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CHAPTER 1

Introduction

1.1 General Overview

In recent years, hybrid organic-inorganic perovskites (HOIPs) have emerged as
promising materials for solar cells, light-emitting diodes, photodetectors, and devices
for optoelectronics and energy harvesting -6, thanks to the outstanding quantum
yields and easy emission tunability. Further expansion of these applications may be
achieved through chirality, i.e., the property of an object not being superimposable to
its mirror image.” In this context, HOIPs can be imparted with chiroptical properties
by the employment of chiral organic cations, generating compounds that combine the
advantages of both the chiral molecules and the halide perovskites. Indeed, while the
asymmetric ligand induces nonlinear optical (NLO) properties in the final materials,
the HOIPs skeleton shifts the asymmetric absorption and emission maxima in the
UV-Vis-IR region, through a mechanism known as Chirality Transfer Mechanism,
which is currently being investigated.® Although a pioneering work on chiral
perovskites was carried out in 2003 °, characterizing the crystal structure of a 1D
HOIP, the first 2D HOIP appeared in 2006.'° The chiroptical properties of these
materials started being deeply investigated only in 2017'", with the first
characterization of the dichroic behaviour of various HOIPs through circular dichroism
(CD).

Immediately after, the field started growing significantly, as the chemical and
structural tuning of HOIPs offered a unique playground for developing novel and more
efficient materials featuring higher spin selectivity, superior circular dichroism,
improved stability, and so on. Although the field is still at an early stage, it is clear that
a number of functional properties, such as CD, Rashba-Dresselhaus (RD) spin
splitting'?, conductivity, ferroelectricity or piezoelectricity, strictly depends on the
chemical nature, stoichiometry, network dimensionality (OD, 1D, or 2D), hydrogen
bonding, and other structural parameters, such as the octahedral distortions.'?
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1.2 Perovskites

Originally, the concept of perovskite was introduced for the CaTiOs mineral in 1839
by Gustav Rose and its name was subsequently derived from the Russian
mineralogist Count Lev Alekseyevich von Perovski. Later, the perovskite term was
extended to all the families of materials with the same formula ABXs. In general,
perovskite minerals are found in nature as oxides, mainly silicates, but they can also
occur as fluorides, chlorides, hydroxides, arsenides, and intermetallic compounds. '3
After a century since the first identification of natural oxide perovskite, a class of
artificial inorganic metal trihalide perovskite with general stoichiometry ABXs (X = Cl,
Br, 1) was reported in literature, synthetized through a simple reaction between two
salts.’ The importance of these materials became rather relevant along with the
discovery of intriguing electronic properties, as well as of interesting ferro- and
antiferromagnetic, ferroelectric and piezoelectric characteristics. The turning point
occurred when the introduction of hybrid organic-inorganic systems revealed several
advantages in terms of exciton binding energy, lifetimes, and electronic tunability of

these novel compounds.'#
1.2.1 Crystal Structure

The ideal perovskite crystal lattice can be described by a primitive cubic structure with
Pm3m space group, presenting the general formula ABXs, where B is a metallic
cation, X is oxygen or a halogen, (Br, Cl,or |) and A is a voluminous cation which can
be metallic (totally inorganic perovskite) or an organic cation (hybrid organic-inorganic
perovskite). This structure can be visualized as a three-dimensional network of BXe

octahedra sharing all the corners, while A cations are located among them '® (Figure

1).

Figure 1: Schematic representation of ABX3 perovskite structure®
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1.2.2 Dimensionalities

Metal halide perovskites (MHPs), characterized by the presence of an halong as X
exhibit a variety of crystal structures depending on how the B-site cation coordination
octahedra [BXe] connect with each other. These different connectivities lead to four
distinct dimensionalities of perovskite structures (Figure 2), which are three-
dimensional (3D), two-dimensional (2D), one-dimensional (1D), and zero-
dimensional (0D). Each of these configurations are characterized by unique

properties. 16

Figure 2: General representation of crystal structure of a a) 3D, b) 2D, c¢) 1D, d) OD perovskites ®

The classic 3D perovskites have the general formula ABXs and consist of corner-
sharing [BXe]* octahedra forming a continuous three-dimensional network. In this
structure, the A* cations occupy the voids formed by four connected octahedra. A
variation of this is the double perovskite, where the B site is replaced by one

monovalent and one trivalent cation, resulting in the formula A2B*B3*Xae.

Two-dimensional perovskites (2D), often referred to as layered perovskites, are
composed of alternating layers of corner-sharing [BXe]* octahedra and A* cation

layers. Their stoichiometries include also AB2Xs and AsM2Xg, the latter is
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characterized by [M2Xg¢]* isolated cluster made of two face-sharing octahedra with A*

cations as bridge between the cluster.

In one-dimensional perovskites (1D), BXs octahedra connect by sharing two opposite

corners, forming isolated infinite chains with a general stoichiometry of A3BXs .17

Zero-dimensional perovskites (0D) are featured by an A4sBXs stoichiometry, which is
characterized by completely isolated [BXe]* octahedra that do not share corners or
edges. However, examples include also stoichiometries as A2BXs, where the unit cell

contains four decoupled octahedra surrounded by A* cations in the interstitial.

The original perovskite structure is quite simple, however due to the several
possibilities of including elements with different ionic radius, the structure can be
subjected to slight distortion of the unit cell. In 1920s Goldschmidt introduced an
experimental factor, called “tolerance factor” (t), which allows to predict the stability

of the perovskite structure.

For the ABX3 perovskite the t factor is defined as:

L= Boprro

(eq. 1)

where ra, rs, and rx represent the ionic radii of the A cation, B cation, and anion X,
respectively. This value helps to understand which ions size the structure can tolerate
without giving a phase transition and the accepted value of t varies from 0.76 to 1.13,
when the values is 1 corresponds to a perfectly packed cubic structure. Higher or
lower numbers of t lead to a deviation from the idealist. The distortions from the ideal
cubic structure can derive from several parameters, as different size of cations and
anions or the displacement of the B cation in the octahedra. The occurrence of these
phenomena leads to the formation of various perovskite and non-perovskite
structures. Specifically, distorted structures caused by the tilting of octahedra are
formed when the tolerance factor ranges between 0.7 and 0.9, resulting in
orthorhombic and rhombohedral variants. In contrast, tolerance factors outside this
range produce non-perovskite structures, such as hexagonal forms when t > 1, or

corundum/ilmenite-type structures when t < 0.7.

An additional subsequent parameter is the “octahedral factor” (u), which describes
the stability of the [BXs] octahdera.



U= — (eq. 2)

Where r, and rx are the radii of the B cation and the X anion. This value ranges from
0.44 to 0.89. These two factors are used to predict the stability of low-dimensional
perovskites as well. Specifically, the tolerance factor (f) threshold can be relaxed
when the compound is expected to form a 2D structure instead of a 3D one. '® This
effect is likely due to the strain caused by larger A-cations being relieved by the
separation of flexible organic layers. Spacer cations serve as buffers, reducing the

compression experienced by the inorganic layers. 1°

1.3 Hybrid Organic-Inorganic Perovskites

In the landscape of 2D materials, it is possible to focus the attention into a specific
class, known as “Hybrid Organic-Inorganic Perovskites” (HOIPs). The structure of the
HOIPs can be described starting from a simple yet fundamental modification of the
fully inorganic perovskite structure. In HOIPs, the inorganic A-site cation is replaced
by an organic molecule of varying size and characteristics, while still preserving the
stability condition of the perovskite, indicated by a Goldschmidt tolerance factor value
close to 1. This approach allows the combination of the typical properties of both
inorganic and organic components within a single material. Generally, high electronic
mobility, a wide range of band gaps, and interesting dielectric and magnetic
properties can be combined with the large polarizability and unique mechanical
characteristics of the organic part. Moreover, the possibility of specifically designing
organic ligands ensures a high degree of control and tunability over the resulting

properties.

A particularly important class of hybrid perovskites for optoelectronic applications,
known as hybrid metal halide perovskites (HMHs), feature a halogen as the anion
and a group 14 metal (Ge, Sn, Pb) at the B-site. The importance of a halogen as X

site lies in the possibility of tuning the optoelectronic properties. 2°

The presence of an organic molecule, which is generally characterized by a smaller
symmetry than the inorganic cation it replaces, inevitably affects the distortion of the

inorganic framework. Additionally, the symmetry of the structure is influenced by the



coordinated organic molecule within the BX4 octahedra (where B = Ge, Sn, Pb; X =
Cl, Br, ). The octahedral lattice is influenced both by the orientational order of the
organic molecules and the inorganic framework. As a result, each phase in these
perovskites is characterized by a specific system of octahedral tilting and the

orientational order of the organic component.

Two-dimensional layered hybrid perovskites are made up of alternating inorganic BXs
octahedral sheets and double layers of organic cations. The regularity of the inorganic
octahedra depends not only on the metal cation occupying the B site but also on the
nature of the organic spacer molecules, including their chain length, functionalization,
and potential aromatic conjugation. The phase transition temperature in these
materials often correlates with the length of the organic chain spacers, as strong
hydrogen bonding forms between the groups of the organic cations and the halide
ions at the octahedral vertices. This interaction influences the distortion of the
inorganic framework, demonstrating the tightly concerted relationship between the
organic and inorganic layers. Consequently, the mechanical and electronic properties
of these composite materials can be finely tuned by altering either the bonding

strength within the inorganic layer or the characteristics of the organic ligands. 2

Most applications of hybrid perovskites, such as materials for solar cells, LEDs, or
photodetectors, involve interaction with electromagnetic radiation, which depends on
the characteristics of the perovskite’s electronic structure. Therefore, it is essential to
understand what determines this structure to rationally design the material and tailor

its properties according to the intended application.

The primary property to interpret is the semiconducting nature of hybrid perovskites,
which depends on the value of the band gap. Specifically, this corresponds to the
energy difference between the conduction band minimum (CBM) and the valence
band maximum (VBM); the projected density of states (PDOS) diagrams for various
hybrid show that, despite the differences among the systems, the energy levels
closest to the valence band maximum (VBM) and conduction band minimum (CBM)
are predominantly composed of orbitals from the metal and halogen atoms. Indeed,
some studies reveals that the limits of the bands are determined by the octahedra’ s
connection, while the orbitals of the organic molecules are too low in the VB or too
high in the CB. Moreover, the layered structure of these materials plays an important
role in the electronic structure. Indeed, the alternating layers exhibiting a strong
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electronic and dielectric mismatch result in a very distinctive electronic structure,
where insulating organic layers act as potential barriers, and inorganic layers enable
the promotion of electrons to conduction energy states, thereby imparting
semiconducting properties to layered perovskites as well. This separation causes
charge carriers (holes or electrons) to experience strong quantum confinement within
a very thin layer and the repeated organic barrier/inorganic well structure leads to the

formation of a characteristic quantum well system. 22

The second factor influencing the electronic structure of HOIPs, in particular as 2D
and quasi-2D perovskites, is anything that can cause distortion of the inorganic layer.
As previously mentioned, the electronic properties depend on the connectivity
characteristics of the B—X bonds; however, interactions at the organic—inorganic
interface can lead to octahedral distortions and, consequently, indirectly modulate
these electronic properties. From this perspective, it becomes clear why, although
the energy levels defining the valence and conduction bands, and thus the band gap
(Eg) arise from linear combinations of orbitals of the inorganic atoms, changes in both

the dimensionality and the organic component are crucial for band gap control. 23-26

While the ability to tune the band gap by varying the organic cation is rather limited
and mainly linked to the distortion it induces in the inorganic octahedra, the
optoelectronic properties of 2D perovskites are much more strongly dependent on
the nature of the organic spacer. These properties manifest in the material's
interaction with radiation and depend not only on the energy gap but also on the
distribution of the exciton energy levels. An exciton forms as a result of the
photoinduced promotion of an electron from the valence band to a higher energy
state, leaving behind an electron hole in the valence band. The stability of the exciton,
which tend to undergo electron-hole recombination, is determined by its binding
energy (Eb), which is the difference between the conduction band minimum and the

energy of the exciton’s 1s level.

Optoelectronic applications of perovskites are closely linked to the binding energy:
stable excitons tend to recombine easily and are ideal for LED applications, whereas
excitons with low Eb favor the promotion of photoelectrons to the conduction band,

making them more suitable for photovoltaic devices. 27



1.4 Chirality

By definition, chirality, from Greek “Chiro” meaning hand, is the property of an object
of not being superimposable to its specular counterpart (Figure 3). Practically, this
means that chiral materials must not contain Sn symmetry elements, such as mirror
planes or inversion centers, condition achieved only if they crystallize in one of the
65 Shohncke space groups. 28 From a functional perspective, chiral materials feature
an intriguing behavior upon irradiation with polarized light, preferentially interacting
with the left- or right-handed component. This property can be investigated by several
characterization methods, of which the most widely employed are the Circular
Dichroism (CD) and Circular Photoluminescence (CPL), related to the chirality in the
ground and excited states, respectively. Indeed, CD refers to the preferential
absorption of Left-handed circularly polarized light (LCP) and right-handed circularly

polarized light (RCP), while CPL is related to its preferential emission.

