the first report, MolPs have devel-
oped into a chemically rich material class, and it can be
anticipated that many more MolPs will be discovered. Yet,
the chemical space seems unlimited. Therefore, for streamlin-
ing the synthesis of new MolPs with interesting properties,
synthetic guidelines coupled with concepts that facilitate
the discovery of interesting and potentially functional proper-
ties, such as multiferroic behaviour, unusual temperature
and pressure responses and large barocaloric effects, are
required.

Stability criteria: tolerance factor as a synthetic guideline

Before discussing the role of molecular A- and X-site anions on
the MolPs’ crystal chemistry, we shall first address the question
of which A-B-X permutation can be expected to crystallise in a
perovskite structure. In this context, the Goldschmidt’s tolerance
factor () is a central concept which has initially been developed

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Evolution of ABXs MolPs over time, with the accumulated number
of MolPs given as a small number above the bars. The pie chart illustrates
that the families of (A)B(C;N3)s (purple), (A)B(HCOO)s (red), and
(A),BB’(CN)g (dark orange) are the largest. Summarised as others are the
families of (A)B(N3)s and (A)B(H,POO)s (both light orange) and
(A)2BB’(SCN)g, (A)B(ClO4)3, (A)B(BM4)3 and (A)B(M(CN),)s (all yellow).

for inorganic perovskites in 1926.*° For a given A-B-X combi-
nation, o can be calculated using the ionic radii of A, B and X, see
eqn (1).
g IATIX 1)
V2(rp +rx)

with r,, rg and rx as the ionic radii of the A-, B- and X-site ions.
eqn (1) is derived based on simple trigonometry,>® and it was
found that inorganic perovskites dominantly form in the range
of 0.8 < a < 1. Outside these boundaries, other structure motifs
become more frequent.

In 2014, we have extended this concept to HOIPs and
MolPs.”" For calculating the sizes of molecular ions, A-site
cations are approximated as rigid spheres with an effective
radius 7a.eg. Similarly, X-site anions are described as rigid
cylinders with an effective radius rx ¢ and an effective height
hx efr. For the B-site, the ionic radii from Shannon are used.”
This adaption modifies eqn (1) to eqn (2).*”*

_ FAeff + I'X eff 2
V2(rg + 0.5 hxerr)

Describing a molecule as a sphere is a simplification that
comes with the cost of accuracy. Nonetheless, there are numer-
ous compound series where their stability can be rationalised
with the tolerance factor argument alone.>® For instance, ((n-
C,H;),P)Mn(C,N;),*® and ((n-C3H,)4N)B(C,N3); (B> = Mn*,
Fe**, Co®" and Ni**)>"”°® both form perovskites, while the use
of larger A-site cations to form ((n-C4H,),N)B(C,N;); and ((n-
CsH1,)uN)B(C,N3); (B> = Mn**, Fe** and Co**)*>”*° leads to
different structure types. Likewise, a range of benzyltrialkylam-
monium A-site species shows that lower dimensional network
structures are formed when the size of the A-site cation mis-
matches. ((C,H,)(CH;);N)* proved to be too small,>** while the
larger cations ((C;H,)(C,Hs);N)" and ((C,H,)(C4H,);N)" template
the formation of perovskite-type ((C;H,)(C,Hs)sN)B(C,N3); (B> =
Mn”** and Fe**) and ((C,H,)(C4H,);N)B(C,N;); (B> = Mn>" and
Co”").** Another example is (C;oH,oN)Cd(C,N3)s, which showcases

Chem. Commun., 2024, 60, 11673-11684 | 11675
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the impact of the B-site metal’s size. For B> = Cd*', the
[CA(C,N3);]” network is large enough for hosting (C;oHpeN)"
and a perovskite-type structure is formed. The network’s size is
significantly decreased for smaller metals such as B*" = Mn*",
Co*" and Ni*', and diamond-like network structures are observed
instead.*® Similar conclusions can be drawn for (NH4)B(HCOO);,
where ABX; combinations with B** = Mn®*" and Cd*' form
perovskite structures,®*® while B** = Cu** and Zn®" are too
small.**® Therefore, the tolerance factor sharpens our under-
standing of the role of the individual components’ sizes and has
guided the interpretation of many research works in the context of
MolPs***%3%%¢ and HOIPs>**"~*° over the last decade.

