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There has been enormous interest in ABX3 perovskite-type materials where at least one ion, usually A or X, is replaced with

a molecular building unit. In this Minireview we highlight the unique properties that arise as a result of these molecular

building units, drawing on topical examples of the recent literature. We focus in particular on phenomena related to low

energy lattice modes that tie the molecular building-units to the fascinating properties observed in molecular perovskites.

Introduction

The perovskite motif is ubiquitous throughout the most
important areas of solid-state chemistry, from high-T.
superconductors?! to (multi)ferroics.? Indeed it is difficult to find
an equally diverse structure-motif that has impacted the
evolution of materials chemistry and condensed-matter physics
in such a profound manner. In this context, it is perhaps
unsurprising that amongst the enormously diverse family of
hybrid inorganic-organic frameworks of recent interest3=> it is
those with perovskite-like structures that have risen to
particular prominence. In this article, we ask the natural
question: what are the key similarities and differences between
these hybrid perovskites and their inorganic parents?

Before addressing the characteristics of this emerging class,
we consider first the perovskite motif itself in more general
terms. For us, it is advantageous to describe the perovskite
structure as a ReOs-type lattice, formed by the B cation and the
X anion. In this lattice type, [BX¢]~ octahedra share corners in
three dimensions generating a framework with cubic (o-Po)
topology. The A cation occupies the dodecahedral void of the
framework and further charge balances the structure (Figure
1la).

In hybrid inorganic—organic perovskites, the perovskite
architecture is essentially maintained, while at least one ion —
usually A and/or X — is replaced by a molecular unit. The
coordination of the B-cation remains octahedral, subject to
distortions as a result of e.g. Jahn-Teller activity or disorder. A
striking example is the family of lead halide perovskites,
including the compounds [CH3NH3]Pbls and [(NH;),CH]Pbls,57
which is the basis of a new paradigm in the area of photovoltaic
research.® Another important family includes formate- and
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azide-based perovskites,® such as [(CH3);NH;]Zn(HCOO); and
[CH3NH3]Mn(Ns)s. These have been of significant interest for
their dynamic behaviour; e.g., remarkable ferroelectric-to-
paraelectric phase transitions, glassy phase transitions and
multiferroic properties at low temperatures.1-12 The long-
studied fafmily of Prussian blue analogues (PBAs),
AM[M’(CN)e], with A an alkali metal cation and M and M’
divalent or trivalent transition-metal cations, can also be viewed
as defective perovskites with molecular building-units. The term
“molecular perovskites” describes all these contemporary
systems, serving to highlight the use of molecular components
on the A- and/or X-sites. In effect, it is the presence of these
molecular building-unit which in turn leads to exceptional
material properties.

To begin, we ask simply why is it that perovskites have
become so successful? The key is surely the compositional
flexibility of the perovskite lattice, as captured by Goldschmidt’s
geometric concept of ionic Tolerance Factors,’® with the
Tolerance Factor equal to (ra + rx)/V2(rs + rx) and ri being the
radii of ions in the perovskite formula ABX3, and i = A,B and X,
respectively. In the 20s, Goldschmidt showed that all
perovskites known at the time exhibited a Tolerance Factor
between 0.8 and 1. Later on, the tolerance factor concept
proved useful not only in predicting the existence of perovskite
structures, but also in establishing their propensity to distort.
For example, systems with Tolerance Factors close to 1 tend to
adopt highly symmetric structures, whilst decreasing the
Tolerance Factor by e.g. using smaller A-site cations decreases
the symmetry due to tilting of the [BXg]~ octahedra. It was
Glazer in the 70s — and later Howard and Stokes in the 90s —
systematically analysed octahedral tilting.2415 The
manipulation of these tilts (so-called ‘tilt-engineering’) as a
mechanism of controlling macroscopic polarisation and/or
magnetisation is an area of intense current interest.16