Figure 3: Representation of a chiral object

Chirality can be defined more rigorously by referring to the symmetry properties of an
object. There are two enantiomorphic symmetry operations, which are reflection with
respect to a plane and inversion with respect to a point and these two can change
the chirality of an object. If an object possesses at least one mirror plane or an
inversion center as symmetry elements, it is achiral. From a geometric perspective,
symmetry is defined as the invariance of an object under a given transformation. For
instance, if an object has a center of inversion, it means that every point of the object
can be swapped with its opposite relative to this center without altering the object
itself. Moreover, if an object has a plane of reflection, it means the object can be
divided into two mirror-image parts by that plane. Every point on one side of the plane



has a corresponding mirror point on the other side, at the same distance from the

plane. These two definitions are the opposite compared to the definition of “chirality”.
1.4.1 Polarization of the Electromagnetic radiation

Electromagnetic radiation is composed of electromagnetic waves, which consist of
the coordinated oscillation of an electric field and a magnetic field. These waves
propagate in a direction that is orthogonal to the direction of oscillation. A key
characteristic of an electromagnetic wave is its polarization. The electric field vector
(as well as the magnetic field vector) of the wave always oscillates in the same
direction. The plane defined by the direction of the electric field's oscillation and the
direction of wave propagation is known as the plane of polarization. Besides linear
polarization, electromagnetic radiation can also exhibit circular polarization, where
the electric field vector rotates around the direction of propagation. This form of
polarization carries a well-defined optical handedness, making it intrinsically chiral.
As a result, when circularly polarized light interacts with a chiral medium, it can give

rise to circular dichroism, which will be discussed in the following section. %8
1.4.2 Circular Dichroism (CD)

In chiral photonics, circularly polarized light, LCP (o*) or RCP (c¢7) (Figure 4) provides
a chiral optical excitation. When such light interacts with a chiral material, the two
polarizations couple differently to its electronic or excitonic transitions, leading to
differential absorption. This asymmetric interaction constitutes the basis of CD. For
instance, chiral materials preferentially absorb LCP or RCP light based on the
redistribution of helical electron clouds for a particular transition. This differentia
absorption of LCP and RCP lights is often referred to as the Cotton effect or CD

intensity (AA) which is defined as follows:
AA = A- — AR (eq. 3)

Where AL and AR are the absorbance of LCP and RCP lights. The CD spectrum
provides important information about the configuration of materials and properties of

electronic transition.



Figure 4: Left-handed circularly polarized light and right-handed circularly polarized light

It provides direct information about the electronic structure and stereochemistry of
molecules in their ground state and is therefore one of the most widely employed
spectroscopic tools for probing molecular chirality, conformational dynamics, and
supramolecular organization. In contrast to circularly polarized photoluminescence,
which probes the emissive excited state, CD focuses on the absorptive properties of
the ground-to-excited-state transition, making the two techniques highly
complementary.

The extent of circular dichroism is expressed by the absorption dissymmetry factor,
dabs, Which quantifies the normalized difference between the molar absorption

coefficients of left- and right-circularly polarized light. It is defined as

Gabs = = (e9.4)
where AA represent the difference of the molar absorption coefficients for left- and
right-circularly polarized light, respectively.
Experimentally, CD is typically measured using a spectropolarimeter, in which
polarized monochromatic light is modulated between left and right circular
polarization before being transmitted through the sample. The difference in
absorption is recorded as a function of wavelength, yielding a CD spectrum. Since
the CD signal is usually very weak compared to total absorption, careful optical
alignment, baseline correction, and control of sample scattering are critical to
obtaining reliable spectra.
On a theoretical level, CD arises from the interaction between electric dipole and
magnetic dipole transition moments. The sign and magnitude of a CD band depend
on the relative orientation and coupling of these transition moments, which are

strongly influenced by molecular geometry and conformation.
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1.4.3 Circular Polarized Photoluminescence (CPL)

CPL spectroscopy relies on the differential spontaneous emission of LCP or RCP
light from luminescent systems, upon relaxation from an excited electronic state. This
difference is defined by the expression given by Equation 5, which is similar Equation
3.

Al =11 — R (eq.5)

Where |- and IR are luminescence intensities of LCP and RCP lights, respectively. As
CPL and CD are based on opposite optical phenomena, which are emission and
absorption of light, the CD spectrum reflects the structural properties of the excited
state, whereas CPL provides information of ground states. 2° CPL provides direct
insight into the chiral nature of excited states and the associated electronic transitions

and is therefore considered a powerful probe in the study of molecular chirality.

The degree of circular polarization in luminescence is quantified by the luminescence
dissymmetry factor, gum, which expresses the relative difference between the

intensities of left- and right-circularly polarized emission. It is defined as:

Al
Jrum = (eq.6)
Even small dissymmetry factors can be technologically significant when combined
with high photoluminescence quantum yields, since the overall fraction of circularly

polarized photons can be enhanced at the device level.

Experimentally, CPL is measured using dedicated spectrofluorometers equipped with
optical components such as circular polarizers or photoelastic modulators, which
separate the left and right-handed components of the emitted light. Because the
signals are intrinsically weak, minimizing experimental artifacts is essential,
particularly those arising from birefringence, scattering, or instrumental asymmetry.
Proper calibration and background correction are therefore critical for obtaining

reliable spectra.

On a theoretical level, CPL originates from the interplay between electric dipole and
magnetic dipole transition moments. The relative orientation and magnitude of these

two contributions determine both the sign and amplitude of gum This dependence
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makes CPL highly sensitive to subtle conformational and electronic factors and
complements absorption-based chiroptical methods such as circular dichroism (CD).
Importantly, CPL probes the emissive excited state, whereas CD is restricted to
ground-state absorption; thus, comparison of the two techniques often reveals
dynamic information about structural relaxation, aggregation, or excited-state

reorganization that would otherwise remain inaccessible.3¢
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1.5 Chiral Perovskites

In the last decades the research interest towards hybrid organic inorganic perovskites
(HOIPs) has widely increased due to their promising applications in many fields, such
as photovoltaics, photodetection, optoelectronics, technologies based on light-
emitting diodes (LEDs), energy harvesting and photocatalysis. Indeed, these
materials do possess outstanding light absorption in the UV, visible and even infrared
spectral regions, as well as tunable emission with remarkable quantum vyields.” In
addition to these advantages, it is possible to employ chiral molecules as organic
cations imparting chirality to the perovskite itself, by virtue of a mechanism known as
chirality transfer, whose fundamentals are currently being examined. Therefore, chiral
HOIPs combine the above-described optical properties with the capability of
discriminating the polarized light, thus displaying superior circular dichroism (CD) or
circularly polarized luminescence (CPL) as well as an intrinsically generated spin

selectivity. 6

Despite the above listed promising characteristics, the field of chiral perovskites is
still at an early stage. Indeed, the first example appeared in 2003, when Billing and
Lemmerer reported the crystal structure of the 1D (S-MBA)PbBrs (MBA = a-
methylbenzylamine), followed in 2006 by the 2D (R/S-MBA)2Pbls However, their
chiroptical properties started being deeply investigated only in 2017 with the
groundbreaking work of Ahn and co-workers, pioneering a field which is in continuous
growth. Indeed, up to date, chiral HOIPs have been investigated for different
purposes spanning from the optical properties, the spin-related features such as the
Rashba-Dresselhaus (RD) spin-splitting or the chirality induced spin selectivity
(CISS), and the ferroelectric and piezoelectric properties. So far, the research on
chiral HOIPs has mainly centred on 2D and quasi-2D materials, employing a number
of different commercial chiral cations (Figure 5) and also tuning the halogen and,
more rarely, the metal center, to evaluate the impact on the functional properties. On
the contrary, investigations on 1D and 0D perovskite derivatives are scarce, and, in
addition, lead has been the most investigated metal center despite its well-known
toxicity, the latter highlighting the need for prompting the research field toward less

toxic and more sustainable metal cations.31-32
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Figure 5: Different chiral commercial cations 32

The general chemical formula for 3D HOIPs is ABXs, where A represents a
monovalent cation, B is a metallic bivalent cation, and X is a halogen anion. From a
structural point of view, as already explained in the previous chapters, 3D perovskites
display corner-shared [MXs] octahedrons, which since the optical and physical
properties can easily be tuned by changing n and chemical composition, theoretical
calculations revealed that the generation of stable compounds requires that the A
cation is small enough to fit within the inorganic framework cavities. Due to this
constraint, 3D chiral HOIPs remain in the theoretical development stage, as their
instability hinders their practical optoelectronic applicability. To overcome these
problems, 2D chiral HOIPs have been introduced and developed. Compared to the
3D counterparts, these can be regarded as a horizontal slicing of the 3D frameworks
with the incorporation of a bigger organic cation. 2D HOIPs exhibit the generic
chemical formula of (R-NH3)2An-1MXan+1, where n denotes the number of inorganic
layers between two layers of organic cations, and R-NHs represents the chiral ligand
inserted between two inorganic layers. At the state of the art, this family of chiral
HOIPs is the most widely investigated since the optical and physical properties can

easily be tuned by changing n and chemical composition.
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In contrast to 2D chiral HOIPs, studies on 1D and 0D HOIPs are scarce. 1D chiral
HOIPs, featuring the generic chemical formula of R-NH3MXs, can be created when
chiral organic cations and metallic cations are present in a 1:1 ratio. OD HOIPs,
instead, can be produced when the geometric sizes of 3D, 2D and 1D chiral HOIPs
shrink to a few nanometres. These low-dimensional structures are more correctly
defined as perovskite derivatives of perovskite-hybrid halides since, in general, they
do not feature any corner sharing network where n denotes the number of inorganic
layers between two layers of organic cations, and R-NHs represents the chiral ligand

inserted between two inorganic layers.

Despite the promise, this is a relatively young field and the fundamental challenge for
these materials remains how to effectively transfer molecular chirality into the
extended inorganic lattice to influence bulk physical behavior, a mechanism still under
intense study. Furthermore, toxicity concerns associated with lead-based systems
have prompted the exploration of lead-free analogues, focusing on elements like
bismuth, tin, and silver. These developments have paved the way for a broader
exploration of dimensionality-dependent phenomena, from molecular 0D, to extended

layered 2D architectures.3?
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1.5.1 0D Chiral Metal Halides

Zero-dimensional chiral metal halides (CMH) represent the molecular limit of
perovskite chemistry, typically comprising discrete [MX¢] octahedra surrounded by
organic cations. Unlike extended frameworks, these systems lack connectivity
through corner, edge, or face-sharing octahedra, and as such are better described
as perovskite-like derivatives. The absence of extended structure does not preclude
functional utility; in fact, 0D chiral MH have shown exceptional nonlinear optical (NLO)
responses, as the lack of inversion symmetry at the molecular level facilitates strong
SHG signals. In the state of the art are reported some 0D CMH which can help the
understanding of chirality transfer.

In 2021, Zhao et al. reported a lead-free 0D CMH system based on tin and the chiral
amine B-methylphenethylamine (MPEA), forming the compound (R/S-MPEA),SnBrs.
The materials crystallized in the chiral space group P2,, exhibiting pronounced CD
and SHG responses, these are key indicators of chirality transfer and symmetry
breaking at the molecular level. Their optical bandgap of 2.69 eV and high laser-
induced damage threshold (LDT) highlighted their potential for stable, high-intensity
optical applications.33

Only a year later, Rajput and co-workers extended this concept using bismuth to
synthesize (R/S-MBA),Bi,lio, again leveraging solution-phase crystallization to
obtain 0D systems with distinct chiral and racemic forms. Notably, the enantiopure
compounds displayed unique CD signals and photoluminescence behavior distinct
from the racemic analogue, supporting the conclusion that even in the absence of
long-range inorganic networks, chirality can strongly modulate optical properties.
The trend continued with Jiang et al., who compared OD and 1D chiral bismuth CMH
differing only in the alkyl chain length of the organic cation. Their analysis revealed
that the OD system (R/S-MBA),Bi,Br;, displayed lower CD intensity than its 1D
counterpart, underscoring the influence of dimensionality and the packing
arrangement of organic cations on the transfer and ampilification of chiroptical effects.
The latter example shows how the different dimensionality of these materials plays
and important role for the NLO. Indeed, the 1D system (R/S-MPA)2BiBrs shows higher
values of CD, mainly due to the connection between the anisotropic coefficient and

the magnetic dipole moment, related to the disposition of the octahedra.34-3%
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1.5.2 1D Chiral Metal Halides

Recent advances in the design of low-dimensional hybrid perovskites have
emphasized the delicate interplay between structural configuration and chiroptical
functionality. In 1D CMH, corner-sharing octahedra form linear chains separated by
bulky organic cations. These structures provide a useful compromise between
electronic coupling and structural flexibility. They also represent an intermediate in
which chirality can start influencing collective properties such as exciton transport,
spin dynamics, and ferroelectric polarization.

Li et al. (2021) synthesized the first reported lead-free 1D chiral double MH [(R/S-)-
B-MPA],AgBils. This compound featured alternating Agls and Bilg octahedra
arranged along a single axis, stabilized by B-methylphenethylammonium cations.
Beyond structural novelty, this system demonstrated both CD and CPL activity. The
measured CPL anisotropy factors confirmed direct chirality transfer, a non-trivial
result given the spatial separation between the chiral moieties and the emitting
inorganic core. This behavior speaks to the crucial role of the organic-inorganic
interface in mediating symmetry breaking.3¢

Jiang et al. also showed that 1D structures possess superior chiroptical responses
compared to their 0D analogues, likely due to improved directional alignment of the
chiral ligands and the inorganic motifs. The increased rigidity and anisotropy of 1D
chains seem to amplify the coupling between molecular chirality and inorganic optical
transitions. Moreover, the dimensional confinement of excitons in these chains
enhances spin-orbit interactions, further favoring chiroptical effects.

