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Perovskite materials are increasingly important in a variety of optoelectronic applications. Some of these
functional materials also exhibit ferroelectric properties, making them promising in memory elements,
sensors, and energy technologies. While they exhibit extraordinary performances, their instabilities often
hinder practical applications and toxic metal components cause environmental concerns. In the last few
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Wider impact

Perovskites have become one of the leading semiconductors in modern optoelectronics. These materials are based on the ABX; composition, defined by the
corner-sharing {MXe} octahedral framework comprising divalent metal (B) cations and, most commonly, oxide or halide (X) anions while hosting central A
cations within their cavity. They feature unique optoelectronic characteristics, as well as ferroelectric properties, which are relevant to energy technologies,
sensing, and memory elements. However, they are composed of toxic metal components, such as lead, which cause environmental concerns, posing a
requirement for alternative and more sustainable solutions. Over the last few years, metal-free perovskite alternatives based on all-organic molecular
framework materials have emerged. Their corresponding ABX; perovskite structure is composed of ammonium (NH,") B cations and divalent (A>") organic
cations, featuring ferroelectric characteristics that outperform conventional perovskite ferroelectrics while offering a more environmentally friendly alternative.
These organic materials promise to advance optoelectronics toward more sustainable technologies, yet their synthetic accessibility and material scope remain
limited, stimulating investigations and developments toward their fundamental understanding and innovative applications. This review discusses the

Open Access Article. Published on 23 May 2025. Downloaded on 1/31/2026 4:52:53 PM.

(cc)

challenges associated with the emerging metal-free perovskite materials while outlining opportunities for their development and applications.

Introduction

Perovskite materials have become one of the leading candi-
dates in modern optoelectronics, from photovoltaics to light-
emitting diodes and detectors." They are versatile materials
based on typical ABX; perovskite structures that are primarily
oxides (X = O) or halides (X = I, Br, and CI) (Fig. 1, left). Some
of these systems have attracted attention due to their ferro-
electric properties,>* which involve spontaneous polarisation
that can be reversed by applying an external electric field,
important in low-power non-volatile memory, sensors, and
energy harvesting.* ® This mostly involved ferroelectric ceramic
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and perovskite oxide materials, such as Pb(Zr,Ti; ,)O; and
BaTiO;.>® However, these conventional ferroelectrics face lim-
itations regarding scalability, cost-effectiveness, and environ-
mentally friendly processing.>® In addition, most perovskite
and ferroelectric materials are based on toxic metal compo-
nents and are sensitive to temperature variations, humidity,
and mechanical stress; thus, reducing the metal content while
improving their overall stability is essential for long-term
reliability.> Overcoming the challenges associated with proces-
sing, stability, and integration of perovskite ferroelectrics
would help unlock their full potential for more efficient and
sustainable technologies. This has stimulated the development
of organic ferroelectrics, which are more environmentally
friendly and easily processable materials compatible with inte-
gration into flexible technologies.* However, they exhibit lower
performance metrics than inorganic systems,” posing an
ongoing strive to develop competitive organic materials.
Metal-free molecular perovskites (MOPs) have recently
emerged as promising alternative ferroelectric materials.”°

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Perovskite structural representation. Schematic of the structure of
metal halide perovskites (left) and metal-free molecular perovskites
(MOPs; right) with characteristic A* and A%* cations. MA = methylammo-
nium; FA = formamidinium; GA = guanidinium; IA = imidazolium; TAZ =
triazine, a product of FA-based perovskite reactivity; H-DABCO = N,N-
diazabicyclo[2,2,2]octonium; M-methyl, O — hydroxyl; HTMDA = hexam-
ethylenetetrammonium; 3-APYR = 3-ammoniopyrrolidinium; 3-AQUIN =
3-ammonioquinuclidinium. Other examples are piperazinium (PAZE) and
homopiperazinium (HPIP), Fig. 2.

Unlike conventional perovskite ferroelectrics, these metal-free
systems do not pose environmental concerns associated with
toxic metal components, such as lead, and they could be
fabricated from aqueous solutions, showing desirable
mechanical’* and potential optoelectronic characteristics.'*"*
While ferroelectric behaviour is under debate for three-
dimensional metal halide perovskites'* and disputed in some
of the two-dimensional halide perovskites, including hybrid
and double perovskites,””™® MOPs show the capacity to out-
perform conventional perovskite ferroelectrics and find appli-
cations in modern flexible (opto)electronics.”®

Here, we review this emerging class of metal-free molecular
perovskites from the perspective of their unique structural
characteristics and discuss challenges associated with their
processing, focusing on halide perovskite compositions.
Finally, we consider opportunities for their development and
applications.