Looking at a more quantitative analysis which involves the
calculation of individual as, the absence of a concise and easy-
to-adapt approach for extracting r, . for molecular cations
from crystal structures has arguably hindered more rigorous
bookkeeping. Over the last decade, several approaches were put
forward to improve the A-site cation’s size and shape description,
as well as introducing anion dependent ionic radii for the
metals.”>”" Focusing on the arguably most important work in
this context, it was suggested to calculate the A-site cation’s
volume based on the isosurface of the molecule’s electron density,
where the geometric input comes from crystallographic data.*®
This approach capitalises on the availability of free-of-charge
analysis tools such as the CrystalExplorer software’> and improves
the comparability of os as calculated in different groups. By
applying this methodology, it was shown that dicyanamide-
based MolPs exhibit as between 0.85 and 0.925, with only a few
wrongly predicted examples.” Elegantly, the A-site cation’s glo-
bularity as a proxy of asphericity is calculated in parallel, which
describes the characteristic shape of the molecular cations, with
small globularity values indicating a strong asphericity. When
interpreting a MolP as a coordination network that is templated
by the A-cation, the importance of the A-site cation’s size and
globularity in dictating framework distortions is evident, although
it has received only a little attention so far.**"*

Altogether, the tolerance factor is a good example of a
concept that was initially developed in the context of inorganic
condensed matter research and that was subsequently
expanded to hybrid materials. Until today, it has helped to
rationalise broader trends, guiding us and others on a day-to-
day basis in the selection of potential A-site cations for the
synthesis of new MolPs.

Framework distortions: octahedral tilts and shifts

We now discuss some of the structure-chemical ramifications
of using molecules on the A- and X-site. Our starting point is
again the family of inorganic perovskites where structural
distortions can be categorised as B-site displacements, octahe-
dral distortions and tilting of neighbouring octahedra.”*”®
Here, we put the focus on framework distortions, which involve
the tilting of corner-shared octahedra, see Fig. 3.

Concerted octahedral tilts distort the structure away from
the cubic parent where no tilts exist. The occurrence of tilts is
facilitated when o is smaller than 1, ie. the size mismatch
between A, B and X is compensated by framework distortions.
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Fig. 3 2D schematic of framework distortions occurring in MolPs. Con-
ventional tilts can occur in perovskite oxides and MolPs, while unconven-
tional tilts and columnar shifts also exist for MolPs. An atom-based
connectivity, as observed in oxide perovskites, makes tilting of octahedra
in the same direction and columnar shifts impossible. In other
words, unconventional tilts and columnar shifts originate in the linker-
based connectivity of neighbouring octahedra, and more generally,
framework-type materials with polyatomic bridges can be expected to
show a larger variety of framework distortions when compared to inor-
ganic analogues.

This indicates that tilts and their amplitudes are susceptible to
chemical composition, providing access to framework distortions
through synthesis. This approach is known as tilt-engineering,””
can be used to break inversion symmetry and is, therefore,
interesting for ferroelectrics and multiferroics. When considering
tilts with a repeat unit of two octahedra in one direction, only a
defined number of tilts is possible. These were initially cate-
gorised by M. Glazer in 1972 and are frequently referred to as
Glazer tilts.”>”®7° Later on, group theory was applied to describe
the active tilt distortions via their irreducible representation
(irreps) with respect to their high-symmetry parent structure.”>*°

For MolPs, the simple use of molecular X-site anions lifts
some geometric constraints, thereby unlocking new distortions
in the 3D network, see Fig. 3. In the so-called unconventional tilts,
neighbouring octahedra tilt in the same direction.®" Additionally,
columns and layers of octahedra can translate with respect to
neighbouring layers and columns, a distortion that has been
termed columnar shifts.** In total, the possible set of framework
distortions for MolPs encompasses conventional and unconven-
tional tilts and columnar shifts.** Notably, distortions with a repeat
pattern of two octahedra can be described through their irreps with
respect to a hypothetical parent, high-symmetry structure. For
instance, ((CH3);N)Cd(N;);** and (C,H,N,)Mn(HCOO);** are two
examples where the active distortions are conventional out of phase
octahedral tilts that transform with R5 as the primary order
parameter. It should not go unmentioned, however, that examples
with more complex repeat patterns exist where such a description is
not meaningful anymore, including compounds such as (H,dab-
c0)CsCl; ((Hpdabco)®* = diprotonated 1,4-diazabicyclo[2.2.2}
octane)®® and ((CH;),NH,)Mn(H,P0O0);.%

Therefore, one important consequence of using molecular
X-site ions is the increased number of available framework
distortions, which strengthens tilt-engineering as a concept. In
2018, the theoretical groundwork was laid for how to break
inversion symmetry through the targeted combination of dis-
tortion modes.*® Here, the group theoretical description of
active distortions has proved immensely useful. An instructive
example is (NH,)Cd(HCOO),,%* which crystallises in the polar
space-group Pna2,. In total, three distortions are required to