A particularly illuminating example is also provided by Liu et al., who synthesized
and compared two classes of one-dimensional chiral MH to investigate the role of
achiral species in modulating chiroptical properties. Their work is highly relevant to
this research as it provides insight into how supramolecular interactions, especially
those involving non-chiral components, can significantly influence chirality transfer
and optoelectronic behavior in low-dimensional systems.

The study involved the preparation of two structurally analogous MH systems:

A mono-cation system, (R/S-AMP),PbsBr,,, incorporating only a single type of chiral
cation (AMP = R/S-2-aminomethylpyrrolidine).

A mixed-cation system, R/S-AMP(DMA)PDbBrs, in which the chiral cation is co-

assembled with an achiral organic species, dimethylammonium (DMA).
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Both compounds were synthesized using a solution-phase method, with single-
crystal X-ray diffraction (SC-XRD) revealing that all four enantiomeric variants
crystallize in the chiral orthorhombic space group P2,2,2,. Notably, the mixed-cation
compounds exhibit reduced interchain spacing, suggesting stronger intermolecular
interactions between the chiral and achiral building blocks.

From a structural standpoint, this difference in interchain organization is crucial: the
inclusion of DMA leads to a greater degree of octahedral distortion in the inorganic
framework, quantified by a higher distortion index (D). This increased distortion has
a direct effect on the photophysical properties. Photoluminescence (PL) spectra
revealed two emission peaks for the mono-cation system, while the mixed-cation
system exhibited a broader emission. Despite this, the PL quantum yield (PLQY) was
found to be higher in the mono-cation system, consistent with the lower distortion of
its inorganic framework.

Chiroptical measurements further underscored the influence of structural modulation.
Circular dichroism spectra exhibited opposite signals for the two enantiomers in both
systems, confirming symmetry breaking. However, the CD intensity in the mixed-
cation perovskites was nearly double that of the mono-cation counterparts, indicating
an enhanced magnetic transition dipole moment. This enhancement is attributed to
the stronger hydrogen bonding network established by the incorporation of DMA,
which facilitates more efficient chirality transfer from the molecular to the extended
structure.

Additionally, circularly polarized luminescence (CPL) data demonstrated that the
anisotropy factor was significantly higher in the mixed-cation systems. This again
supports the conclusion that the supramolecular arrangement, in particular the nature
and strength of hydrogen bonding, plays a critical role in amplifying structural chirality
and its optical manifestations. 37

Overall, this case study exemplifies how even small changes in molecular
composition, such as the introduction of an achiral cation, can have substantial effects
on both the structural distortion and the chiroptical properties of 1D chiral MH.

18



1.5.3 2D and quasi 2D Chiral Perovskites

Two-dimensional chiral perovskites represent the most thoroughly explored class,
both structurally and functionally. Their architecture, composed by sheets of corner-
sharing octahedra interleaved with organic cations, permits effective integration of
bulky chiral molecules while retaining excellent quantum confinement and exciton
transport properties. Most importantly, 2D chiral perovskites are readily processable
into thin films, making them ideal candidates for device integration.

The seminal example, (R/S-MBA),Pbl,, was first structurally reported in 2006 and
later became the workhorse for chiroptical investigations. Ahn et al., instead in 2017
measured strong CD signals for thin films of (R/S-MBA),Pbl,, observing dissymmetry
factors gcd nearly one order of magnitude larger than prior chiral quantum dot
systems. These studies not only confirmed efficient chirality transfer but also revealed
structural chirality amplification, whereby supramolecular assembly reinforced chiral
signals beyond molecular contributions.

Quasi-2D systems have further expanded the design space, offering a tunable
dimensionality parameter "n" that governs the number of inorganic layers between
organic bilayers. These systems bridge the gap between 2D and 3D structures,
allowing tailored control over carrier confinement, exciton dissociation, and stability.
Recent reports show that varying n or introducing halogen substitutions can modulate
both optical and chiroptical properties. This has led to optimization strategies for CPL
and CD output via compositional tuning, defect passivation, and polymerized organic
layers.

The dimensionality reduction to two-dimensional systems, introduces new structure,
property relationships that are crucial to both fundamental understanding and
potential applications in photonics, spintronics, and quantum technologies.

To be more detailed in the case of 2D chiral perovskites, the inorganic layer usually
adopts the Ruddlesden—Popper (RP) or Dion—Jacobson (DJ) type framework, and
the chiral cations are typically placed between the perovskite layers, where they not
only act as structural spacers but also mediate chiral interactions. These organic
spacers can break the centrosymmetry of the crystal and thus induce chiroptical
activity. Notably, Zhang et al. in 2019 demonstrated that such materials exhibit
enhanced circular dichroism and circularly polarized luminescence owing to the

anisotropic and confined environment of the chiral organic inorganic interfaces 3
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Another significant example of structure property correlation is provided by Liu et al.,
who explored a family of 2D chiral halide perovskites and observed that the nature of
the organic spacer, especially its chirality and length, significantly influenced the
excitonic behavior, charge mobility, and spin polarization. These variations were
directly linked to the distortions induced in the inorganic framework and to the degree
of spatial confinement.38

In quasi-2D chiral perovskites, where, as explained before multiple perovskite layers
are stacked between the organic spacers, so there is a possibility of playing with n,
the degree of structural anisotropy can be finely tuned. Duan and Zhou proposed a
hierarchy of chirality that includes both the molecular chirality of organic cations and
the structural chirality arising from asymmetric distortions in the inorganic lattice. Their
work emphasized that quasi-2D architectures can better balance electronic
delocalization with chiroptical performance, providing materials with both high
photoluminescence quantum yields and robust chiral response .3°

Moreover, Ding et al. employed structure guided design to enhance Rashba spin-
splitting in 2D chiral perovskites, a property intimately connected to symmetry-
breaking at the atomic scale. They showed that specific organic inorganic pairings
could be used to amplify spin-dependent phenomena through cooperative orbital
alignment and lattice strain. 4°

Interestingly, the incorporation of achiral or mixed cations into 2D chiral perovskites
can lead to hybrid systems where supramolecular interactions such as hydrogen
bonding and steric hindrance govern the final symmetry and photophysical behavior.
Revanakar et al., emphasized that such systems challenge the traditional structure—
function paradigms by introducing emergent chiral responses in materials that do not
possess chirality in every constituent. 4

Overall, these examples underline the crucial importance of understanding how
molecular design and structural dimensionality affect electronic structure, exciton
behavior, and chiroptical properties. The fine tuning of chirality transfer from
molecular to macroscopic scales in 2D and quasi-2D systems reveals a versatile
platform for engineering new functionalities.

Future investigations into the role of layer thickness, interlayer spacing, and the
orientation of chiral cations are expected to offer further insights into tailoring material

behavior. As such, 2D and quasi-2D chiral perovskites not only expand the
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fundamental understanding of chirality in solid-state materials but also provide a

strategic blueprint for developing next-generation chiral optoelectronic devices.

1.5.4 3D Chiral Perovskites: Theoretical Aspirations

Unlike their low-dimensional analogues, 3D chiral perovskites remain largely
theoretical or structurally unstable. The challenge lies in incorporating bulky, chiral
organic cations into the perovskite lattice without disrupting the corner-sharing
octahedral framework. This difficulty is compounded by Goldschmidt tolerance factor
limitations, which restrict the size and shape of A-site cations compatible with stable
3D perovskite geometry.

Nevertheless, recent computational studies and synthetic strategies aim to overcome
these constraints via double perovskites, mixed-metal systems, or co-crystallization
approaches. These systems are of significant interest for fundamental studies of
chirality-induced spin splitting and ferroelectricity in extended 3D frameworks.
Although experimentally elusive, the realization of a stable 3D chiral perovskite could
open new horizons in nonlinear optics, topological materials, and spin-based

guantum devices.3?
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Aim of the Project

Despite the above listed promising characteristics, the field of chiral perovskites is
still at an early stage. So far, the research on chiral HOIPs has mainly centred on 2D
and quasi-2D materials, employing a number of different commercial chiral cations.
On the contrary, investigation on 1D and 0D perovskite derivatives are scarce,'® and,
in addition, lead has been the most investigated metal center despite its well-known
toxicity, the latter highlighting the need for prompting the research field toward less

toxic and more sustainable metal cations.

The aim of the Ph.D. work is to study and to investigate structure-property correlations
in these materials. Thanks to the systematic tuning of different parameters, it has
been possible to understand what the most impactful factors are for improving the
linear and the non-linear optical properties in chiral metal halids. During this research
four different systems have been studied and characterized, each of them provide a
structural detailed characterization as fundamental for the exploitation of the optical
properties. All the experimental parts have been also sustained by computational
modelling. One of the main goals was also the replacement of the lead, and its

toxicity.

23



References

(1)

)

(4)

()

(6)

(7)

(10)

Wu, 2.Y,; Jian, B.-L.; Hsu, H.-C. Photoluminescence Characterizations of Highly
Ambient-Air-Stable CH 3 NH 3 Pbl 3 /Pbl 2 Heterostructure. Opt. Mater. Express
2019, 9, 1882.

Liang, W.-Y,; Liu, F.; Lu, Y.-J.; Popovi¢, J.; Djurisi¢, A.; Ahn, H. High Optical
Nonlinearity in Low-Dimensional Halide Perovskite Polycrystalline Films. Opt.
Express 2020, 28, 24919.

Fu, Q.; Wang, X,; Liu, F.; Dong, Y,; Liu, Z.; Zheng, S.; Chaturvedi, A.; Zhou, J.; Hu,
P.; Zhu, Z.; et al. Ultrathin Ruddlesden—Popper Perovskite Heterojunction for
Sensitive Photodetection. Small 2019, 15, 1902890.

Ma, J.; Wang, H.; Li, D. Recent Progress of Chiral Perovskites: Materials, Synthesis,
and Properties. Adv. Mater. 2021, 33, 2008785.

Wu, X.; Trinh, M.T.; Niesner, D.; Zhu, H.; Norman, Z.; Owen, J.S.; Yaffe, O.; Kudisch,
B.J.; Zhu, X.-Y. Trap States in Lead lodide Perovskites. J. Am. Chem. Soc. 2015,
137, 2089-2096.

Li, J.; Wang, J.; Ma, J.; Shen, H.; Li, L.; Duan, X.; Li, D. Self-Trapped State Enabled
Filterless Narrowband Photodetections in 2D Layered Perovskite Single Crystals.
Nat Commun 2019, 10, 806.

Wang, Y.; Xu, J.; Wang, Y.; Chen, H. Emerging Chirality in Nanoscience. Chem. Soc.
Rev. 2013, 42, 2930-2962.

Ma, S.; Ahn, J.; Moon, J. Chiral Perovskites for Next-Generation Photonics: From
Chirality Transfer to Chiroptical Activity. Adv. Mater. 2021, 33, 2005760.

Billing, D.G.; Lemmerer, A. Bis[( S )-B-Phenethylammonium] Tribromoplumbate(ll).
Acta Crystallogr E Struct Rep Online 2003, 59.

Billing, D.G.; Lemmerer, A. Synthesis and Crystal Structures of Inorganic—Organic
Hybrids Incorporating an Aromatic Amine with a Chiral Functional Group.
CrystEngComm 2006, 8, 686—695.

24



(15)

(16)

(20)

(21)

(22)

Ahn, J.; Lee, E.; Tan, J.; Yang, W.; Kim, B.; Moon, J. A New Class of Chiral
Semiconductors: Chiral-Organic-Molecule-Incorporating Organic—Inorganic Hybrid
Perovskites. Mater. Horiz. 2017, 4, 851-856.

Schlipf, M.; Giustino, F. Dynamic Rashba-Dresselhaus Effect. Phys. Rev. Lett. 2021,
127, 237601.

Akkerman, Q.A.; Manna, L. What Defines a Halide Perovskite? ACS Energy Lett.
2020, 5, 604-610.

Manser, J.S.; Christians, J.A.; Kamat, P.V. Intriguing Optoelectronic Properties of
Metal Halide Perovskites. Chem. Rev. 2016, 116, 12956—-13008.

Bello, S., Urwick, A., Bastianini, F., Nedoma, A. J. & Dunbar, A. An introduction to
perovskites for solar cells and their characterisation., Energy Reports 8. 2022, 89-
106.

Shamsi, J.; Urban, A.S.; Imran, M.; De Trizio, L.; Manna, L. Metal Halide
Perovskite Nanocrystals: Synthesis, Post-Synthesis Modifications, and Their
Optical Properties. Chem. Rev. 2019, 119, 3296-3348

Sum, T.C.; Mathews, N. Advancements in Perovskite Solar Cells:Photophysics
behind the Photovoltaics. Energy Env. Sci 2014, 7, 2518-2534.

Liang, M.; Lin, W,; Lan, Z.; Meng, J.; Zhao, Q.; Zou, X.; Castelli, |.E.; Pullerits, T.;
Canton, S.E.; Zheng, K. Electronic Structure and Trap States of Two-Dimensional
Ruddlesden—Popper Perovskites with the Relaxed Goldschmidt Tolerance Factor.
ACS Appl. Electron. Mater. 2020, 2, 5, 1402-1412.