Metal-free molecular perovskites
Material scope

MOPs are defined by the ABX; perovskite structures (Fig. 1,
right)® based on a central protonated A-cation (A>*) within an
{(NH,)Xs}-based octahedral corner-sharing framework defined
by the B site ammonium (NH,)" and the X-site anion.” Their
X-site can be either a halide (I, Br~, and Cl") or a pseudo-
halide anion (e.g., HCOO™, BF, , and ClO, ), whereas the central
organic (A) cation can be N,N-diazabicyclo[2,2,2]octonium
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(H-DABCO) and its derivatives (O-DABCO or M-DABCO), piper-
azine (PAZE), hexamethylenetetramine (HTMA), 3-ammo-
nioquinuclidinium (3-AQUIN) or 3-ammoniopyrrolidinium (3-
APYR; Fig. 1, right).”?®*' The overall structure is held
together by hydrogen bonding interactions, stabilising the 3D
framework.” The first MOP was reported in 2002,>" sparking
ongoing research into their optoelectronic and ferroelectric
properties, which has notably accelerated over the past five
years (Fig. 2),”'° driven by advancements in the understand-
ing of their ferroelectric, mechanical, and optoelectronic
characteristics” "*?°° and their relevance to next-generation
technologies. The first example was based on piperazinium
(PAZE) central cations and their ammonium chloride hydrates
of the (PAZE)NH,Cl; x 2H,0 composition, with a 3D perovskite
corner-sharing {NH,Cls}-based octahedral framework enclosed
by two water molecules in an ABX;C structure (Fig. 2a).>! This
has set the basis for other ammonium-halide-based ABXj;
perovskite frameworks incorporating DABCO-based cations
(Fig. 2b).® The A sites relied on (OH or methyl, M; Fig. 2c)
DABCO, chiral 3-AQUIN and 3-APYR, HMTA, and PAZE.

In addition to the 3D systems, early examples also involved a
low-dimensional (1D) face-sharing octahedral framework incor-
porating DABCO ammonium chloride of ANH,Cl; composition
(Fig. 2b).>" Recently, the first 2D system was reported incorpor-
ating homopiperazinium (HPIP) in the (HPIP),(NH,4)I5 compo-
sition (Fig. 2d), with a related 1D (HPIP);(NH,)I, analogue, as
single crystals are used to showcase the capacity to access low-
dimensional structures of MOPs through compositional
engineering.>®> While B-site cations play an essential role in
dimensionality control, the anisotropy and geometric compat-
ibility of A cations are critical, opening the way for other low-
dimensional structures. Their versatility and structure-property
relationships remain unexploited and require appropriate
synthesis methods.

Materials synthesis

MOPs have primarily been studied in the form of single crystals
grown from aqueous solutions.””®'" They provide an ideal
platform for fundamental studies due to their low-defect nat-
ure, which allows for precise characterisation of structural,
optical, and electronic properties. The absence of grain bound-
aries and minimal defects eliminates extrinsic factors that
could obscure intrinsic material behaviours, such as charge
carrier dynamics and ferroelectric properties.>'>'* The most
prevalent method for growing single crystals is the slow eva-
poration. This process involves dissolving organic cations and
ammonium halides in suitable solvents—typically acidic water
media or alcohols—and allowing the solvent to evaporate
slowly under controlled conditions.”® For instance, single
crystals of (H-DABCO)(NH,)Br; were synthesised by dissolving
equimolar amounts of DABCO and HBr in deionised water to
form the organic cation solution, followed by adding ammo-
nium bromide.'> Over several days, slow evaporation of the
solvent led to the formation of high-quality single crystals
suitable for electrical measurements and structural analysis.
The careful control of the solvent evaporation rate was crucial
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Fig. 2 Representative MOP structures. (a) 3D (PAZE)NH,Clz x 2H,O.
The view down [100] orientation showing the perovskite octahedral net-
work encapsulating piperazinium (PAZE) and water molecules. (b) 1D
(H-DABCO)NH,4Clz, viewed down [210] orientation, showing the face-
sharing {NH4Clg} octahedra propagating along [001], interspersed by
stacks of H-DABCO cations. Reproduced with permission from ref. 21.
Copyright 2002 American Chemical Society. (c) Packing diagram of
(M-DABCO)NHl3 at 293 K. Reproduced with permission from ref. 8.
Copyright 2018 Science. H atoms are omitted for clarity; {NH4Xg} octahe-
dra are shown in yellow, Cl atoms in green, N in orange, C in blue or grey,
and O in pink. (d) 2D (HPIP),NH,4ls perovskite. Reproduced with permission
from ref. 25. Copyright 2024 John Wiley and Sons.