Goldschmidt’s concept can also be applied to molecular
perovskites, suggesting a similarly significant role for packing
density on the formation of molecular perovskites.17.18

who

J. Name., 2013, 00, 1-3 | 1



However, additional factors coming from the increased
chemical complexity (e.g. hydrogen bonding interactions and
entropic contributions-23) gain in importance and factors that
govern the formation of molecular perovskites are still being
explored. For instance, in the case of significant covalent
contributions in the ReOs-type framework, e.g. in [CH3sNHs]Pbls,
the concept of ionicity becomes less applicable and it can be
useful to apply corrections accordingly.?* When looking at
molecular perovskites more closely, it is convenient to
distinguish between materials with an inorganic ReOs-type
lattice (130°) and materials in which molecular building units
form the framework (1°03),25 Figure 1b. Glazer tilt systems still
hold for 1309%-type perovskites, whilst additional tilts are now
accessible in 1903-type perovskites. For instance, neighbouring
octahedra in 1°03 molecular perovskites are separated by
molecular building-units and are not corner-shared anymore.
This allows for the occurrence of ‘forbidden’ tilting modes, e.g.
as found in some Prussian Blue analogues, azides, formates or
dicyanometallates, in which neighbouring octahedra rotate in
the same way as each other.26-28

The introduction of molecular linkers on the X-site has an
important consequence on the nature of the chemical bonding
present in the ReOs-type framework. When X is a single ion, e.g.
I- or O%, strong covalent and/or ionic interactions are present,
thereby facilitating the formation of an extended electronic
band structure (electronic conductivity) or magnetic
interactions (magnetism). In the case of X being a molecular
linker (1°03), e.g. CN~ or HCOO-, coordination bonds are present,
which favour electron localisation and reduce magnetic
exchange. So most molecular perovskites are band-gap
insulators, and any magnetic exchange interactions are weak;
e.g. in formate based frameworks magnetic order occurs only
below ~50 K.2° From a phenomenological viewpoint, it is also
important to note that presently only molecular linkers with a
single negative charge are known, constraining the oxidation
states of all other ions.

So despite the common topology of molecular perovskites
and their solid-state analogues, their chemical interactions and,
as we will see, the physics and chemistry related to them, can
be significantly different. Therefore, we have chosen the title of
this manuscript — “The same and not the same” — inspired by
Hoffmann’s text.3° In the following we focus on the impact of
molecular building-units on the links between structure and
function in molecular perovskites, drawing on topical examples
from recent literature.

Polar order in molecular perovskites

In the study of molecular perovskites, a significant focus has
been on cooperative order of molecular dipole orientations in
the context of ferroelectrics. Since the discovery of
ferroelectricity in Rochelle salt by Valasek,3! the phenomenon
has remained a property of substantial importance with
particular recent emphasis on its coupling to other order
parameters, e.g. magnetization or strain. Ferroelectricity
describes the reversible change of polarization upon the
application of an electric field. Prerequisite for the response is
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an acentric space-group and a unique axis, which leads to a
spontaneous electric polarization in the material. This
polarization is the ‘anchor’ on which the electric fields can
‘hook’. This phase transition is related to symmetry-breaking
processes, occurring when the material is cooled.

;O° 1°0?
/00 ©0/0-90
O/ 0/

O -0

©-0 = molecular unit
©® = monoatomic unit

Figure 1. Shown is the perovskite architecture (a) in which [BX¢]- octahedra form
a ReOs-type framework with the A-site cation located in the dodecahedral void of
X-site anions. In (b) the general possibilities for creating a 130° and 1°03 lattice are
visualised. Note that yet no perovskite with a molecular B-site unit is known;
hov;/e(\j/ecrj, the existence of such chemical complex perovskites should not be
excluded.