Fu, Y.; Hautzinger, M.P.; Luo, Z.; Wang, F.; Pan, D.; Aristov, M.M.;Guzei, |.A.; Pan,
A.; Zhu, X.; Jin, S. Incorporating Large A Cations into Lead lodide Perovskite
Cages: Relaxed Goldschmidt Tolerance Factor and Impact on Exciton—Phonon
Interaction. ACS Cent. Sci. 2019, 5, 8, 1377-1386.

Mgller, C. K. Crystal Structure and Photoconductivity of Caesium Plumbohalides.
Nature 1958, 182.

Stoumpos, C. C. et al. Ruddlesden-Popper Hybrid Lead lodide Perovskite 2D
Homologous Semiconductors. Chem. Mater.2016 ,28, 2852—-2867

Liang, M. et al. Electronic Structure and Trap States of Two-Dimensional
Ruddlesden- Popper Perovskites with the Relaxed Goldschmidt Tolerance Factor.
ACS Appl. Electron. Mater. 2, 2020, 1402—-1412.

25



(24)

(25)

(27)

(28)
(29)
(30)

(31)
(32)

(35)

Feng, J. & Xiao, B. Effective masses and electronic and optical properties of
nontoxic MASNnX3 (X = Cl, Br, and |) perovskite structures as solar cell absorber: A
theoretical study using HSEQ6. J. Phys. Chem. C 2014, 118, 19655-19660.

Qiu, D., Huang, F., Li, S. & Mi, Q. General trends for the effect of ionic substitution
on the band gap of MAPbX3. Solid State Commun. 2017, 264, 35-38.

Sun, P. P, Li, Q. S,, Yang, L. N. & Li, Z. S. Theoretical insights into a potential
lead-free hybrid perovskite: Substituting Pb2+ with Ge2+. Nanoscale 2016, 8,
1503-1512.

Pedesseau, L. et al. Electronic properties of 2D and 3D hybrid organic/inorganic
perovskites for optoelectronic and photovoltaic applications., Opt. Quantum
Electron. 46 2014, 1225-1232.

Chakraborty, R. & Nag, A. Dielectric confinement for designing compositions and
optoelectronic properties of 2D layered hybrid perovskites. Phys. Chem. Chem.
Phys. 2021, 23, 82— 93.

G. H. Fecher, J. Kubler and C. Felser, Materials, 2022, 15, 5812.

Winald R. Kitzmann, John Freudenthal, Antti-Pekka M. Reponen, Zachary A.
VanOrman, and Sascha Feldmann Adv. Mater. 2023, 2302279

Sunihl Ma, Jihoon Ahn, and Jooho Moon, Adv. Mater. 2021, 33, 2005760

D. G. Billing and A. Lemmerer, Acta Crystallogr E Struct Rep Online, 2003, 59.
Marco Moroni, Clarissa Coccia and Lorenzo Malavasi * Chiral 2D and quasi-2D
hybrid organic inorganic perovskites: from fundamentals to applications, Chem.
Commun., 2024, 60, 9310

Zhao, L.; Han, X.; Zheng, Y.; Yu, M.-H.; Xu, J. Tin-Based Chiral Perovskites with
Second-Order Nonlinear Optical Properties. Adv Photo Res 2021, 2, 2100056.

Rajput, P.K.; Poonia, A.K.; Mukherjee, S.; Sheikh, T.; Shrivastava, M.; Adarsh,
K.V.; Nag, A. Chiral Methylbenzylammonium Bismuth lodide with Zero-
Dimensional Perovskite Derivative Structure. J. Phys. Chem. C 2022, 126, 9889—
9897.

Jiang, S.; Zhao, P.; Xing, G.; Kang, H.; Li, X.; Zhao, T.; Li, B.; Zhang, T. Bismuth-
Based Chiral Perovskite with Different Dimensions for Second-Order Nonlinear
Optical Properties. Advanced Optical Materials 2023, 2203078.

26



(36)

(37)

(38)

(39)

(40)

(41)

Li, D.; Liu, X.; Wu, W.; Peng, Y.; Zhao, S.; Li, L.; Hong, M.; Luo, J. Chiral Lead-
Free Hybrid Perovskites for Self-Powered Circularly Polarized Light Detection.
Angew. Chem. Int. Ed. 2021, 60, 8415-8418.

Liu, H.-L.; Ru, H.-Y,; Sun, M.-E.; Wang, Z.-Y.; Zang, S.-Q. Mixed-Cation Chiral
Perovskites Displaying Warm-White Circularly Polarized Luminescence. Sci. China
Chem. 2023, 66, 1425-1434.

L. Zhang, S. Hu, M. Guo, Y. Ren, L. Wei, W. Li, F. Lin, Z. Yang, Z. Yang, C. Liu and
B. Liu, Advanced Materials, 2023, 35, 2302059.

T. Duan, Y. Zhou, Leveraging Hierarchical Chirality in Perovskite(-Inspired) Halides

for Transformative Device Applications, Adv. Energy Mater. 2023, 33

J. Yao, Z. Wang, Y. Huang, J. Xue, D. Zhang, J. Chen, X. Chen, S.-C. Dong and H.
Lu, J. Am. Chem. Soc., 2024, 146, 14157-14165.

S. Revanakar, S. Jena, H. Krishnaiah, S. Rondiya, Langmuir 2025, 41, 29, 18935-
18964.

27


https://advanced.onlinelibrary.wiley.com/authored-by/Duan/Tianwei
https://advanced.onlinelibrary.wiley.com/authored-by/Zhou/Yuanyuan

28



CHAPTER 2

Ligand-Induced Chirality in CI-MBA2Snl4 2D
Perovskites

Clarissa Coccia,® Marta Morana,® Arup Mahata,*>d Waldemar Kaiser,°l Marco Moroni, @l
Benedetta Albini,®! Pietro Galinetto,!® Giulia Folpini,[l Chiara Milanese,? Alessio Porta,
Edoardo Mosconi,) Annamaria Petrozza, Filippo De Angelis,>9" and Lorenzo Malavasi*[@

a Department of Chemistry, University of Pavia, Via Taramelli 12, Pavia 27100, Italy
b Department of Earth Science, University of Firenze, Via G. La Pira 4, Firenze 50121, Italy

¢ Computational Laboratory for Hybrid/Organic Photovoltaics (CLHYO), Istituto CNR di
Scienze e Tecnologie Chimiche ,Giulio Natta“ (CRN-SCITEC), Perugia 06123, Italy

d Department of Chemistry, Indian Institute of Technology Hyderabad, Knadi, Sangareddy,
Telangana 502285, India

¢ Department of Physics, University of Pavia, Via Bassi 6, Pavia 27100, Italy
fCenter for Nano Science and Technology, Istituto Italiano di Tecnologia, Milan 20133, Italy

9 Department of Chemistry, Biology and Biotechnology, University of Perugia and INSTM,
Perugia 06123, Italy

h SKKU Insitute of Energy Science and Technology (SIEST) Sungkyunkwan University,
Suwon, Korea 440-746

Corrisponding Authors
Lorenzo Malavasi, email: lorenzo.malavasi@unipv.it

29



ToC

30



Abstract

Chiral perovskites possess a huge applicative potential in several areas of optoelectronics
and spintronics. The development of novel lead-free perovskites with tunable properties is
a key topic of current research. Herein, we report a novel lead-free chiral perovskite, namely
(R/S-)CIMBA2Snl4 (CIMBA = 1-(4-chlorophenyl)ethanamine) and the corresponding racemic
system. The reported CIMBA2Snl4 samples exhibit a low band gap (2.12 eV) together with
broad emission extending in the red region of the spectrum (~1.7 eV). Chirality transfer from
the organic ligand induces chiroptical activity in the 465-530 nm range. Density function
theory calculations show a Rashba type band splitting for the chiral samples and no band
splitting for the racemic isomer. Self-trapped exciton formation is origin of the large Stokes
shift in the emission. Careful correlation with analogous lead and lead-free chiral perovskites
confirms the role of the symmetry-breaking distortions in the inorganic layers associated
with the ligands as the source of the observed chiroptical properties providing also

preliminary structure-property correlation in 2D chiral perovskites.
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1. Introduction

Chiral metal halide perovskites (MHPs) are emerging as one of the most appealing classes
of chiral materials due to their potential use for chiroptoelectronics, spintronics, and
ferroelectrics.['# One of the most common strategies used to induce chirality-dependent
properties in MHPs, such as circular dichroism (CD), circular polarized luminescence (CPL),
chiro-induced spin selectivity (CISS) effect and ferroelectricity, is based on the introduction
of a chiral ligand in low-dimensional MHPs. This approach, coupled with their rich structural
tunability, made the preparation of 2D, 1D, and 0D chiral MHPs possible. Some of these
effects could also be induced by breaking the centrosymmetry by bulky achiral ligands, but
the use of chiral pairs not only assures such symmetry break but also allows to better

scrutinize the impact of chirality on optoelectronic properties.

Most of the chiral perovskites reported so far are based on the few available chiral ligands
on the market such as methylbenzylammonium (MBA), B- methylphenethylammonium
(MPEA), 1-(naphthyl)ethylammonium (NEA), R-3- aminopiperidine (3APD), 3-
ammonioquinuclidinium (3AQ), and 2- octylamine (20A).5-"8 In terms of structural motifs,
2D chiral perovskites are those most commonly reported together with 1D systems, while
3D systems have been predicted but not yet realized.['6:1% This directly correlates to the fact
that a chiral center requires organic ligands that are too big to be accommodated into a 3D
lattice of interconnected octahedra but are easily inserted in layered systems. In terms of
metal ion , analogously to MHPs for photovoltaics, lead has been used to prepare the vast
majority of chiral perovskites, with copper being the second most common metal found in

currently available chiral perovskites and with just one Sn-containing system reported to
date [1:2.20-25]

In their three dimensional form, in-based perovskites have similar or superior electronic and
optical properties to lead-containing systems, such as higher charge carrier mobilities and
long-lived hot carriers.?8! In the field of chiral perovskites, except for the (R-/S-MBA)2Snl4
system (MBA= methylbenzylammonium), no other tin-based materials have been reported
so far. However, in view of potential future applications in chiral optoelectronic devices, the
use of tin could guarantee a reduced environmental impact and provide the degree of optical
properties tunability required. In addition, the design of novel chiral perovskites should be

based on solid structure-property correlations, which are the basis of the actual engineering
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of perovskites for optoelectronic applications. There are only few structure-property
correlations works on chiral perovskite, mainly as a consequence of the limited number of
phases with solved crystal structures reported, and few rational series of materials where,
for example, the impact of organic ligand, central atom, or halide has been progressively
and rationally changed to unveil the respective roles on the chiro-optical response. This is

even more dramatic when considering tin-based perovskites.

The performance of chiral perovskites is usually estimated by taking into account the
anisotropy factor, gcp, which is the CD normalized to absorption, and it is generally
recognized as a quantitative figure-of-merit of chiro-optical activity. In general, higher values
of the gcp correlates to higher levels of spin polarizations which are achieved in chiral
perovskites without applying an external field. It is imperative to widen the number of
available chiral perovskites, particularly lead-free systems, to design MHPs with enhanced
anisotropy factor and identify relevant compositional and structural parameters.

With this aim, we designed the CIMBA2Snls chiral perovskites (CIMBA = 1-(4-
chlorophenyl)ethanamine) and investigated its crystal structure by room temperature single-
crystal x-ray diffraction (SCXRD) together with optical spectroscopy and computational
modelling. With respect to the use of MBA cation, introducing Cl on the benzene ring in para
position with respect to the amine group may introduce further weak bond interactions with

the inorganic framework as it has been shown on lead-based similar systems.[?’]

2. Results and Discussion

Single crystals of the R/S- enantiomers and racemic (rac) form of CIMBA2Snl4 have been
prepared by solution chemistry (see Supporting Information, Sl) and the respective crystal
structures are solved by SCXRD. The crystallographic data and selected structural
parameters are reported in Table 1. Figure 1 reports a sketch of the respective structures

and the appearance of the red crystals of (R-CIMBA)2Snla.
The structural arrangement is typical of 2D perovskites with a slab of corner-sharing

octahedra separated by two molecules of the CIMBA ligand. The two chiral compositions,
i.e. (R-CIMBA)2Snls and (S-CIMBA)2Snl4, crystallize into the triclinic P1 chiral space group,
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while the racemic form in the centro-symmetric orthorhombic Pnma. CIMBA ligand
introduces a further reduction of symmetry compared to MBA, where the chiral (R-
MBA)2Snl4 and (S-MBA)2Snl4 crystallize in the orthorhombic P212121 space group.?d

Table 1. Crystal structure data for (R-CIMBA)2Snls, (S-CIMBA)2Snls, and (rac-CIMBA)2Snla.