to minimise the formation of defects and ensure the growth of
well-ordered crystals. Key parameters such as solvent, concen-
tration, and temperature are crucial for successful crystal
growth.">?° The solvent must adequately dissolve the reactants
while promoting slow crystallisation and maintaining a super-
saturated solution to facilitate nucleation without rapid pre-
cipitation. Temperature fluctuations can affect solubility and
evaporation rates, so a constant temperature is often employed
to ensure consistent growth conditions. Another widely used
method has been slow cooling,>"” where a hot saturated
solution of the precursors is gradually cooled to room tempera-
ture. It was shown that using this method allowed the growth of
single crystals of MOPs such as (M-DABCO)(NH,)I;.® A hot
saturated solution of the organic cation and ammonium iodide
in water (80 °C) was slowly cooled to room temperature over
several hours. As the temperature decreases, the solubility of
the solutes diminishes, leading to supersaturation and subse-
quent crystal growth. This offers the advantage of controlled
nucleation, allowing existing crystals to grow larger, thus mini-
mising thermal stress and defects within the perovskite
lattice.””

Despite the utility of these solution-based methods, they
present several challenges. The solubility limitations of certain
organic cations, particularly those with aromatic structures,
restrict the range of materials that can be accessed. Moreover,
the slow growth rates and meticulous control required
are incompatible with large-scale production, limiting the
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practicality of these methods. Finally, material waste due to
solvent evaporation and crystallisation inefficiency contributes
to costs and environmental concerns. To overcome these
limitations of solution-based synthesis, mechanosynthesis
has emerged as a promising alternative.”® This solvent-
free method involves inducing chemical reactions through
mechanical force, typically by grinding.”®*° Mechanosynthesis
addresses environmental concerns by eliminating the need for
solvents and circumvents solubility limitations associated with
traditional synthesis.*>*" In the case of MOPs, it could provide
alternatives to poorly soluble organic cations, which are chal-
lenging to produce via solution methods.”>** The method is
also scalable and efficient, allowing for better control in specific
optoelectronic applications.?®*3*# These strategies remain
underexploited in MOP materials and devices.>®

In addition, expanding the compositional diversity of MOPs
is relevant. Novel organic cations with tailored properties can
lead to perovskites with customised optoelectronic character-
istics. To this end, computational studies'® can guide the
selection of promising candidates by predicting structural
and electronic properties. Exploring alternative anions beyond
halides, like pseudohalides,***® may also provide access to
materials with unique characteristics. Moreover, integrating
other materials, such as conductive polymers or graphene,
could enhance properties and open new application areas.
Combining perovskites into multilayer device architectures
may improve performance in applications like photovoltaics
and photodetectors, where environmental stability remains a
crucial limitation for practical applications. Understanding
degradation mechanisms under various environmental condi-
tions will inform strategies to enhance robustness.

Overall, accessing MOPs via different synthesis methods,
including single-crystal growth, solution-based techniques, and
mechanosynthesis, is crucial for their better understanding
and expanding their applicability. While traditional methods
remain invaluable for fundamental studies, mechanosynthesis
could offer a scalable, environmentally friendly route to pro-
duce materials suitable for practical applications, which should
be further explored. By overcoming the challenges related to
reproducibility, purity, and integration, new synthetic methods
pave the way for advanced perovskite materials with tailored
properties. This progress can not only expand the composi-
tional space but also facilitate the incorporation into next-
generation optoelectronic devices, contributing to the advance-
ment of sustainable and efficient next-generation technologies.