This journal is © The Royal Society of Chemistry 2024
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account for the compound’s space-group symmetry: a planar
shift which is described by the irrep X3, an unconventional tilt
that transforms as X7, and a conventional in-phase tilting with
the irrep M5 . Interestingly, the combination of shift distortions
(X5) and unconventional tilts (X{) is already sufficient to
break inversion symmetry. Therefore, the search for polar materials
and potentially improper ferroelectrics translates to the question of
how to design distortion modes via composition. Elegantly, irreps
are also suitable for describing Jahn-Teller distortions, quadrupo-
lar and dipolar A-site order. Together with framework distortions, a
rich playground exists for designing distortion schemes and there-
with polar materials. Yet, our understanding of the relation
between composition and the active framework distortions is only
developing, and so is our capability of chemical engineering
targeted distortion schemes and their interplay. To fill this gap
can be considered a milestone in the field.

An overview study from 2020 has analysed distortion modes
of over 70 MolPs with X-site anions such as (HCOO)~,
(H,POO) ™, (N3)7, (C,N3)~ and [M(CN),], revealing a relation
between tilts and shifts and the used X-site anion.®® The linker
geometry has been suggested as an important criterion, with
bent X-site anions showing a tendency for conventional tilting,
while linear X-site molecules such as (N3)~ facilitate unconven-
tional tilting. Columnar shifts are typically found in large
[BX;]™ network sizes such as ((n-C4Ho)3(CH;)N)Mn(C,N3),%
and (((CeHs)sP),N)Mn(Au(CN),);.%" Our future understanding
of the link between composition and active distortion schemes
in MolPs is linked to the rigorous report of distortion schemes
when reporting new MolPs. The availability of free and user-
friendly softwares® is similarly important in this context,
including their improvement towards batch analysis options
and straightforward how-to instructions so that the barrier for
novices for doing such an analysis is manageable.

Tilt and shift polymorphism in MolPs

We now turn our attention to a new form of polymorphism,
which has its origin in the structure-chemical peculiarities
of MolPs. Briefly, it should be iterated that temperature and
pressure dependent polymorphism can play a defining role for
a material’s functionality. Likewise, pharmaceutics and miner-
alogy have taught us about the importance of metastable
polymorphs that, compared to the thermodynamic stable
phase, can show different physicochemical properties.®>*
MolPs have been reported exhibiting both stimuli-driven poly-
morphism and metastable polymorphic forms. In this part, the
focus is put on metastable polymorphs while temperature- and
pressure-driven phase transitions are discussed in the context
of ferroelectrics and barocalorics.

In 2021, our group discovered that depending on the syn-
thetic conditions, two MolP-type polymorphs of ((n-C;H;)s-
(CH;)N)B(C,N3); (B> = Mn**, Co®" and Ni**) can be obtained
that are bench stable under ambient conditions.*® The poly-
morphs differ in the binding modes of the molecular anion
(CaN3)™ to the B-site metal, which results in different Glazer tilt
systems. The different binding modes can be considered as

This journal is © The Royal Society of Chemistry 2024
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conformational isomers and can be categorised after the anti-
syn terminology as known from organic chemistry. Therefore,
parallels can be drawn to conformational polymorphism found
in molecular crystals,”* and this type of polymorphism is only
possible for MolPs. We framed this phenomenon as tilt and
shift polymorphism.

The metastable form of ((n-CsH;);(CH3)N)B(C,N;); (B> =
Mn**, Co** and Ni**) can be irreversibly transformed into the
thermodynamic stable polymorph by temperature treatment.
Therefore, the presence of tilt and shift polymorphism is
detectable in calorimetry as an irreversible event. Previously,
irreversible temperature induced heat signals have also been
observed for ((CsHio),N)Cd(C,N3);** and ((C3H5);N(C4Hs))-
Mn(C,N3)s,”* which are likely related to tilt and shift polymorph-
ism. Since all known examples involve relatively large X-site
anions such as (H,POO)™ and (C,N;) ,>***®® we propose
that X-site anions with conformational degrees of freedom that
allow variations of binding arrangements, torsion angles and
distortions of the molecules with low energy differences promote
the existence of tilt and shift polymorphism. The same train
of thoughts can be applied to large A-site cations, e.g
tripropylmethyl-,*>® benzyltriethyl-,** tributylmethyl-ammonium,®”
tetraethyl->® and tributylmethyl-phosphonium,’® where different
conformers can be expected to be relatively close in energy.