(R-CIMBA),Snl;  (S-CIMBA);Snl;  (rac-CIMBA);Snls

Empirical formula C16H22N2Cl2l4Sn C16H22N2Cl2l4Sn C16H22N2Cl214Sn
Formula weight 939.54 939 54 939 54
Temperature 273.5K 273.5K 273.5K
Wavelength 0.71073 0.71073 0.71073
Crystal system Triclinic Triclinic Orthorhombic
Space group P1 P1 Pnma
Lattice parameters a=8.9234(6) A a=28.9085(15) A a==28.6242(5) A
b =9.0822(8) A b =9.0993(16) A b =9.2932(4) A
c=16.2963(13) A c=16.295(3) A c=32.1932(17) A
Volume 1306.33(18) A3 1306.3(4) A3 2580.2(2) A2
z 2 2 4

a) ) (rac-CIMBA),Snl,

) (R-CIMBA),sn, ¥ (S-CIMBA),Snl,

Figure 1. a) Appearance of the crystal of (R-CIMBA)2Snl4; sketch of the crystal structures of (rac-CIMBA)2Snl4
(b), (R-CIMBA)2Snl4 (c), and (S-CIMBA)2Snl4 (d).

The octahedra of (R-CIMBA)2Snl4 and (S-CIMBA)2Snl4 are distorted, presenting six different
bond lengths and an in-plane Sn-I-Sn angle significantly lower than the ideal value of 180°
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(around 155°). Such effects are closely related to the hydrogen bond formation and the
penetration of the protonated amine group.[2528.29]

The level of octahedral distortion has been quantified in terms of the octahedral quadratic
elongation (Aoct), and their bond angle variance (ooct?), as defined by Robison et al., as well
as by calculating the distortion index, D.3%3'l The respective values for these parameters
are reported in Table S1 of Sl for (R-CIMBA)2Snls, (S-CIMBA)2Snl4, and (rac-CIMBA)2Snla4.

While the quadratic elongation shows a slight difference among the three perovskites, the
racemic compound is characterized by a higher value of both the bond angle variance and
the distortion index. Together with the data for the actual perovskites, we added in Table
S1, Sl, the structural parameters for the other Sn-based chiral system known to date, as well
as for the Pb analogues (CIMBA)2Pbls and (MBA)2Pbl4, to identify possible correlations as
a function of central metal and organic ligand. The variation of quadratic elongation vs. bond
angle variance and of these two parameters as a function of NHs penetration is reported in
Figure S1, Sl. As a general trend, lead-containing systems show smaller values of quadratic
elongation and of the distortion index for the same organic cation, and slightly higher values
of the bond angle variance.

For comparison, the D value for (R-CIMBA)2Snl4 and (S-CIMBA)2Snls is about half of that
reported by Lu and co-workers for (R-MBA)2Snls and (S-MBA)2Snls, namely ~0.004 and
~0.008, respectively.l?®l On the other hand, by keeping the same central metal (Pb or Sn)
and moving from MBA to CIMBA, a general reduction of the distortion index and of the
quadratic elongation is observed. However, we realize that the number of chiral 2D
perovskites (with solved crystal structure) available and suitable to extract more solid
structural correlations is limited. Still, we may, with these preliminary results, suggest a

possible route to tune the distortion parameters.

Structural stability of the three 2D perovskites reported here has been determined by means
of differential scanning calorimetry (DSC). The respective DSC traces in the range -80-
140°C are reported in Figure S2, and do not show any peak indicating the presence of
structural phase transitions. Further stability test was related to the air stability of (R-
CIMBA)2Snls, (S-CIMBA)2Snls which, containing Sn(ll), may be susceptible of air-
degradation. For this purpose, the two perovskites were left in contact with laboratory air
(21°C, Relative Humidity 40%) for a varying time from 24 to 156 hours. Figures S3 reports

the diffraction patterns as a function of time. After 24 hours some extra peaks in the X-ray
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diffraction data start to appear and increase with time even though the main perovskite
phase remains present in the whole time interval. Such additional peaks are not related to

Snl4 but, possibly, to some unknown mixed oxidized phase.

The optical properties of (R-CIMBA)2Snls4, (S-CIMBA)2Snls4, and (rac-CIMBA)2Snls have
been determined by UV-Vis, micro-photoluminescence (uPL), CD and CPL spectra. Figure

2a-d shows the corresponding results.
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Figure 2. a) Absorbance; b) CD, and c) puPL of (R-CIMBA)2Snls, (S-CIMBA)2Snl4, and (rac-CIMBA)2Snls.
measured at room temperature. d) gcpL (left axis) and static PL (right axis) measured at 90 K.
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Absorption spectra show steep optical band edges around 600 nm with a slight red-shift for
(rac-CIMBA)2Snls4 compared to the two chiral perovskites. The corresponding optical band
gap values have been extracted from the Tauc plots for direct transition (Figure S4) and
correspond to about 2.12 eV for the two chiral perovskites and 2.08 for the racemic
compound. The band gap of the present samples is among the lowest band gap reported
so far for a 2D chiral perovskite, being that of lead-containing materials around 2.3-2.8 eV
and ~2.55 for the only other tin-based 2D chiral perovskite, namely (R/S-MBA)2Snls.[14.25]

The circular dichroism, carried out on thin films (Figure 2b) of (R/S-CIMBA)2Snls, presents
signal in the 400-550 nm spectral range, while (rac-CIMBA)2Snls4 does not show any CD.
The CD spectra of the two chiral materials have opposite peaks at the same wavelengths,
i.e. ~465 and ~520 nm, with the last one correlating very well with the linear absorption
shown in Figure 2a, interpreted as the Cotton effect, indicating that the chiroptical properties
arise from the Sn-I inorganic framework (the chiral group has CD signals around 250 nm,
see Figure S5).32331 From the CD data we calculated the asymmetry factor, gcp, which
resulted to be around 1x10 for both enantiomers, in line with the values usually found in
2D chiral perovskites. This value is close to the value we extracted from ref. 25 for (R/S-

MBA)2Snls4, where the asymmetry factor is not reported, and corresponding to about 3x10-
4

The PL spectra of the three 2D perovskites shown in Figure 2c presents a minor emission
tail close to the optical absorption edge and broad peaks (Full Width at Half Maximum,
FWHM, of about 200 nm) with a significant Stokes shift and emission centered around 720-
740 nm (1.72-1.67 eV). Such broad emission is not found in the corresponding Pb-
containing perovskites where, in addition, the Stokes shift is of only 15-20 nm.3 This
difference in the emission properties may be related to the degree of distortion of the
octahedra. As a matter of fact, by comparing Table S1, it can be seen that the distortion
index, as well as the bond-angle variance values of the present samples, is significantly
higher than the corresponding Pb-analogues.[?834-36] We remark that achieving chiral
perovskites with emission in the red part of the visible spectrum may be of interest for future
applications and the present samples are among the first examples of chiral lead-free 2D
perovskites possessing such characteristic.

The origin of the broadband emission observed in CIMBA2Snl4 is investigated by measuring

the fluence dependence of the integrated PL signal of R-, S- and racemic samples (Fig. S6).
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It indicates that the broadband emission can be fit with a power law I, = I Pk, with k =
0.8 for all samples. While free excitonic recombination is characterized by k =1, a value

of k <= 1 indicates contributions from trap-assisted recombination. However, considering
that the broadband emission completely overwhelms any excitonic contribution to the
material luminescence as well as the power dependence not too far from linearity, we expect
distortion of the crystal lattice to also play a role in the observed broadband emission,
resulting in significant contributions from STEs. In addition, as we recently demonstrated,
the presence of Stokes-shifted broad emission in the absence of a STE would require an
enormous defect density and, considering the relatively sharp absorption edges (cfr. Fig 2a),
halide vacancies alone may not cause the observed Stoke shift and broad emission.3”l This
is further supported by the significant increase in luminescence observed at cryogenic
temperatures (Fig. S7) particularly of the 800 nm spectral component compared to the
region closer the absorption edge. We have also characterized the PL lifetime of the
materials (Fig. S8), finding that the broadband emission for all samples extends up to tens
of nanoseconds, with a fast 55 ps decay component and a longer lived 500 ps decay.
Interestingly, at very early times for the racemic compound it is possible to observe a small
PL contribution from a free exciton, with a much faster lifetime of 6.5 ps: as the excitonic
emission quickly disappears, a small corresponding increase is observed in the broadband

emission (Fig. S8b), suggesting a transfer to a localized state over 10 ps.

From a computational point of view, we have attempted to find out the underlying reason for
the broad emission by investigating the energetics of the self-trapped excitons (STE)
emission pathway. For a ready comparison, we have studied our Sn-based (R-isomer)
system and the corresponding Pb counterpart, where such broad emission is found to be
absent.3* STE emission energy has been calculated, following the approach of our previous
studies, by considering the energy difference between the energies of the triplet and singlet
states (at the equilibrium geometry of triplet state) as schematically described by point 3 and
point 4, respectively in the Figure 3d.l37:38] We have found an excellent agreement of
emission energy of 1.70 eV compared to that of experiment, where the emission peak
appears around 720-740 nm (1.72-1.67 eV). Furthermore, as shown in Figure 3e, the Kohn-
Sham (KS) orbitals of the relaxed excited triplet state show the different spatial localization
of the electron and hole charge density along with substantial Sn-I bond length lengthening
(average 3.54 A) and shortening (average 3.06 A), thus indicating the formation of STE. On

the other hand, the Pb-counterpart shows a delocalized electron and hole charge density as
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shown in Figure S9 in Sl. Furthermore, the calculated triplet and singlet relaxation energies,
as depicted in Figure 3d, for the Sn-system are 277 and 565 meV, respectively, compared
to that of 88 and 56 meV for Pb-system. Therefore, the broad vs. sharp emission in Sn- and
Pb-systems can be assigned for localized (STE formation) and delocalized (band-to-band
transition) exited states, respectively. It is noteworthy to mention that halide vacancies may
also open emission channels, which may contribute to the broad emission. Nevertheless,
our high-level calculations provide a vis-a-vis comparison of the excited state behavior of

the Sn- and Pb-systems, reasonably explaining the experimental emission characteristic.

Finally, we characterized the chirality of the PL emission of crystalline samples, as shown in
Fig. 2d. In order to enhance the strength of the chiral luminescence response, these
measurements were conducted at cryogenic temperatures, i.e. 90K. The PL intensity is
strongly increased, particularly the broad component around 800 nm (Fig. S7). Comparing
the left hand and right hand circularly polarized component of the photoluminescence (Fig.
2d, right y-axis), we calculate the gcrL = 2(Igy — Iy)/Iry + 1.4, Obtaining a PL dichroism of
the order of 0.02 with opposite sign for the R- and S-CIMBA2Snl4, while the racemic material

show no sign of circular dichroism in its emission.

To gain insight into the electronic structure of the CIMBA2Snls compounds, Density
Functional Theory (DFT) calculations have been carried out for the R- and S- and racemic
configurations. As expected, the three enantiomers show very similar electronic properties
with the band gap of 2.50, 2.51 and 2.39 eV for the R- and S- and racemic configurations,
respectively, which is consistent with the experimental band gap trend showing a little lower
band gap for the racemic isomer compared to the chiral samples. Figure 3a shows the
projected densities of states (DOS) with the contributions of different atomic species for the
R-isomers (see Figure S10 in Sl for S- and Racemic isomers). As can be seen, the band
edges are dominated by | and Sn contributions, while the CI contributions lie far from the
band edges as also evidenced by the band edge wave functions (Figure S11). Further, we
have calculated the electronic band structure of the three systems, and the results (Figure
3b-c and Figure S12) show that all the structures have a direct band gap, which is consistent
with the experimental optical results.

To investigate the spin characteristics, we have calculated the spin splitting of the electronic

band structures for chiral and racemic isomers by calculating the Rashba spin—orbit splitting.
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Typically, a specific conformational characteristic of organic cations with chiral space group
can exert inorganic layer distortion in such a way that breaks the inversion symmetry of the
system, leading to Rashba spin—orbit splitting. Such spin splitting, in principle, should be
absent in racemic isomer due to presence of centro-symmetric space group in the structure.
As happens in typical Rashba spin—orbit splitting, both valence and conduction band split
away from the I point, leading to valence band maximum (VBM) and conduction band
minimum (CBM) which are shifted in k-space by Ak, with the band energy splitting (¢*).[3%-41]
The Rashba interaction parameter is defined as a=¢*/2Ak. The band structure of chiral (R-
isomer) and racemic isomers have been shown in Figure 3b-c, whereas the S-isomer has
been shown in Figure S12. As can be seen from Figure 3b-c, and Table 1, the frontier bands
(both VB and CB) show a Rashba type band splitting, with the highest spin splitting values
of 17.8 and 16.4 meV for the conduction and valence band, respectively for the R-isomer.
S-isomer also shows almost similar types of splitting values of 16.9 and 18.7 meV for the
frontier conduction and valence band, respectively. As expected, no band splitting has been
found for the racemic isomer. While looking at the Rashba parameter, the R- and S-isomer

show the maximum values of 1.06 and 1.03 eV A, respectively.
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Figure 3. (a) Projected density of states (HSE06-SOC level) of R-isomer. Band structure (PBE-SOC level) of
(b) R- and (c) Racemic isomers. Right panel of the (b) and (c) represents the zoomed figure considering the
four frontier bands. The VBM has been set to zero in both the band structure and DOS figures. The z- and y-
direction represent the stacking direction for the chiral and Racemic isomers, respectively. (d) Schematic
Jablonski diagram describing the formation mechanism of STEs and the red-shifted PL emission from the STE
to the ground state potential energy surface. (e) Kohn-Sham (KS) orbitals of the electron and hole in triplet
state.
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Table 2. Calculated spin splitting and Rashba parameter for the R- and S-isomers at the frontier valence and
conduction bands in various directions.