Material characteristics and
applications
Optoelectronic properties

The synthetic challenges associated with MOPs have limited
the investigation of their optoelectronic properties, with
most research being theoretical or centered on single
crystals.”'*'?3>3341 The key optoelectronic properties, such as
optical absorption, photoluminescence (PL), photoconductivity,

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Optoelectronic propertes of MOPs. Schematic representation of
the orbital model with the VB and CB in MOPs (left) and more traditionally
used lead-based hybrid perovskites (right) in optoelectronics.

carrier mobility and lifetime, trap states, defect density, and
quantum efficiency, are essential in determining applications.
For photovoltaic applications, long charge carrier lifetimes
and extended diffusion lengths are crucial, as they allow
carriers to travel further to the electrodes before recombining,
directly enhancing the power conversion efficiency. Similarly,
low trap densities reduce energy losses and improve charge
collection, contributing to overall device performance. In light-
emitting diodes (LEDs), efficient charge transport and reduced
trap states are critical for minimising non-radiative recombina-
tion, which leads to energy losses. Long carrier lifetimes and
high mobility ensure that more carriers recombine radiatively,
improving the overall light-emission efficiency and brightness.
For photodetectors, long carrier lifetimes and efficient charge
transport are essential for high sensitivity and fast response
times, allowing the detection of low light with reduced noise.
Optoelectronic properties are intrinsically linked to the
electronic structure and the corresponding valence (VB) and
conduction (CB) bands, defining the bandgap and dictating the
interaction with light (Fig. 3). The organic components influ-
ence band alignment, exciton binding energies, and charge
carrier dynamics, making them distinct from conventional
inorganic or hybrid materials. In lead-halide perovskites, as
the most commonly used halide perovskite semiconductors,
the VB maximum is formed by an antibonding combination of
halogen np orbitals (Cl-3p, Br-4p or I-5p) and Pb s orbitals (Pb-
6s), and the CB minimum by an antibonding combination of
Pb p orbitals (Pb-6p) with negligible coupling with that of
halogen np orbitals.*>** In contrast, density functional theory
(DFT) calculations”®'*' show that the majority of MOPs
features the VBM primarily composed by the interaction of
halogen p orbitals, while the CBM is mainly defined by hybrid
orbitals (carbon and nitrogen) of A-type cations, suggesting that
tuning the bandgaps of this family of perovskites depends
strongly on the modification of the A-type organic cation and
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halide ions (Fig. 3). These computed band characteristics also
suggest that there is no strong bonding but only electrostatic
interactions between A>" cations and the halogens, with the
exception of piperazinium, in which case the CBM is formed by
a combination of the A cations and halogen s orbitals.****
Overall, the CB in MOPs differs significantly from that of lead
halide perovskites, making it an inappropriate benchmark,
where the A cation has no direct impact on the bandgap
transition, as it does not play a role in the formation of the
VB and CB. Instead, the optoelectronic properties compare
closer to the molecular systems defining the halide perovskite
framework.

Due to these unique structural features and frontier band
characteristics,’® a method for estimating the bandgaps of
MOPs was proposed by calculating the energies of the lowest
unoccupied molecular orbital (LUMO) of the A cations. The
presence of a strong electron-withdrawing group lowers the
LUMO energy of the organic cation, and therefore the CB
minimum, leading to an estimated reduction of the
bandgap.'® While this method can predict the general trend
of bandgap in MOPs as a function of the divalent A cation,
experimental measurements often reveal discrepancies. For
example, the absorption and PL spectra of (M-DABCO)NH,I;
crystals revealed an indirect bandgap energy (E,) of 4.95 eV,*
whereas theoretical predictions suggested that E, is around
4 ev," implying additional factors influencing electronic
properties.

In contrast, replacing halides is predicted to result in a
gradual shift in the band nature from indirect to direct,
accompanied by a reduction in bandgap values from 5.89 eV
(indirect) to 5.25 eV (direct) and 4.71 eV (direct) for Cl-, Br- and
I-based materials, respectively.'® When pseudohalides as PFg~
are used, the material exhibits a larger band value of 7.13 eV.*®
So far, only iodide-based (M-DABCO)NH,I; exhibits PL under
ultraviolet excitation.®*>*’ First-principles calculations®*7~*8
suggest that halogen vacancies could be the source of low-
energy optical absorption and PL of MOPs. This would suggest
that PL can be related to an optically active center rather than a
band-to-band transition.*® Instead, self-trapped excitons (STEs)
were proposed as the origin of the luminescence of the MOP
crystals.*” The PL quantum yield (PLQY) of (M-DABCO)(NH,)I;
was measured to be as high as 50%,** higher than the highest
values reported for Pb-free perovskite crystals (Cs,MnBi,Cl;,:
25.7% and Cs,InBrs-H,0: 33%).°>"" The charge carrier type and
mobility, carrier lifetime, diffusion length, and trap density
directly influence the efficiency of charge transport, recombi-
nation processes, and light emission.