What symmetry-breaking mechanisms can operate in
molecular perovskites? An intuitive example is related to
chemical interactions between the positively charged A-cation
and the negatively charged ReOs-type framework—an
interaction inherently absent in solid-state perovskites. For
instance, at high temperatures both compounds
[NH3NH;]Mn(HCOO)s3 and [CH3NH3]Mn(HCOO); crystallise in the
centrosymmetric  space-group Pnma.3? On cooling
[NH3NH;]Mn(HCOO)s transforms to a polar structure with
space-group symmetry Pna2;, while [CH3NH3]Mn(HCOO)s
remains in Pnma at all temperatures. On examining both
structures, the origin of this difference in behaviour becomes
clear. At high temperatures, the NH,-group of [NH3NH]* in
[NH3NH2]Mn(HCOO); is disordered between two positions.
When the temperature is lowered, the NH,-group locks in,
thereby eliminating a mirror plane and forcing the space-group
to change to Pna2;. Qualitatively the phase transition can be
seen as a balance between enthalpic and entropic
contributions.’® The subtle chemical differences of [NH3NH,]*
and [CH3NHs]* have a rather large consequence in this case,
pointing out challenges, as well as the additional freedom the

experimentalists possess to design new materials with
fascinating (coupled) ordering phenomena. Other polar
ordering mechanisms in  molecular perovskites involve

multipolar order of the A-cation, such as those present in the
guanidinium cation. Recently it has been shown that when
multipolar order is combined with orbital order, e.g. arising due
to a Jahn-Teller distortion, net polarization of the material can
be enforced in molecular perovskites.33

The case of [CH3NHs]Pbls

After discussing the phenomena of polar order, we now turn
our attention to lead halides, in which polar order together with
a dynamic lattice seemingly lead to exceptional photovoltaic
properties. Amongst molecular perovskites, it is in fact the
family of lead halides such as [CH3NH3]Pbls and [(NH2),CH]Pbls
that has attracted the largest research community.3* The
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enormous interest in their photovoltaic properties has led to a
thorough understanding of these materials within a short
amount of time. Yet many open questions remain. For
simplicity, we confine our discussion to the ambient-
temperature phase of [CHsNHs]Pbls, although
conclusions can be drawn with respect to related compounds.
In the crystallographic description of [CH3NHs]Pbls, [CH3NHs]* is
8-fold disordered due to symmetry requirements enforced by
the tetragonal space-group at room temperature. Early
permittivity measurements showed that [CH3NHs]Pbls can be
described by a polar liquid approach,3®> owing to the
reorientation of [CH3NHs]* within the lead iodide framework. It
is now clear that the movement of the dipoles is not
independent and local dipolar coupling occurs, leading to
(anti)ferroelectric domains.3637 This finding is itself of interest,
although the question remains how such motions and coupling
phenomena impact the properties. To further discuss these
questions, we must turn our attention to the Pbls-framework.
Evidence for large-amplitude atomic displacements in single
crystal diffraction measurements, together with the results of
molecular dynamics simulations, reveal a remarkably dynamic
Pbls framework. Moreover, high-energy-resolution inelastic X-
ray scattering has revealed dynamic tilting modes of Pblg
octahedra, which are coupled to the movement and dynamics
of [CHsNHs].38 This coupling appears to originate from
hydrogen-bonding interactions between the A-cation and
negatively charged Pbls~ framework.3® [CH3NHs]* is not
expected to directly influence the electronic properties, e.g.
[CH3NHs]* has no contributions to the band edges of the
material, while coupling might contribute to the dynamics of
the Pbls- lattice and therewith to a rather dynamic band
structure as suggested by ab
simulations.*® Interestingly, indications of coupled motions
have been found in both [CH3NH3]PbBr; and CsPbBr3 4! implying
a role of Pb2* lone pairs in the dynamics of the octahedra.
However, the origin of the coupling in CsPbBrs is likely related
to an off-centre displacement of Cs* that reflects the intrinsic
dipole present in [CH3NH;s]*. It is the dipolar nature of molecular
[CH3NHs]*, and more importantly the dipolar coupling of
neighbouring [CH3NHs]* molecules, that is implicated in the low-
energy lattice modes observed in lead iodide perovskites. The
remarkable photovoltaic properties of these systems are surely
linked to these phenomena,*? but the precise mechanism
remains an important open question.*3