The existence of tilt and shift polymorphism is a direct
manifestation of using molecular X-site anions. So far, only a
limited number of cases are known which is related to difficul-
ties in the targeted synthesis of single crystals of both poly-
morphs suitable for structural characterisation. We believe,
however, that with further efforts in the synthesis of new MolPs
and developments around tilt-engineering, new examples will
be discovered soon.

The complexity of (molecular) perovskites

By now it is evident that MolPs exhibit a larger chemical space
for their synthesis when compared to their inorganic parents. In
the next paragraph, we address the question if this additional
chemical space is related to an increase in their crystal struc-
ture’s complexity. As we will see, answering this question fulfils
curiosity, sharpens our intuition of their crystal chemistry, and
might have consequences for the thermodynamic assessment of
order—disorder phase transitions in MolPs in the future.

The applied scheme for assessing the complexity was already
put forward in 2012 by S. Krivovichev.” In short, the more
information that is required to describe a crystal structure, the
more complex it is. Elegantly, this definition of a crystal struc-
ture’s complexity transfers the challenge of assessing complexity
to the question of how much information is contained in a given
crystallographic information file, which can be tackled via infor-

mation theory, see eqn (3) for the adapted Shannon’s formula.”***
I bit | Z my o my 3)
Slatom| — v 827

with I; the information content of a crystal structure, k the
crystallographic orbits, m the crystallographic orbit’s multiplicity
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and v the number of atoms in the reduced unit cell. In other
words, I can be calculated based on a crystallographic informa-
tion file (*.cif). Since the initial work from S. Krivovichev, the
formula has been improved step by step, and theory development
is still an important area.®>*®

In 2022, we have performed a complexity analysis of 178
different perovskites, including inorganic perovskites, HOIPs
and MolPs.”” A trend of increasing complexity, i.e. increasing
I, has been observed as a function of increasing B-B distance,
which is taken as a proxy for the cage size, see Fig. 4. Given that
a larger ReO;-type network requires a larger A-site cation with
more carbon atoms, this finding is intuitive and agrees with
chemical intuition. At this point, it is impossible to distinguish
between a logarithmic or linear relationship trend; however,
considering that the relative complexity increase is smaller
when adding one atom to a complex structure compared to
adding one atom to a less complex structure, we anticipate a
logarithmic trend developing over time.

On a more practical aspect of such an analysis, the method is
suitable for flagging outliers that exhibit structural anomalies. For
instance, and as discussed above, (H,dabco)CsCl; and ((CH;3),NH,)-
Mn(H,POO); exhibit complex octahedral distortion pattern, and
accordingly, their complexities are higher than expected based on
the median of their respective subclass, see Fig. 4. Likewise,
(PPN)Ni(Au(CN),); ((PPN)" = bis(triphenylphosphine)iminium)
is observed to have a relatively low complexity. When analysing
the crystal structure, unusually large thermal ellipsoids point
at some problems related to the crystal structure solution,
which are absent for the more complex and most likely iso-
structural compound (PPN)Cd(Au(CN),);. Therefore, the
method can serve as a tool for identifying interesting struc-
ture-chemical features and flag problems related to the under-
lying crystallography.

Looking forward, a relation between a crystal’s structure
information content and its configurational entropy has been
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Fig. 4 Shown is the information content /g conf as calculated based on a
* cif file as a function of median B—B distance for a series of compounds
that crystallise in the perovskite structure, see inset for colour code. The
highlighted outliers are (H,dabco)CsCls (#), ((CH3),NH2)Mn(H,POO)s (*)
and (PPN)Ni(Au(CN),)s (§) and are discussed in the text. Reproduced with
permission from ref. 97. Copyright 2022, Royal Society of Chemistry.
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suggested, which is most exciting for closing ties to applied
properties.”® Currently, there are open questions related to the
final formulas, but by now, it is clear that we should distinguish
between the configurational entropy of a crystal structure and a
disordered part, where the latter is best described as the
entropy of mixing.”® It will be exciting to see how far this
approach will bring us in the quantitative analysis of the
configurational entropy,’® opening many exciting avenues,
including the analysis of phase transitions, the evaluation of
the thermodynamic stabilities of polymorphs and even a con-
figurational analysis of ion diffusion pathways in solid-state
electrolytes to name only a few.