MOPs exhibit a wide range of carrier lifetime-mobility
(ur) product and trap density (N, values, depending on
their composition and structure. For example, crystals of
(H-DABCO)NH,Br; demonstrated p-type conductivity with
charge carrier lifetimes around 0.5 ms and diffusion lengths
in the order of tens of micrometers. Their ut product is on the
order of 103 cm? V™! for holes and 10~* cm ™2 V™ * for electrons,
with trap densities ranging from 10'° to 10'" em™3,"> comparable
to lead-halide perovskites. Similarly, (M-DABCO)(NH,)I; crystals
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Table 1 Reported carrier lifetime—mobility (ut) product and trap densities (Ny) for various MOP compositions as single crystals (SC) or thin films

Composition pt (em®* V) N (em™?) Type Ref.
(H-DABCO)NH,Br; 1.2 x 10~ (holes) 10" and 10" cm ™3 SC 12
3.1 x 10~* (electrons)
(M-DABCO)NH,], 6.7 x 10°* 5.65 x 10° SC 45
(M-DABCO)NH,(PF,) 1.56 x 107* 1.03 x 10" sC 46
(PAZE)NH,I;-H,0 1.30 x 10°° 2.21 x 10 Films 44
(PAZE)NH,Br;-H,0 1.08 x 107° 1.71 x 10 Films 44
(PAZE)NH,Cl;-H,0 1.19 x 10°° 1.91 x 10™ Films 44
(N-DABCO)NH,Br; 3.05 x 107* 4.69 x 10° SC 56

exhibit ur values in the range of 10~ to 10~° ecm® V', with trap
densities around 10° cm™>,**” which are lower than those
observed in the lead-based counterparts.>>® In systems where
PFs~ pseudohalides replace the halide, such as (M-DABCO)-
(NH,4)(PF¢)3, the pt product remains comparable to iodide-based
analogues, but the trap density increases by an order of
magnitude.*® (PAZE)NH,Cl; x 2H,O-based films exhibit lower
ut values, around 10~° em® V', with trap densities ranging from
10" to 10" em 3" similar to silicon®® and CdTe.> Similarly,
aminoazanium-based perovskites like (N-DABCO)(NH,4)Br; show
the ut product values in the 107" em® V' range, with trap
densities around 10° em>,*® positioning them competitively with
traditional semiconductor materials such as silicon and lead-
based perovskite compositions (Table 1).>***

In summary, the characteristics of MOPs stimulate their
prospective applications for next-generation optoelectronic
devices,” such as in sensing and photodetection. Their intrinsic
characteristics are affected by external stimuli, such as tem-
perature and pressure, determining structural, optoelectronic,
and mechanical properties.

Mechanical properties

Unlike conventional metal-halide perovskites, stabilised by
metal coordination, MOPs rely on hydrogen bonding networks.
This makes them more susceptible to changes under external
conditions, which directly impact their characteristics. In this
regard, the absence of metal centres introduces structural
flexibility that could lead to novel responses to stimuli, poten-
tially altering performance in ferroelectric devices or sensors.
Thus, understanding the effect of external stimuli is key to
optimising their properties and applications.