similar

initio molecular dynamic

NTE in Prussian Blue analogues

Arguably the longest-known molecular perovskite is the classic
coordination compound Prussian Blue, KyFei_,(CN)s.zH,0.4* As
in other molecular perovskites, low-energy dynamics are now
known to be a recurring feature in the physics of PBAs,*> linking
PBAs to the aforementioned discussed topics. Although of
intense recent interest for a range of applications, from solid
electrolytes?*® to catalysis,” we focus here on the
counterintuitive phenomena of negative thermal expansion
(NTE) of PBAs. In contrast to A-site molecular perovskites it is
the X-site that leads to NTE in PBAs. NTE itself is not only
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fascinating from a fundamental viewpoint but also
technologically relevant as it can compensate for the more
usual positive thermal expansion (PTE). In invar, a Fe-Ni alloy,
and some perovskite-type materials NTE arises from electronic
or magnetic transitions.*® In ‘classical’ NTE systems such as
ZrW,0s or Re03,%° NTE is understood in terms of low-energy
vibrations of M-O-M" units. Transverse motion of the oxygen
atom reduces the M---M’ distance, resulting in NTE if this
vibration can propagate throughout the crystal at sufficiently
low energy cost.>? The molecular nature of the CN~ unit in PBAs
makes a crucial difference because contraction of M—CN-M"
motifs can result from two different types of local vibration:
transverse displacement of the whole CN- ion onto one side of
the M-:-M’ axis and CN- rotation such that C and N atoms move
towards opposite sides of the axis.>® Hence NTE is relatively
common amongst PBAs. For instance, CdPt(CN)g is even a better
NTE material (a0 = =10 MK™1) than ZrW,0g (a = —9.1 MK™1), and
is far superior to conventional NTE perovskites such as ReOs (a
= —0.7 MK™1).4952 Even more remarkable effects have been
reported for defective PBAs such as Znz[Fe(CN)gl:14H,0 (o = —
39.6 MK™).>3 The chemical versatility of this family means
thermal expansion can be controlled in interesting ways:
Fe[Co(CN)s] has near-zero thermal expansion (a = —1.5 MK-1),54
and Zn[Pt(CN)g]- xH20 switches from PTE to NTE on varying x.>2
Recent calculations show that the low-energy lattice modes
responsible for NTE in PBAs can involve both conventional
(Glazer-type) octahedral tilts and ‘columnar shifts’. This new
form of NTE mode is only possible in molecular perovskites of
the 1°03 type, and appears to be important also in the phase
behaviour of various formate- and azide-based molecular
perovskites.26:55

Concluding remarks

At this can confidently conclude that the
predominance of low-energy lattice modes that originate in
molecular building-units is the key to understand the fascinating
properties of molecular perovskites. Consequently, phenomena
related to (vibrational) entropy®56 which can be oftentimes
directly manipulated by the choice of the A-cation are
emphasised, as shown above for disorder-order transitions,
vibrational mechanisms for electron/hole separation and NTE.

When looking forward, we strongly believe that the
perovskite-story is far from finished. On the contrary, we have

point we

started a new chapter: low energy lattice modes directly impact
the thermal conductivity behaviour, thus making molecular 130°
perovskites attractive for thermoelectrics. Other potentially
interesting fields include mechanocalorics, dielectrics and
piezoelectrics. At the same time, the additional degrees of
freedom in molecular perovskites give access to new ways of
manipulating and breaking crystal symmetries, offering the
opportunity of engineering polarisation via
orientations, shifts and Jahn-Teller distortions. In this context

molecular

we believe that the community requires a common language —
similar to Glazer notation — which then can be the foundation
and preface of a new chapter in the story of (molecular)
perovskites.
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