CBM VBM

Tr-X | T->Y | I-M r-m r-X | I'->Y r-m’ r-m

Splitting R 17.8 11.1 11.1 17.8 10.4 16.3 16.4 10.2
Energy (meV)

S 16.8 11.0 11.0 16.9 6.8 18.6 18.7 6.68

Rashba R 1.06 0.83 0.74 0.99 0.68 0.86 0.77 0.63
Parameter (a)

S 1.03 0.82 0.73 0.96 0.55 0.92 0.82 0.51

Computational results confirm the ability of the CIMBA chiral ligands to induce a band
splitting which correlates to the emergence of chiroptical properties. Based on the present
evidence, the origin of such an effect can be related to the symmetry-breaking distortions in
the inorganic layers associated with the ligands. For (R/S-CIMBA)2Snl4, this occurs at the
level of the average structure and not to possible local asymmetry within the inorganic
framework. Indeed, Mitzi and co-workers highlighted the role of structural descriptor in 2D
hybrid perovskites suggesting that spin-splitting could be related to a specific in-plane
component of the disparity in adjacent M-X-M bond angles, namely the distortion level of
the inter-octahedral bond angles (defined as (ABin).1*2 Such parameter scales linearly with

the effective a value (calculated from DFT) for a series of chiral and achiral 2D perovskites.

Interestingly, this correlation does not hold for the present chiral 2D perovskites where the
ABin parameter is even greater for the racemic sample (not presenting any spin-splitting). It
should be noted, however, that the model proposed in ref. 42 refers only to lead-based 2D
perovskites. The present results, being the first where the Rashba parameter has been
calculated for a Sn-containing 2D chiral perovskite, further point out the strong need to
further widen the number and type of chiral perovskites available. Many open questions still
hold, such as the role of spin-orbit coupling related to the nature of the metal ion, the role of
local and average inversion symmetry breaking on the emergence of Rashba splitting, the
influence of hydrogen bonding, etc. The present paper, while reporting novel chiral lead-free

perovskites with one of the lowest band gaps to date, has also highlighted the strong need
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for further materials chemistry efforts in order to provide solid and reliable structure-property

correlations in these appealing materials to pave the way for an effective materials design.

3. Conclusions

Herein we reported novel lead-free 2D chiral perovskites, namely (R/S-CIMBA)2Snls. The
crystal structure investigation confirmed the crystallization in non-centrosymmetric space
groups for the R- and S- enantiomers, opposite to the racemic compound. The presence of
chiral ligands effectively induces the emergence of chiroptical properties, as demonstrated
by the CD spectra. The optical properties determination by UV-vis spectroscopy and PL
shows a direct band gap of about 2.12 eV for the two chiral perovskites and 2.08 for the
racemic compound with a broad emission centered around 1.70 eV. DFT calculation
confirms Rashba band splitting, with the highest spin splitting values of 17.8 and 18.7 meV
for the R- and S-isomer, respectively, and without any splitting for the racemic composition,
thus confirming the structural distortion induced by chiral organic cations. Such structural
distortions eventually lead to the formation of STEs and concomitant red-shifted emission
highlighting the impact of local environment on the electronic properties.*3 Thanks to the
reported data on this new system, some preliminary attempts to correlate chiroptical
properties to structural distortions and the nature of the central metal are proposed. By
comparing the present chiral 2D perovskites with the analogue Pb-based compositions,
namely (R/S-CIMBA)2Pbls4, it can be seen that replacing lead with tin lead to a further
reduction of the crystal symmetry, to a variation of the octahedral distortion parameters, to
a reduction of the band gap from 2.55 eV (Pb) to 2.12 eV (Sn) and a strong variation from a

narrow emission to a broad emission centered in the red region of the visible spectrum.

Overall, this work reported a novel low band gap Sn-based 2D chiral perovskite which
allowed tuning the chiroptical properties through the inclusion of CI-MBA ligand and provided
novel clues to extend the actual comprehension of the structure-property correlations in

chiral perovskites.
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Table S1. Octahedral distortion parameters, bond angles, and asymmetry factor for selected chiral 2D

perovskites.

Compound

(R-CIMBA)2Snl4
(S-CIMBA)2Snls
(rac-CIMBA)2Snla
(R-MBA)2Snl4
(S-MBA)2Snls
(rac-MBA)2Snls
(R-CIMBA)2Pbl4
(S-CIMBA)2Pbl4
(rac-CIMBA)2Pbls
(R-MBA)2Pbl4
(S-MBA)2Pbls

(rac-MBA)2Pbls

1.012 1

1.010

1.008 -

Quadratic eleongation
o
o
[e)}
|

1.004

1.002

Distortion
Index (10-3)

41

42

51

79

79

76

14

15

10

22

22

14

Bond angle

variance (deg?)

10.2286

10.4871

14.4544

10.3754

10.3515

13.0348

11.2159

10.9071

12.8567

18.5367

18.9285

14.5563

(S-MBA),Snl,
W
(R-MBA),Snl,

(R-CIMBA),Snl,
H N

(S-CIMBA),Snl,

(R-CIMBA),Pbl,

(S-CIMBA),Pbl,

Quadratic
elongation

1.0062
1.0062
1.0081
1.0112
1.0113
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1.0035
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1.0061

1.0046

gco

1*10*

-1* 10

2.4*10*

3.1*10°%

-3.1*103

-1*10°

1*10°%

n(rac-MBA),Snl,

NHs
penetration
(A)
0.412
0.404
0.425
0.495
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0.442

0.477

n(rac-CIMBA),Snl,

(rac-MBA),Pbl,

(rac-CIMBA),Pbl,

10
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Bond angle variance
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154.11(1)

152.72(2)

155.40(1)
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Figure S1. Distortion parameters for selected 2D chiral perovskites.
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Figure S2. DSC traces from -80 to 140°C for (R-CIMBA)2Snls (black curve), (S-CIMBA)2Snls (red curve), and
(rac-CIMBA)2Snls (green curve).
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Figure S3. XRD data as a function of time for (a) (R-CIMBA)2Snls and (b) (S-CIMBA)2Snls after air exposure.
For both figures the calculated pattern is reported at the top of the plots. Asterisks mark the novel peaks
appeared.
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Figure S7: Temperature dependent photoluminescence spectra of R-, S- And racemic CIMBA2Snls. As the
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Figure S9. Kohn-Sham (KS) orbitals of the electron and hole in triplet state for CI-MBA2Pbl4

54



S-isomer Racemic-isomer

T T T T T T T

sn —— sn
| — | ——

cl —— o
N+C+H —— N+C+H ——

Energy [eV] Energy [eV]

Figure S10. Projected density of states (HSE06-SOC level) of S-isomer and Racemic isomer. In both the
figures the VBM has been set to zero.

Figure S11. Isodensity plots of the band edge wave functions for the R-isomer; (a) HOMO and (b) LUMO
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Experimental

Synthesis of (R-CIMBA)2Snls, (S-CIMBA)2Snls, and (rac-CIMBA)2Snls.

Single crystals of (R-CIMBA)2Snl4, (S-CIMBA)2Snls4 and (rac-CIMBA)2Snl4 were grown by
dissolving a proper amount of tin(ll) acetate powder in a large excess of 57% w/w aqueous
HI and 50% w/w aqueous H3POz2, heating the mixture to 90°C. After the solid dissolution,
the stoichiometric amount of the liquid amine R/S/rac-CIMBA was added. The crystals

formation was obtained by a slow cooling down to room temperature at 1°C h-'.

Thin films preparation. First, the glass substrates were washed using water, isopropanol and
acetone in a sonicator for 20 min each. Then, the perovskites (powders or crystals) were
dissolved in DMF:acetone (90:10) in order to obtain a final solution 0.08 M, and the thin films
were prepared on substrates by dip coating method. The films were annealed at 10°C for

10 min on a hot plate.

Single Crystal X-ray Diffraction. Single crystal X-ray diffraction data were collected (A =
0.71073 A) on a Bruker D8 Venture, equipped with Cu and Mo microfocus X-ray sources, a
PHOTON Il detector, and Bruker APEX3 program. The Bruker SAINT' software was
employed for integration and data reduction, and absorption correction was performed using
SADABS-2016/222. Crystal structures were solved and refined using SHELXT 2014/5 and
SHELXL 2018/334.

UV-Vis spectroscopy. DRS spectra were acquired in the wavelength range 300- 800 nm
directly on the powders by using a Jasco V-750 spectrophotometer, equipped with an

integrating sphere (Jasco ISV-922).

Circular Dichroism. CD spectra were acquired in the wavelength range 350- 800 nm on thin

films by using a Jasco J-1500 CD spectrophotometer.

Photoluminescence measurements: the PL of CIMBASNI4+ powders was measured under
excitation with a 405 nm CW laser (Oxxius Laser Boxx) in vacuum conditions, The PL was
measured using a visible spectrometer (Ocean Optics Maya2000). Fluence dependent
measurements were conducted at room temperature, varying the incident laser power in a
fluence range from 64 mW/cm? to 16 W/cm?. The temperature dependent measurements
were conducted in a Linkam cryostat stage in a temperature range between 90 K and 300

K, at afluence of 60 mW/cm2. The circular dichroism of the photoluminescence was
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measured at 90 K by selecting the left hand and right hand circular components of the
luminescence by ensuring that the pump radiation had a well-defined (vertical) polarization
using a Glen-Thomson polarizer and inserting a visible broadband quarter-wave plate and
linear polarizer in the PL collection line. The gcpL signal was then calculated by comparing
the PL emission of the RH and LH component of the PL, obtained by rotating the wave plate

by 900, as gCPL = Z(IRH - ILH)/IRH + ILH'

Time-resolved PL: the time resolved photoluminescence has been measured using a high
resolution (<3 ps) Hamamatsu streak camera in the temporal range below 2 ns, using a 400
nm pulsed laser (80 MHz, 800 mW/cm?, 2" harmonic of a Ti:Sapphire Coherent Chameleon
oscillator tuned at 800 nm) as excitation. For delay times longer than 2 ns we used a gated
iCCD (Andor iStar) with a 2 ns temporal resolution, using a 343 nm laser (3" Harmonic of

Light Conversion Pharos, Yb:KGW) at 1 kHz repetition rate at comparable excitation density.

Computational Details:

First-principles calculations based on density functional theory (DFT) were carried out as
implemented in the PWSCF Quantum-Espresso package.® Geometry optimization is
performed using GGA-PBES® level of theory and the electron-ion interactions were described
by the ultrasoft pseudo-potentials with electrons from CI 3s, 3p; | 5s, 5p; N, C 2s, 2p; H 1s;
Sn 5s, 5p, 4d shells explicitly included in calculations, using a cutoff on the wavefunctions
of 25 Ryd (200 Ryd on the charge density). Electronic structure calculations were performed
by a single point spin polarized hybrid calculations including SOC using the modified version
of the HSEOQ6 functional” including 43% Hartree-Fock exchange proposed in ref 51 with
scalar-relativistic norm-conserving pseudo potentials with electrons from Cl 3s, 3p; | 5s, 5p;
N, C 2s, 2p; H 1s; Sn 4s, 4p, 5s, 5p, 4d 4s shells explicitly included in the calculations, using
a cutoff on the wavefunctions of 40 Ryd (80 Ryd on the charge density). The experimental
cell parameters were used in all the cases. A k-point sampling® of 4x4x2 and 4x1x4 were
used for the geometry optimizations of chiral and Racemic isomers, respectively. For the
electronic structure calculations, a k-point sampling® of 2x2x2 and 2x1x2 were used for the
chiral and Racemic isomers, respectively. The z- and y-direction represent the stacking
direction for the chiral and Racemic isomers, respectively. Triplet state geometry
optimization have been performed using CP2K software package, using PBEO hybrid
exchange-correlation functional with 25% fraction of Fock exchange, including van der
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Waals interactions with the DFT-D3 scheme with Becke-Johnson damping.’%'3 Kohn-Sham
orbitals are expanded in a double-zeta basis set in combination with the Goedecker-Teter-
Hutter pseudopotentials, and a cutoff of 300 Ry for expansion of the electron density in plane
waves.'41% The auxiliary density matrix method with the cFIT auxiliary basis set was applied

to accelerate the optimization of ionic positions within hybrid functional calculations.'®
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Abstract

Chiral hybrid organic-inorganic metal halides are highly promising chiroptoelectronic
materials with potential applications in several fields such as circularly polarized
photodetectors, second-order nonlinear optics, and spin-selective devices. However, the
ability of manipulating the chiroptical response and the chirality transfer from the organic
ligands requires to shed light on structure-property correlations. Herein, we devised and
prepared two novel Ge-based chiral hybrid organic-inorganic metal halides showing a
different structural topology, namely a 1D and a 2D arrangement, but composed of the same
chemical building blocks: (R/S-CIMBA)sGels, and (R/S-CIMBA)2Gels. Through a combined
experimental and computational investigation on these samples, we discuss the impact of
structural dimensionality on chiroptical properties, chirality transfer, and spin-splitting effects,
also we highlight the impact of structural distortions. The approach presented here paves
the way for a solid understanding of the factors affecting the properties of chiral metal halides

thus allowing a future wise materials engineering.
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1. Introduction