Despite the absence of a metal-linker coordination bond, the
mechanical strength of MOPs is comparable to that of hybrid
organic-inorganic halide perovskites. For instance, (M-
DABCO)NH,I;"" and (PAZE)NH,Cl; x 2H,O exhibit bulk mod-
uli of ~15 and 25 GPa,** respectively, which falls within the
range of values typical for hybrid organic-inorganic perovs-
kites, such as CH3NH;PbI; (14.8 GPa), CH;NH;PbBr; (17.6 GPa)
and elpasolites such as Cs,AgInClg (23 GPa).”” This suggests
that the physical properties of (M-DABCO)NH,I; are compar-
able to those of other perovskites, even though stabilised by
hydrogen bonding interactions between [NH,]" and I~ ions.
This distinct molecular framework gives the material its char-
acteristic properties, combining the structural stability of tradi-
tional perovskites with the versatility offered by organic
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components. Nanoindentation tests along the [111] orientation
of the (M-DABCO)NH,I; crystals yielded a Young’s modulus of
14.7 GPa and a hardness of 0.78 GPa,""*® which is approxi-
mately 37% higher than that of CH;NH;Pbl;, suggesting
good mechanical durability.® These properties make (M-
DABCO)NH,I; promising for thin-film ferroelectric devices,
with potential applications in flexible electronics and devices
with long-term stability and resistance to mechanical stress.
Pressure-dependent Raman spectroscopy of (M-DABCO)NH,I;
revealed a progressive contraction of the unit cell from ambient
until 10.2 GPa. At 12 GPa, the splitting of the Raman mode near
1090 cm ™' reveals the amorphisation-induced distortion of M-
DABCO cations.*” The pressure-dependent UV-vis absorption
and PL measurements of the crystal under high pressure®®
revealed significant changes in optical properties. As the pres-
sure increases to 14.5 GPa, two excitonic absorption peaks in
the visible region progressively enhance, showing a piezochro-
mic effect. The pressure-dependent band gap initially increases
due to lattice distortion below 0.7 GPa, followed by a gradual
decrease, as orbital coupling strengthens with further compres-
sion, leading to structural amorphisation above 10.4 GPa. PL
measurements show that, under mild compression, the emis-
sion position remains stable below 0.7 GPa, with a blue shift
occurring between 0.7 and 9.9 GPa due to lattice contraction. At
higher pressures, up to 14.8 GPa, a red shift occurs, accom-
panied by distinct colour changes from orange to yellow to
green, whereas (M-DABCO)NH,I; exhibits emission enhance-
ment in the 0.7-2.0 GPa and 4.5-8.9 GPa ranges.

Such structural dynamics are widely studied using
temperature-dependent measurements, particularly during
phase transitions, yet these investigations on MOPs remain
limited.®® Temperature-dependent powder X-ray diffraction
measurements were performed on (M-DABCO)NH,(PF¢); and
its deuterated counterpart, (MD-DABCO)(NH,)(PFs);, to track
structural changes during phase transition. Upon increasing
temperature, the diffraction peaks shift to lower angles, indi-
cating an expansion of the unit cell. Additionally, the disap-
pearance of certain peaks signals the transition from a
ferroelectric to a more symmetric cubic cell in the paraelectric
phase. Interestingly, these two phases coexist without inter-
mediate states during the phase transition, suggesting a dis-
continuous, first-order order-disorder type transition. In
addition, both compositions show an abrupt increase of dielec-
tric permittivity around their phase transition temperature.®®
This opens interesting opportunities in the design of

This journal is © The Royal Society of Chemistry 2025
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mechanochromic and other stimuli-responsive materials and
devices in the future.