MolPs and beyond: towards AB,X, materials

The use of molecular X-site anions and A-site cations intro-
duces new structure-chemical features, and it has proved
useful to cast these as new structural degrees of freedom. For
instance, in this picture, unconventional octahedral tilts relate
to new rotational degrees of freedom and columnar shifts to
new translational degrees of freedom. As recently noted by A. L.
Goodwin and H. B. Bostrom,'®! these structural degrees of
freedom can be seen as structural elements and, when com-
bined, have the potential to spark the development of new types
of functional materials and properties, much like the discovery
of new chemical elements enriched chemistry. This metaphor
beautifully captures the opportunities of designing materials
when using molecular building blocks and can be applied not
only to MolPs but also to coordination networks more generally.
Staying in this picture, the discovery of new structural
degrees of freedom strengthens the overall concept. The use
of molecular building blocks on the A-site opens the chemical
toolbox for the targeted integration of new structural degrees
of freedom. In 2022, we succeeded in introducing the spatial
orientation of divalent A** cations within a ReOj;-type
[Mn(C,N;);]” network as a new degree of freedom which is
geometric in nature.'®® Compared to A""B**X"~; MolPs, an A>*
cation with two spatially separated charges is used, e.g.
((R)sN(CH,),N(R");)** (R,R" = alkyl chains), leading to the gen-
eral formula A>"B>*,X" 4. The cationic charge centres of the A>*
cation are located in neighbouring [Mn(C,N3);]™ cages, forming
a MolP where A" cations are bridged by a <(CH,),~ chain. It was
observed that depending on the —-(CH,),~ chain length, differ-
ent order patterns form, such as a herringbone-type pattern for
n =4 and a head-to-tail pattern for n = 5. Interestingly, a relation
between pressure and temperature-responsiveness and the
order pattern has been observed. For instance, the material
with the herringbone-type order pattern exhibits negative linear
compressibility, which is absent for the material with the head-
to-tail ordering. Thus, the newly geometric degree of freedom
couples to external stimuli, although it should be noted that the
underlying crystal chemistry is a bit more complex, relying on
an interplay between the A** cations and the 3D network.
This work showcases that MolPs and more general ReOs-
type network structures,'% still provide a large chemical
scope. Especially for synthetic chemists, the use of chemically
tailored A-site cations, i.e. through simple organic chemistry
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based on substitution of amines, provides much room, which
we see as key for learning of how to control distortion modes in
MolPs and how to integrate additional functions in the future.

Towards applied properties

This section will discuss ferroelectric MolPs, their potential in
solid-state refrigeration and their glass-forming properties. We
will draw comparisons to the above-mentioned structure-
chemical features, which will help pinpointing future opportu-
nities within the respective fields as well as identifying open
gaps that need to be filled to move MolPs closer to application.

Ferroelectric MolPs

Ferroelectricity is the presence of a switchable electric polarization
in a solid-state compound with inorganic perovskites such as
BaTiO; and PZT (PbZr,Ti; ,O3) as commercially important exam-
ples. Since all ferroelectrics are also pyro- and piezoelectric, they
cover a wide range of technologically relevant applications.'**'%>
A prerequisite for a material to be ferroelectric is the absence of
inversion symmetry and the existence of a polar axis; in other
words, designing a ferroelectric is bound to our capability to break
inversion symmetry by targeting structural distortions via compo-
sition. For oxide-based perovskites, this has proved more difficult
as initially anticipiated.'®

The situation is slightly different in MolPs, where additional
distortion modes are available, that, when coupled in the right
way,*® can lead to improper ferroelectric behaviour.'”” (NH,)Cd-
(HCOO); was the aforementioned example, and in a similar way,
polarity of ((NH,);C)Cu(HCO0);,"®  ((n-C3H,)(C,H;5);P)Mn-
(C2N3)3,"*° (C4H1oN)Cd(H,POO);'"° and ((CH;0CH,)(C,Hs)sP)Mn-
(CoN3);'* can be explained. Therefore, there is on-going effort
in learning of how to control distortion modes and their
amplitudes,"** where exploiting organic chemistry related to
A-site cations is the most intuitive starting point for steering
framework distortions.

Looking at more qualitative synthetic strategies, parallels
can be drawn to the field of molecular materials, where a few
phenomenological principles exist that lead to polar
compounds.’*'"® MolPs and closely related materials can
benefit from such principles due to the chemical freedom as
provided by the A-site cation. Examples are the hybrid organic-
inorganic hexagonal perovskites A'MnCl; and ACdBr;, where
the substitution of A" = ((CH;),N)" with less symmetric cations
such as A" = ((CH;);NCH,CI)" or A" = ((CH3);NCH,Br)" led to
large spontaneous polarization."'*'"* Likewise, this concept
can be used to increase the polarization of an already polar
MolPs, which was introduced as molecular tailoring for metal-
free ferroelectric perovskites."'* The change in polarization in
MolPs when going from ((C,Hs),P)Mn(C,N3); to ((n-C4Ho)-
(CH3)P)Mn(C,N3); can thus be rationalised among other
examples.>®