Chiral hybrid organic-inorganic metal halides, including low-dimensional perovskites,
showing peculiar non-linear optical and spin-dependent properties, are triggering a
huge interest for their potential use in different applicative areas such as
chiroptoelectronics and spintronics.’3 In addition, their intrinsic non-centrosymmetric
structure may be exploited in ferroelectric and piezoelectric devices.# To date, the
number of chiral systems is growing very quickly and, among the different structures
reported, 2D chiral perovskites represent the vast majority. Indeed, one of the first
and still extensively explored compound is the R/S-MBA2Pbls layered perovskite
(MBA=methylbenzylammonium) reported by Billing in 2006 and deeply investigated
for its chiroptical response in 2017.58 Other early studies considered the analogous
2D systems with the para-halogenated (F, CI, Br, and |I) methylbenzylammonium
cation to unveil the role of hydrogen bonding and halogen-halogen interaction on
chiroptical properties such as circular dichroism (CD) and circularly polarized
luminescence (CPL).”® The structural family of chiral metal halides extends well
beyond 2D perovskites and includes several 0D and 1D systems, as well as 3D and
quasi-2D motifs, which have been prepared using the commercially available chiral
amines. It is expected that for low-dimensional metal halides, the chirality degree
would be higher due to the larger number of organic ligands per unit cell.® As a matter
of fact, the anisotropy factors determined from CD, i.e. gcp, tend to increase of about
one order of magnitude moving from 2D to lower dimensional 1D and 0D structures.
Such order of magnitude change in the gcp value with a change in dimensionality can
be attributed to the structural rigidity within the inorganic layer.’® For 1D and 0D
structures it is possible, for the inorganic units, to structurally follow the chirality
dictated by the chiral organic components more effectively than in the case of the
more rigid corner-shared 2D systems. A careful study on the effect of dimensionality
on the CD response has been performed by Zhang and co-workers.'" By combining
experimental and computational modelling the authors could unveil the role of the
organic cation and of the halide in a series of 1D systems, thus suggesting, for
example, that the presence of the iodide would lead to higher CD values compared
to bromide analogues due to smaller exciton binding energies.'” On the same line,
1D systems with smaller interchain distances between the chiral ligands should
provide higher CD values.'" It should be noted, however, that the correlations
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between dimensionality and chiroptical properties reported so far have been
proposed on chemically different systems, i.e. with different organic cations. Since it
has been shown that the chiral ligand induces a medium to large modulation of the
anisotropy factors, to date, a genuine structure-property correlation on dimensional
diverse chiral metal halides having the same organic cation, central metal, and halide
is still missing. This applies also to the understanding of the role of chirality transfer,
namely the symmetry-breaking effect induced by a chiral cation on the inorganic
framework, which is at the basis of the insurgence of the chiroptical properties.
Recently, attempts to quantify the degree of chirality of the organic cations have been
considered. One of them, the Electronic Chirality Measure (ECM), has received
special attention. ECM is a descriptor that measures the chirality of any (chiral)
molecular system and was proposed by Bellarosa and Zerbetto in 2003."2 In 2023, J.
J. Aucar et al. showed a novel, strong, and positive correlation between the energy
difference of the total electronic energies of two enantiomers and ECM, supporting a
subtle interplay between the parity-violating weak-forces acting within the nuclei of a
given molecule and its chirality.’® However, if the ECM of a given cation can be used
to determine the physical properties of a corresponding chiral metal-halides is still an

open question.

Based on these considerations, our aim was to prepare and characterize a novel
family of chiral metal halides having the same chemical nature in terms of organic
cation, central metal, and halide, and modulating their structural dimensionality
(represented by the dimensionality of the inorganic framework). For the design of
these novel compounds, we selected CIMBA (CIMBA=4-chloro-methylbenzylamine)
as the chiral ligand (in the R-/S- enantiopure isomers), germanium as central metal,
and iodide as halide. The choice of CIMBA was based on the availability of the
analogous Pb and Sn systems which could provide some insight into the role of
central atom on the chiroptical properties.”'* Germanium was selected to overcome
the concerns about the toxicity and environmental impact of lead which are prompting
scientists to explore alternative metals that can offer comparable or even superior
performance in any area where metal halides (specifically perovskites) are being
used.’>-'7 We believe that this point should be even more important for a recently
developing research field as the one of chiral metal halides. The substitution of lead

with alternative elements in hybrid metal halides structures presents an opportunity
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to develop environmentally friendly and sustainable materials while retaining or
enhancing their chiral properties.'® This not only addresses the concerns associated
with lead toxicity, but also opens up new avenues for exploring novel optoelectronic
phenomena and expanding the scope of intended devices. To date, the number of
lead-free chiral metal halides, including perovskites and double perovskites, where
lead (Pb) has been primarily replaced by tin (Sn), germanium (Ge), copper (Cu),
manganese (Mn), and bismuth (Bi), is very limited. To understand the fundamental
mechanisms of chirality transfer in these compounds, uncover the role of the central
metal atom, and develop new and advanced materials, it is essential to explore the
synthesis and characterization of novel lead-free chiral metal halides.419-31
Moreover, Ge, with respect to Sn and Pb, is known to modulate the distortion degree
of the inorganic octahedra which in turn has an impact on chirality- and spin-related
properties such as the Rashba splitting.3>-3% Finally, iodide halide was selected to
potentially extend the optical properties in the visible region of the spectrum and for
the expected higher asymmetry factor compared to bromide systems as suggested
in Ref. 11.1

Using these three “ingredients”, namely, CIMBA and Ge cations and iodide anion,
and by changing the experimental conditions, we were able to prepare the R/S chiral
pairs of two novel systems showing, respectively, a 1D and a 2D topology of the
inorganic sublattice, i.e. (CIMBA)sGels, and (CIMBA)2Gels. The samples were grown
as single crystals solving their structure and characterized by a combined
experimental and computational modelling approach allowing to access a direct
correlation between chiroptical properties and chirality transfer as a function of

structural dimensionality.
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2. Results and Discussion

Crystal Structure Determination
Light orange single crystals of (R-CIMBA)3Gels and (S-CIMBA)3Gels have been
grown as described in the electronic Supplementary Information (Sl) and subjected
to single-crystal X-ray diffraction (SCXRD). A sketch of the two structures is reported
in Figure 1(a)-(b) together with a picture of the (R-CIMBA)3Gels single crystals, while

Table 1 reports selected crystallographic data.

Table 1. Crystal structure data for(R/S-CIMBA)sGels and (rac/R/S-CIMBA)2Gel4

(R-CIMBA):Gels

(S-CIMBA):Gels

(R-CIMBA):Gels

(S-CIMBA):Gelq

(rac-CIMBA)2Gels

Formula weight 2353.98 2353.98 893.47 893.47 893.47
Temperature (K) 298 298 298 298 298
Wavelength (A) 0.7107 0.7107 0.7107 0.7107 0.7107
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P24 P24 Cc2 Cc2 P24
Lattice %arfmeters a = 18.7304(5) a=18.7271(6) a=33.7599(11) a=33.7679(9) a=28.621(10)
= b =8.8918(2) b = 8.8982(2) b =6.3359(2) b =6.3387(2) b =9.375(9)
¢ =23.0151(8) ¢ =23.0211(8) ¢ =12.5561(4) c=12.5611(4) ¢ =16.193(17)
B=105.998(3) B =105.967(3) B=99.886(3) B =99.897(3) B =96.40(4)
Lattice Volume (A3) 3684.64(19) 3688.2(2) 2645.86(15) 2648.62(14) 1301(2)
z 2 2 4 4 4
CCDC code 2283932 2283931 2311478 2311477 2311891
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Figure 1. (a) and (b) represent sketches of the crystal structures of (R-CIMBA)3:Gels and (S-CIMBA)sGels,
respectively; (c) detail of the zig-zag linear chain arrangement along the b-axis; (d) appearance of the single
crystals of (R-CIMBA)sGels. The hydrogen atoms in the unit cells are not shown for clarity. The organic
cations have been highlighted with dashed curve lines.

As can be seen from Table 1, the two chiral samples (R-CIMBA)3Gels and (S-
CIMBA)3Gels crystallize in the non-centrosymmetric P21 space group (n° 4), one of
the 65 Sohncke space groups, and form two enantiomeric structures. The crystal
structure is composed of Gels octahedra arranged in linear zig-zag chains running
along the b-axis (cfr. Fig 1c) with Ge-I-Ge bond angle in the range 155.93-157.70°,
leading to a one-dimensional (1D) germanium iodide. The octahedra are distorted
presenting six different Ge-l bond-lengths grouped in two sets of comparable lengths,
i.e., around 2.8 and 3.3 A. A full list of octahedra parameters is reported in Table S1
of the SI. To the best of our knowledge, the only other example of such structural
arrangement has been reported for the guanidinium lead iodide (C(NH2)3)3Pbls.36
Concerning chiral 1D systems, few of them have been recently reported by including
the R/S-2-aminomethylpyrrolidine (AMP) cation in lead bromide compositions (R/S-
AMP)2PbsBrio), and N-ethyl-quinuclidine (EQ) in a lead iodide perovskite
(EQPDbI3).3738 The only other chiral lead-free 1D metal halide, namely [(R/S)-B
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MPAJsAgBils (MPA= methylphenethylammonium), has been reported in 2021 by Liu
and co-workers.3® Another interesting feature of the present Ge-based chiral 1D
system is related to the octahedral distortion parameters which can be quantified in
terms of bond length distortion index (D) and bond angle variance (62).4%4' The larger
the value of D and o2, the larger becomes the octahedral distortion. The D parameter
for (R-CIMBA)3Gels and (S-CIMBA)sGels is in the range 0.071-0.075 with bond angle

variance in the range 12.59-15.70 deg?, respectively.

Moving to the 2D system prepared by using the same starting building blocks, the
crystal structure of (R-CIMBA)2Gels and (S-CIMBA)2Gels samples has been solved
as well, and the main crystallographic data are reported in Table 1. A sketch of the
crystal structure for both enantiomers is reported in Figure 2a-b together with a picture

of the single crystals (2c).

' n i) {
Figure 2. a) and b) represent sketches of the crystal structures of (R-CIMBA)Gels and (S-CIMBA)2Gels,

respectively. The hydrogen atoms in the unit cells are not shown for clarity. The organic cations have been
highlighted with dashed curve lines; c) reports the appearance of the single crystals of (R-CIMBA)2Gela.
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According to the SCXRD analysis, (R-CIMBA)2Gels4 and (S-CIMBA)2Gels crystallize
in the non-centrosymmetric monoclinic C2 space group (n° 5) (a Sohncke space
group) and display the typical arrangement of Ruddlesden-Popper 2D perovskites
characterized by layers of corner-sharing Gele* octahedra separated by a bilayer of
CIMBA cations penetrating into the perovskite sheets by about 0.47 A. The two in-
plane Ge-I-Ge bond angles are 171.6° and 166.7°, respectively, showing a moderate
deviation from the ideal 180° of undistorted perovskites layer. On the other hand, the
six Ge-l bond lengths of the octahedra show a significant distribution from 2.7236(10)
to 3.6250(9) A, with a maximum difference of about 0.9 A (full list of bond lengths in
Table S1). This is a huge distortion of the bond lengths, and, to the best of our
knowledge, Ge-l bond distances greater than 3.6 A have never been reported in the
Cambridge Structural Database (CSD).4? The octahedra distortion parameters for (R-
CIMBA)2Gels and (S-CIMBA)2Gels are: D=0.093 (both enantiomers), and 02 54.59 (S
enantiomer) and 55.16 (R enantiomer) deg?. Such distortion parameters place (R-
CIMBA)2Gels4 and (S-CIMBA)2Gels as the most distorted 2D chiral perovskites known
to date. For comparison, the analogous systems with the same chiral ligand and
halide but with Pb or Sn, have distortion D index of about 0.014 and 0.042,
respectively, showing a progressive increase of octahedral distortion moving from Pb
to Ge.' This is in line with previous reports on the role of central atom on the structural
properties of 2D perovskites.3* By incorporating structural data from lead and tin
systems and introducing new germanium-containing 2D chiral perovskites, we try to
elucidate, for the first time, the influence of the central metal and structural distortions

on chiroptical properties (as discussed later).

For the 2D system we were also able to grow single crystal of the racemic compound
(rac-CIMBA)2Gels, which main crystallographic data are reported as well in Table 1.
As in the case of (R-CIMBA)2Gels and (S-CIMBA)2Gels, the material crystallizes as a
Ruddlesden-Popper 2D perovskite, comprising layers of corner-sharing Gels-
octahedra separated by a bilayer of organic cations. Compared to enantiopure
phases, the NH3 penetration is smaller, about 0.30 A, as some difference can be
envisaged in the structural distortions. The two in-plane Ge-I-Ge bond angles (146.8°
and 166.2°) show a larger deviation from the ideal 180° angle than (R-CIMBA)2Gel4
and (S-CIMBA)2Gels. The octahedral distortion parameter, D, reaches the record

value (for a chiral 2D perovskite) of 111 and, impressively, the longest Ge-l bond
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length reaches 3.774 A. Quadratic elongation is in line with the enantiopure samples
whereas the bond-angle variance is smaller (see Table S1).