Ferroelectric properties

The understanding of the optoelectronic and mechanical prop-
erties of MOPs remains somewhat limited, partly due to the
challenges in fabricating thin films that are more compatible
with spectroscopy techniques. However, their ferroelectric
properties have been more extensively studied. These ferro-
electric properties have drawn attention to this class of
materials since they were first reported. For instance,
(M-DABCO)NH,I; showed high spontaneous polarisation inten-
sity (Ps) close to conventional inorganic ferroelectrics as BaTiO;
while featuring a higher phase-transition temperature
(448 K vs. 393 K).® Similarly, hexamethylenetetramine-based
(HMTA)NH,Br; perovskites displayed ferroelectric behaviour
up to 400 K, and ferroelectric polarisation was measured using
single crystals and polycrystalline pellets.®’ Moreover, the func-
tionalisation of the A site enabled large piezoelectric responses
and multiaxial ferroelectric properties.®®* These reports reveal
new perspectives for this material class.”%1%3%33,41,47,60-63
The origin of ferroelectric properties in MOPs has been
rationalised by the combination of three critical factors, namely
A-site polarity, preferred orientation (along (111) directions),
and ferroelastic strain coupling, driving the ferroelectric
transition.>® Theoretical studies have also rationalised the
absence of such polarisation in other halide perovskites, pro-
viding a set of design rules for perovskite ferroelectrics.’®
Initially, the use of polar A-site cations was considered critical
since replacing M-DABCO (C;, symmetry) with DABCO (Djp
point symmetry) led to the loss of the polar ground states for
the ferroelectric transition.® This follows the “quasispherical
theory,” where the local polarisation arising from the asym-
metric substitution of spherical A cations can be associated
with the ferroelectric response. However, this was insufficient
to describe other perovskites with polar A site cations (such as
(CH3;NH;)Pbl;), which are not polar.’ To generate bulk polar-
isation, additional factors are required to couple the dipole
orientations, such as the alignment along the (111) direction
body diagonal of the perovskite cage that allows for hydrogen
bonding between the A cations and halide anions around the
common B cation, directing [BX;]>~ distortion (Fig. 4a).” This
hydrogen bonding to the three anions makes them less avail-
able for other interactions, constraining the A cation orienta-
tion for long-range ferroelectric order, amplifying an effective
dipole moment. Finally, the pairing of the through-space dipole
interactions and strain coupling distortion—reflected in the
tendency for the strains in the neighbouring cells to align---st-
abilises the polar ground state (R3 symmetry).? None of these
interactions (i.e., hydrogen bonding, dipolar interactions, and
strain coupling) account for inversion-symmetry breaking indi-
vidually (Fig. 4b). Instead, their combination enables polar
ground states for ferroelectric transitions (Fig. 4c—e).? This sets
the basis for more general material design rules beyond the
DABCO perovskite family,>* which should involve A site dipoles
that orient preferentially along the (111) direction and feature
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Fig. 4 Ferroelectric properties of MOPs. (a) Microscopic driving forces for
the ferroelectric order: the tendency for each iodide (purple spheres) to
hydrogen bonds with a single N—H proton (orange sphere; left), dipolar
interactions (middle), and strain coupling (right). (b) Representative ground
states for interactions in (a). Arrows denote the orientations of M-DABCO
Cs, axes (ie., N-H bond vectors) and are coloured accordingly:
(i) hydrogen-bonding interactions give a correlated-disordered ground
state (Pm3m symmetry); (i) dipolar interactions drive an ordered state
(123 symmetry); (iii) strain coupling gives a partially ordered (nematic) state
(the average structure of R3 symmetry). None of these states is polar. (c) A
ferroelectric R3 phase with the corresponding DFT structure (right). The
model satisfies the “hydrogen-bonding rule” that each iodide anion is
strongly bonded to one M-DABCO. (d) Temperature dependence of the
bulk polarisation using the Monte Carlo simulation. The traces correspond
to the simulations in which local orientations are confined to (111) (black),
(110) (blue), and (100) axes. The corresponding ground states are repre-
sented schematically; only (111) is polar. (€) Symmetry-breaking implica-
tions of the microscopic orientation-coupling mechanisms in MOPs. For
perovskites with polar B-site cations aligned preferentially along (111) axes,
the combinations of strain-coupling (pink) and dipole—dipole (green)
interactions (black) are sufficient to stabilise the polar R3 ground state
observed experimentally. Adapted from ref. 3 under CC-BY 3.0 licence.
Copyright 2021 Royal Society of Chemistry.

ferroelastic strain coupling. Other mechanisms may emerge to
describe the ferroelectric response and guide applications.

Other properties and prospective applications

MOPs have already shown promise in various applications in
the last few years, including sensing, X-ray detection, imaging,
and field-effect transistors,'>*®*>68 revealing new perspectives.

The structural flexibility and broad bandgap combined with
stimuli-responsive and ferroelectric characteristics of MOPs
open unique perspectives for sensing and detection applica-
tions. For instance, (H-DABCO)NH,Br; crystals and their deri-
vatives displayed great potential for X-ray detection due to their
high ur values, which indicate high sensitivity and low noise in
detectors, aided by their low UV absorption coefficient. More-
over, compared to other lightweight sensors, like conjugated
organic crystals, these MOPs offer higher X-ray attenuation and
low operating voltage, making them ideal candidates for light-
weight, high-energy radiation sensors and imaging.'>*>4¢>8
They are also emerging as promising candidates for future
field-effect transistors, thanks to their remarkable carrier diffu-
sion lengths, low toxicity, and stability in air. Additionally, the
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Fig. 5 Illustration showcasing the properties and prospective applications
of MOPs. Relevant properties include piezoelectricity under mechanical
stress, UV and X-ray absorption, robustness and flexibility, and ferroelectric
behaviour. Applications range from wearable X-ray dosimeters and med-
ical devices to advanced sensors and memory devices, highlighting the
versatile potential of MOPs in various technological fields.