So tailored chemical modifications of the A-site cation bring
many opportunities in making MolPs polar. The synthesis of A-
site solid solutions provides another handle that can even lead
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to polar materials despite both endmembers being non-
polar.’® In this regard, we can note that step by step, the
community is getting closer in the rational synthesis of polar
MolPs; yet, it is a challenging and multidisciplinary task. Here,
we would like to stress the importance of subject boundary-
crossing works related to the conceptual understanding that
drives ferroelectricity in individual MolPs based on conceptual
toy-models and in-depth analysis of distortion modes.**'"” We
believe these are key in the development and, when synergis-
tically combined with synthetic work, will soon bring more
fascinating breakthroughs to fruition.'*®

Melting and glass-forming MolPs

The discovery of meltable, glass-forming MolPs was only in
2021.M° Conceptually, MolP forming glasses such as ((n-C;H;),N)-
B(C,N;); (B> = Mn**, Co®" and Fe**),"'° ((n-C4H)3(CH;)N)B(C,N;3)s
(B> = Mn*, Fe*", Co®" and Ni*")¥” and ((n-C;H,)s(n-C4H,)
N)Mn(C,N;);,”> are a subclass of glass-forming coordination
polymers.'?°*?* Although this is still a quite young area, several
glass-forming coordination polymers are known today, such as 3D
network materials including zeolitic imidazolate frameworks'*'**
and carboxylate-based metal-organic frameworks,"”>"*® and coor-
dination polymers with extended networks in 2D and 1D such gold
thiolate-based"*” and Zn-phosphate-based'**'* coordination poly-
mers. The synthetic challenge for designing meltable coordination
polymers lies in engineering the melting temperature Ty, so that
T, drops below the decomposition temperature Ty."*>"*%'* Given
the thermal liability of molecular fragments, melting is still
considered an atypical behaviour for most coordination polymers.
After melting, glass formation occurs during cooling.

Regarding MolPs, melting has only been reported for a few
members of the (A)B(C,N;); family."** This highlights the role
of the (C,N3)~ ligand, which, as a relatively large ligand, allows
for integrating larger quaternary ammonium species such as
((n-C3H;)3(n-C4Ho)N)", ((n-C5H,),N)" and ((n-C4Ho)3(CH3)N)"
that push T, below T4 via larger entropic contributions. The
size effect of the A-site cation on T, has been investigated
through A-site substitution in a (A)B(C,Nj3); series, where a
size increase, ie. by an increase of the alkyl chains from
((-CsH7)aN)" < ((n-CaHo)aN)" < ((n-CsHi1)aN)", decreases Trm;
however, the structure of the parent phase also changed,
making it difficult to isolate the effect of the A-site cation on
T,.”° In addition, the impact of the divalent metal has been
explored, showing a decrease of Ty, along the series Mn>" >
Fe** > Co*>".>>'"® We would like to note that this trend is not
observed for the meltable series of ((n-C4Ho);(CH3)N)B(C,N3);
with B>" = Mn*", Fe**, Co®" and Ni**,%” where the highest Ty, is
observed for ((n-C4Ho)3(CH3)N)Ni(C,N3);. It seems that argu-
mentations based on ligand-field stabilisation energy and the
hard soft acid base concept must be carefully evaluated.
Further studies are required to understand the detailed role
of B>, with opportunities for fine-tuning Tj,.

More recently, our group has turned towards engineering
properties of MolP-based glasses with focus on Ty, via the use of
modifiers.”> This was inspired by work on inorganic glasses
where modifiers are established for tuning glass properties.'*?
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In our work, we showcased how a suitable modifier, e.g
Li(C,N3), lowers Ty, of ((n-C3H;)3(n-C4Ho)N)Mn(C,N3); through
the formation of an eutectic mixture. This has opened the gap
between T, and T4, suppressing partial decomposition of
individual molecular components. Such a partial decomposi-
tion is a parasitic process that occurs during melting when T,
and Ty are too close. Additionally, slow cooling of the mixture
enables a scalable glass formation compared to more estab-
lished melt quenching methods, e.g. thermogravimetric
analysis-differential scanning calorimetry-based routines,
where typically only little amounts are obtained.

First principles of dicyanamide-based glasses that relate 7;,, to
crystal chemical principles appeared, including parallels drawn to
ionic liquids by us and others.>*** There are yet open questions to
tackle, including the question of how to integrate functionality
into MolP-derived"** and, more generally, coordination polymer-
derived glasses. Overall, the discovery of coordination polymer-
based glasses is fascinating, filling a long-standing gap between
inorganic glasses, metal-based glasses, and polymer-based
glasses, with many unknown opportunities ahead.