ease of growing single crystals to sizes of several centimetres
hints at the potential for the production of large-scale inte-
grated devices. Instead, the very large bandgap restricts their
potential applications in photovoltaics, although their ferro-
electric characteristics could improve photovoltaic perfor-
mances through a bulk photoelectric effect.*® However, their
flexibility and light weight offer significant potential in flexible
display applications. The main challenges and limitations lie in
their need for further development in terms of compositional
diversity and compatible processing conditions, while consid-
ering their hygroscopic character. Achieving desirable proper-
ties, such as colour tunability, broadband emission, and high
PL quantum efficiencies with enhanced stability, remains cru-
cial. These advancements are necessary for MOPs to become
competitive in light, flexible, and wearable technologies (Fig. 5).

Summary and outlook

MOPs have emerged recently, offering environmentally friendly
alternatives to conventional perovskite materials, which often
contain toxic metal components. These materials exhibit pro-
mising ferroelectric properties and efficient charge transport,
as well as mechanical strength, yet their development faces
challenges, particularly related to their synthesis, stability, and
integration into practical applications.

The synthesis approaches—ranging from solution-based
single-crystal growth to mechanosynthesis—offer a balance
between understanding intrinsic properties and scaling pro-
duction for technological use. Single crystals remain essential
for fundamental studies, providing insights into intrinsic
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optoelectronic, mechanical, and ferroelectric properties. How-
ever, the broader applicability of these materials lies in devel-
oping techniques that allow scalable production of high-quality
polycrystalline powders and thin films, which can also facilitate
further exploration of their optoelectronic properties. Mechan-
osynthesis has emerged as a particularly promising technique
for producing perovskite materials on a larger scale, especially
for compositions that present challenges in solution-based
synthesis. It also allows for precise control over stoichiometry
and particle sizes, as critical factors in optimising the material
properties for specific device applications, such as thin-film
transistors, photovoltaics, and light-emitting diodes. This level
of control could contribute to improved material characteristics
and device performance, which are crucial for large-scale
integration and deployment. It would also permit expanding
the material scope, such as toward low-dimensional®® and
electronically active materials,'® as well as chiral perovskite
analogues, among others. The method should offer more
insights into structure-property relationships, enhance sus-
tainability, and provide the potential to meet scalability, mak-
ing it an attractive avenue for development.

The potential applications for MOPs are diverse despite the
challenges posed by their synthetic accessibility. Their PL
under UV excitation suggests that they could be well-suited
for UV optoelectronics, including UV photodetectors, UV-
emitting devices, and lasers. Additionally, their high bandgap
makes them attractive candidates for use in transparent elec-
tronics, where minimal light absorption is required, as well as
in protective coatings for devices exposed to high-energy radia-
tion environments. Finally, the ferroelectric properties of these
materials create opportunities for memory elements, whilst
their strong ferroelectric behaviour at high temperatures and
under environmentally benign conditions enhances their
appeal for next-generation energy technologies. As research
progresses in tuning the bandgap and improving charge trans-
port properties, these materials may also find a broader use in
flexible electronics and other emerging fields.

One of the primary challenges for applications of MOPs in
LEDs and photovoltaics is their high energy bandgap. This
limits their suitability for conventional optoelectronics, which
require lower bandgaps (typically 1-2.5 eV) to efficiently absorb
or emit light in the visible and near-infrared regions. If the
bandgap can be tuned within the solar spectrum (e.g., by
substituting Br with I and possibly replacing the ammonium
cation with other™”), and the absorption coefficient is
enhanced, these materials could offer a broader scope of
applications."® Another obstacle in developing these materials
is the limited availability of precursor materials, particularly A**
cations, and their sensitivity to moisture and light.*® Designing,
synthesising, and functionalising these cations to tailor their
properties requires extensive molecular engineering and com-
putational screening, complemented with organic and material
synthesis and characterisation, to ensure that they can achieve
the desired bandgap and integrate effectively into the perovs-
kite frameworks. Moreover, judicious molecular design can
enhance their stability, while the use of mechanosynthesis

This journal is © The Royal Society of Chemistry 2025
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and fabrication of thin films can expand their scope and
scalability. Although this is a resource-intensive process,
advancements in molecular design and synthesis, complemen-
ted with theoretical investigations, could help unlock new
compositions and bring MOPs in a broader range of future
applications.
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