Barocaloric cooling with MolPs

A regularly observed feature of MolPs is the A-site order-
disorder phase transition behaviour as a response to tempera-
ture or pressure variation. In 2017, the pressure-driven phase
transition in ((r-C3H,),N)Mn(C,N3); has been recognised as a
functional response in the context of solid-state refrigeration
based on the barocaloric effect.*® In short, in barocalorics, a
pressure-driven phase transition is used to run a thermo-
dynamic cycle, with the pressure dependent isothermal entropy
change as a major performance criteria.'*®> Materials with giant
caloric effects, i.e. AS > 10 ] K™ kg™, offer potential as an
alternative cooling technology. Having in mind that commonly
applied refrigerants are green-house gases, the opportunity of a
new, greenhouse-gas free refrigerating technology based on the
barocaloric effect is intriguing.’*®

Solid-state refrigeration based on the barocaloric effect is a
young area. Material testing is still a core task, and the
identification of design guidelines for materials with optimised
barocaloric properties is a key milestone.™®” This is, however, a
multidimensional challenge: in addition to performance-
related criteria such as isothermal entropy change, barocaloric
coefficient, small hysteresis, and low operating pressure, a good
barocaloric also checks with more applied criteria such as
suitable thermal conductivity, high elemental abundance, low
toxicity and long material lifetime to name only the most
important points.

Some examples of MolPs with a giant barocaloric response
are ((n-CsH,)4N)B(C,N3); (B> = Mn*' and Cd*)*** and
((CH3)4N)B(N3); (B** = Mn** and Cd**).8"*%'%% Compared to
other state-of-the-art barocalorics such as neopentylglycol
((CH3),C(CH,0H),),"**** p-alkanes'**'** or molecular Fe(n)
spin-crossover compounds ([FeL,][BF,], with L = 26-
di(pyrazol-1-yl)pyridine),"*> which require high driving pres-
sures (p > 1000 bar),"”*” MolPs generate giant isothermal
entropy changes at already small working pressures such as
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p < 70 bar.** We would like to note that the ((CHj),-
NH,)Mg(HCOO); presents one example which shows a giant
barocaloric effect (AS ~ 39 J K ' kg ") at a relatively large
pressure, i.e. p < 2000 bar;'*® however, when using the baroca-
loric strength as a benchmark, i.e. AS/Ap, ((1n-CsH;),N)Mn(C,N3);
outperforms many other competing barocalorics.*®

Strikingly, first reports have appeared based on knowledge-
informed material optimisation. For instance, after recognising
the importance of alkane-chain disorder as source of entropy
changes,'*’ alkylammonium cations with relatively large chains
such as A" = (CyoH,,NH;)" and (CoH;oNH;)" have been incor-
porated into a 2D layered metal-halide perovskite, overall
resulting in what is considered a colossal barocaloric effect
with AS > 200 J K" kg" at p < 300 bar.""” This example
showcases the value of design principles and fosters material
class independent, critical evaluation of structural features that
lead to a large barocaloric performance.

In this context, we see the role of MolPs as a material
platform for systematically testing working hypotheses of how
to address barocaloric properties via compositional and struc-
tural changes. For instance, the phase transition temperature
(Tws) has been found to be sensitive to the choice of the B> with
Ty increasing along the B-site metal series (B** = Mn>" > Co**
> Ni*").*® A similar tunability has been reported for the
compressibility, which is intuitively coupled to the barocaloric
coefficient (dT./dp)."**'*®* We anticipate that more of such
reports are coming soon, step-by-step teaching us of how to
design high-performance barocalorics for replacing established
refrigeration technologies.

Perspective and conclusion

To conclude this feature paper, so far, we have mentioned the
key structure-chemical properties and principles of MolPs, and
by discussing three application-oriented areas, we addressed
the question of how such principles can become useful in the
context of applied solid-state chemistry. We want to close this
feature article by mentioning two important points that, in our
opinion, will be important in shaping the future of MolPs as a
material class.

MolPs as material family - expansion?

The majority of reported MolPs rely on commercially available
A-site cations, providing much room for new MolPs based on
tailor-made A-site cations. The above statistical analysis shows
that we only scratched on the surface of MolPs based on X-site
anions such as [Au(CN),] or (N3) . Therefore, there is great
scope for the discovery of many new MolPs without even having
considered the use of larger yet unknown X-site anions, the
synthesis of solid-solution for fine-tuning properties**149715
and the study of the underlying defect chemistry.*>**%3

In going forward, it is important to ask if the discovery
of new MolPs is equal to expanding our understanding of
their crystal chemistry, and if it is possible to facilitate the
synthesis of MolPs with interesting physicochemical properties?

This journal is © The Royal Society of Chemistry 2024
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We think this is true if synthetic efforts go parallel with the
continuous application and improvement of intuitive principles
and descriptive approaches such as the tolerance factor concept, its
data analysis-derived analogue® or the distortion mode analysis.

When A-site cations become larger, they exhibit a larger
number of conformers that differ in energy, size and shape.
Including such considerations into the synthetic guidelines,
such as the tolerance factor, seems fruitful, and the required
workflow for efficiently analysing the A-cation’s conformational
energy landscape has recently been developed."” From our
current understanding, the A-site cations must match in size
and shape with B and X so that the MolP forms. Moreover, we
recently observed that the combination of size and shape plays
a large role in dictating distortion amplitudes,'** providing a
new perspective in tuning these. Therefore, exploiting the A-site
cation’s chemistry, size and shape provides chemical access to
tilt distortion amplitudes and arguably their nature. Addition-
ally, and as emphasised above, interesting physicochemical
properties and phenomena rely on an interplay of various
structure-chemical aspects where the A-site exhibits an impor-
tant templating role. Therefore, from our current understand-
ing, it is this unique feature - the molecular nature of the A-site
cation - that should be put in the centre of synthetic efforts as
an approach for controlling the crystal chemistry of MolPs and,
therewith, their properties.

MolPs in material science - functionality ?

So, what lies beyond the fascinating analogies that can be
drawn between MolPs and their inorganic parents? The future
relevance of MolPs as a material class is closely coupled to the
question of identifying material functionality that is, at least to
some extent, unique to MolPs.

The most intuitive approach in this regard is the above-
mentioned goal of controlling framework distortions for incor-
porating improper ferroelectric behaviour. As we already know
how to tune distortion mode amplitudes,'*! knowledge that
may be used to increase the polarization of an existing polar
MolP, we may have achieved step two before step one. Given the
many synthetic opportunities that we have, it seems only a
matter of time until we know how to engineer distortion modes
via A-site chemistry in MolPs.

Within the area of barocalorics, MolPs have proved as
interesting model candidates, especially when including layered
systems such as (CyoH,;NH;),MnCl,."*”"'*** For the barocaloric
((n-C3H5)4N)Mn(C,N3)3, we can observe that the order-disorder
phase transition is not only related to the A-site cation as
observed for many MolPs, but that significant disorder is also
occurring in the 3D [Mn(C,N3);]” network.*® In other words, and
drawing comparisons to the plastic crystal neopentylglycol as
benchmark material,"*""** ((n-C3;H,);N)Mn(C,N3); can be con-
sidered a plastic network, where the A-site and the 3D network
contribute to the phase transition thermodynamics. A similar
behaviour is observed for some of the azides, such as
((CH3)4,N)Mn(N3); and related compounds.*”**® Therefore, if
we can understand and subsequently design contributions from
the 3D network to the phase transition energetics, MolPs might
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Fig. 5 An artistic illustration highlighting the multidisciplinary research
topics related to MolPs.

indeed become promising contenders as barocaloric working
media.*

As a last point, we would like to mention the potential of
meltable MolPs. In the attempt to bring functionality in the
glass product, the use of functional modifiers or functional
building blocks in the parent crystalline MolP phase seems
most promising. These could be chiral A-site cations'®” or
redox-chemistry accessible transition metals.'** The emerging
principles and the knowledge that we have from inorganic
glasses provide a flying start for establishing and rationalising
composition-property relations in a short term. Notably,
for a potential functional coordination polymer-based glass,
the parent phase, i.e. in our case a MolP, only plays a subsidiary
role, and the individual building blocks are more important;
however, the modular building principle of MolPs enables
to systematically explore the impact of composition and the
individual components’ role on the melting process while
excluding a large impact of the starting phase structure. Over-
all, we expect that more meltable MolPs will be discovered
over time, and we are convinced that they can play a key
role in establishing principles of meltable coordination poly-
mers and in bringing functions into coordination polymer-
based glasses.

This brings us to our final thought. Due to the relation
between MolPs to inorganic perovskites, MolPs will maintain
a material class of large interest. It is also clear that advances
related to the discovery of functional MolPs are a multidisci-
plinary research challenge, crossing synthetic organic chemistry,
inorganic structural science and physicochemical chemistry,
see Fig. 5. The height of relevance of MolPs as an independent
material family, however, will be closely bound to the
discovery of new and improved functionalities that have the
potential to reignite the fascination of a wider materials science
community.
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