Comparing the two series of samples reported here, showing a different
dimensionality of the inorganic framework, we observe that 1D topology presents a
reduced distortion level with respect to the 2D system which may be correlated to its
higher lattice rigidity. Together with the D and o2 parameters discussed above, also
the quadratic elongation (1), measuring the degree of off-center displacement of Ge
atom in the octahedron unit, shows an increase from about 1.01 for the 1D system to
about 1.03 for the 2D system (see Table S1). As for the other two parameters, such
high value of A has not been reported before in chiral 2D perovskites. Therefore,
moving from 1D to 2D dimensionality, keeping the same chiral ligand, central metal,
and halide, provides a way to increase the inorganic framework distortion which is

known to impact the electronic structure and optical properties of metal halides.

The thermal stability of all the four enantiopure samples has been checked by
differential scanning calorimetry (DSC) and thermogravimetry (TGA). DSC
measurements (Figure S1a and b) rule out the presence of structural phase
transitions in the considered temperature range (from -65 to 100°C). TGA
measurements (Figures S1c-S1f) show a similar trend for all the four samples with
decomposition starting around 250°C and full sample degradation occurring around
300°C.

Optical properties of (R/S-CIMBA)sGels and (R/S-CIMBA)2Gels have been measured
by UV-Vis (on powdered single crystals) and CD spectroscopy (on dip-coated
polycrystalline thin films of about 400 nm thickness). Details about thin films
preparation are reported in the SI.

The linear absorption spectra of (R/S-CIMBA)sGels (see Figure S2) show quite sharp edge
around 420 nm without any indication of excitonic peak which could be related to the high
level of structural distortion (see above).?®> The band-gap values extrapolated from the
Tauc plots (Figure 3a) for indirect transitions are 2.69 and 2.71 eV, respectively, for (R-
CIMBA)sGels and (S-CIMBA)sGels. The CD spectra (Figure 3b) present two peaks in the
range 350-460 nm, namely one cantered around 371 nm and the second one around 440
nm in good agreement with the absorption edge. The presence of opposite sign CD peaks
for the two samples confirms the chirality transfer from the chiral ligand CIMBA to the

73



inorganic framework. As a matter of fact, the two chiral amines have CD spectra with a
peak centred around 245 nm (see Figure S3) and g-values of +/- 4 x 10. The chiral

anisotropy factor, gcp, has been calculated according to the following equation:

Ap—AR
2(AL+AR) (eq. 1)

Ycp =

where AL and Ar are the absorbance of the sample for left- and right-handed circularly
polarized light, respectively, and resulted to be -6 x 10-3 for the R- sample and 5 x

1073 for the S-sample (measured at 430 nm), in line with values reported for 1D chiral
metal halides (see Table S2).
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Figure 3. a) Tauc plot b) and CD spectra for (R-CIMBA);Gels and (S-CIMBA)sGels; ¢) Tauc plot and d) CD
spectra for (R-CIMBA)2Gels and (S-CIMBA)Gela.
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The same characterization has been performed on (R/S-CIMBA)2Gels chiral pairs and
the corresponding Tauc plots and CD spectra are reported in Figure 3c and Figure
3d while Figure S3 shows the absorbance data. There is a slight difference in the
absorption spectra between the two samples with the R one showing a small red-shift
with respect to the S sample. As a matter of fact, the two direct band-gap estimated
from the Tauc plots are 2.34 eV for (R-CIMBA)2Gels and 2.42 eV for (S-CIMBA)2Gels.
The CD spectra show, as in the previous case, a symmetric trend with opposite sign
and spectral features well corresponding to the onset of the absorption data. The gcp
for these two samples is +4 x 10~ and -4 x 10 (measured at 395 nm) for the two
enantiomers in line with Pb and Sn including CIMBA and iodide (see also Table S2).'4
Finally, Figures S2c-e report the absorption, Tauc plot and CD spectrum for (rac-
CIMBA)2Gels4. The band-gap resulted to be in line with the (S, R) samples and around

2.3 eV while no CD response, as expected, has been observed (Fig. S2e).

Concerning the 1D samples it is not possible, at present, to make a direct comparison
of the chiroptical properties of (R/S-CIMBA)sGels with available data on chiral
perovskites due to the fact that the structural motif of the present samples has not
been found in any other chiral metal halide to date. However, we can compare the
actual two series of chiral halides considering the evolution of the dimensionality from
1D to 2D. In terms of band-gap, the observed blue-shift passing from the 2D to the
1D samples may be related to the stronger deviation of the Ge-I-Ge bond angles from
the ideal 180° (about 170° for 2D and about 156° for 1D) and recalling the impact of
bond angle on the band-gap value.4® On the other hand, there is a clear increase of
about one order of magnitude of the gco moving from 2D to 1D systems, namely form
~4x10~*to ~4x10-3. As mentioned in the introduction, this might be an expected result
considering the higher amount of chiral ligand in lower dimensional systems and the
reduced lattice rigidity, however this is the first time such parameter is quantitatively
and effectively demonstrated in two systems with the same building blocks (CIMBA,
Ge and |) but with a different dimensionality. However, the observed increase of gcp
moving from 2D to 1D systems is correlated negatively with the other chirality transfer
indicator such as the amplitude of the chiral distortion which increases from 1D to 2D.
While this seems counterintuitive, it is not unexpected though, since the shape and
magnitude of the chiroptical spectra depend critically on the electronic matrix

elements, which have not been analysed in this work. In addition, it appears that the
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extend of parameters such as the spin-splitting are more related to structural
distortion effects while chiroptical properties might be more closely related to the
enantiomeric fraction of the chiral ligands.® However, all these results clearly call for

further studies in this direction.

For the (R/S-CIMBA)2Gel4 compositions, thanks to the availability of the analogous
lead- and tin-based chiral 2D perovskites, it is further possible to provide a
comparison of their optical and chiroptical properties by changing the central metal.
In terms of optical data, the present samples are those with higher band-gap values
with respect to Sn (~2.10 eV) and Pb (~2.30 eV) analogues, a result which can be
related to the combined effects of the electronic contribution to the density of state of
the atomic orbitals (in general the presence of tin and germanium induces a red-shift
of absorption with respect to lead) and of the distortion level as confirmed by DFT
calculations(see later in the text). However, another interesting point is related to the
chiroptical response. For the three (R/S-CIMBA)2BIl4 (B=Pb, Sn, and Ge) chiral 2D
perovskites the average gcp is around 4x10~* (see Table S2).'* This is roughly
constant irrespective to the nature of central atom and structural distortion (increasing
from Pb to Ge) and appears therefore related to the chemical nature of the chiral
ligand. Such observation is of interest and may suggest an important role of the chiral
cation in tuning the asymmetry factor in 2D perovskites. However, both present and
available data do not yet represent and large enough data set to draw solid
conclusions in this sense and more systematic studies as a function of the chiral

amine, by keeping the central metal and the halide constant, are therefore urgent.

The photoluminescence (PL) spectra at 77 K of (S/R-CIMBA)sGels (Figure 4a) and (S/R-
CIMBA)2Gels (Figure 4b) present a broad emission with a significant Stokes shift, centered
at 640-700 nm. The emission spectrum of the (rac-CIMBA)2Gels is shown in Figure S4.
Notably, (S-CIMBA)3Gels shows an excitonic peak near the absorption onset, centered at
502 nm, which is otherwise not present in the other compositions where the broad emission
dominates. The origin of such broad emission is attributed to defects and the distortion of
the crystal lattice, which is calculated to be more significant for Ge compared to Pb an Sn.44-
48 This is and corroborated by the notable increase in luminescence at cryogenic
temperatures (Figure S5-6).
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Figure 4. a-b) normalized PL and c-d) gceL for (S/R-CIMBA)sGels and (S/R-CIMBA)2Gels respectively,
measured at 77 K.

The PL lifetime of the broadband emission at 77K is shown in Figure S7 for all samples. (S-
CIMBA)sGels shows a rapid decay within the instrument response function (2 ns) and a
slower component with a lifetime of about 2 ys, whereas the excitonic peak lifetime also falls
within the instrument response function. The other samples exhibit an initial rise, indicating
a slow transfer process, followed by a decay. For (R-CIMBA)3Gels the transfer occurs within
1 us and then the photoluminescence decays with a 2 ps lifetime. In the case of the 2D
structures, the transfer process is slowed down from rac- to S- to R- and also the lifetime of

the decay increases from 1 us to 2 us to 2.5 s, respectively.

We characterized the chirality of the PL emission at 77 K, as shown in Figure 4 c-d for (S/R-
CIMBA)sGels (Figure 4a) and (S/R-CIMBA)2Gels respectively. We calculate the
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gepL = 2(IrH - ILv)/( Irn + ILH) where ILn and Irn are respectively the left hand and right hand
circularly polarized component of the photoluminescence. We obtain a PL dichroism of the
order of 0.015-0.02 with opposite sign for the R- and S- enantiomers except for the (S-
CIMBA)3Gels due to the lower PL intensity. Such values are in line with those reported

previously for bulk lead-free chiral 2D perovskites.'

First-principles calculations are performed to further investigate the structural and
electronic properties of the four samples reported in the present paper. The atomic
positions of the structures are optimized with the lattice parameters being fixed to the
experimental values. Additional calculations for optimizing both the atomic positions
and the lattice parameters are also performed. The results show that the changes of
the lattice parameters with respect to the experimental values are smaller than 3%
(see Table S3 in the Sl), thus we fix the lattice parameters to the experimental ones
and we optimize the atomic positions. Starting from the 1D system, after optimization
and taking (R-CIMBA)3Gels as example, the Gels octahedra shows 14° tilting angle
about the axis vertical to the inorganic Gels layers, as shown in Figure 5a. Such tilting
angle leads to the Ge-I-Ge bond angle of about 152.04° which is close to the
experimental angle 157.70°. For the other two axes of the pseudo cubic of Gels, which
lie in the Gels layers, there are no obvious tilting. The Ge-l bond lengths are also
shown in Figure 5a. The band structure of (R-CIMBA)sGels is shown in Figure 5b in
which an indirect band gap of about 2.65 eV is presented with the VBM at T" (0 0 0)
point and CBM at A (-0.5 0 0.5) point. The calculated band gap value is in good
agreement with the experimental one, i.e., 2.69 eV (see above in the text). The band
structure considering the spin-orbit coupling (SOC) is also calculated (see Figure S8
in Sl). However, it shows very small differences with the band structure without SOC.
In Figure 5c, we show the projected density of states of (R-CIMBA)3Gels. One can
easily find that the VBM is mainly contributed by the atoms from the Gels inorganic
framework (specifically, the | atoms), while the CBM is mainly contributed by the C

atoms of the organic molecules.

The structural and electronic properties of (R-CIMBA)2Gels are calculated for
comparison and shown in Figure 6. Differently from the Gels octahedra in (R-
CIMBA)3Gels, the Gels framework shows no obvious octahedra tilting, but larger Ge-
| bond length differences. Figure 6b and 6d report the band structure of (R-
CIMBA)2Gels4 with and without SOC effect. Itis nearly a direct band gap with the VBM
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and CBM located around the high-symmetry point V2 in the first Brillouin zone of its
primitive cell structure. The band gap without and with SOC are around 1.7 and 1.6
eV, respectively, which are somewhat underestimated with respect to the
experimental values of about 2.3 eV. This suggests that additional corrections may
be required in this case. Therefore, the modified Becke-Johnsom (mBJ) meta-GGA
functional is also adopted to calculate the band gap.4%%° As shown in Figure S9b of
S|, the band gap of (R-CIMBA)2Gels increases to about 2.1 eV, which is much closer
to the experimental value. However, the bang gap of (R-CIMBA)3Gels using mBJ
functional increases to 3.18 eV, as shown in Figure S9a, which is larger than the
experimental 2.69 eV. These results suggest that a given functional may not be able
to properly describe all the properties, e.g. the energy gap, for the different
compounds, thus suggesting that the corrections may be system dependent. In
Figure 6¢, we see that the VBM of (R-CIMBA)2Gel4 is also mainly contributed by the
atoms from the Gels inorganic framework (specifically, the | atoms). On the other
hand, in the CBM there is significant down-shift of the spectral weight of framework-
like electronic states with respect to the molecular states, which significantly reduces
the energy gap with respect to (R-CIMBA)3Gels. Therefore, our calculations highlight
important changes induced in the VBM and CBM orbital projected density of states
mainly related to the different topology of the two compounds. The band structure for
(R-CIMBA)2Snl4 and (R-CIMBA)2Pbls without SOC are also calculated. As shown in
Figure S10, the calculated band gaps for (R-CIMBA)2Snls and (R-CIMBA)2Pbls
compounds are 1.75 eV and 2.26 eV, respectively, and both the VBM and CBM of
these two compounds are mainly contributed by the atoms from the inorganic
framework which is similar to that of (R-CIMBA)2Gels4. As shown in Figure S9c and d,
the band gap of (R-CIMBA)2Snls and (R-CIMBA)2Pbl4 compound calculated using the

mBJ functional is about 2.18 and 2.89 eV, respectively.
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Figure 5. Structural and electronic properties (without SOC) of (R-CIMBA)sGels. (a) Structural details of

relaxed (R-CIMBA)sGels. (b) Band structure of (R-CIMBA)sGels. (c) Projected density of states of (R-
CIMBA)sGels. Here and in the following figures, the zero-energy level has been aligned to the VBM.
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Figure 6. Structural and electronic properties of (R-CIMBA).Gels. (a) Structural details of relaxed (R-
CIMBA)2Gels. (b) Band structure of (R-CIMBA)2Gels without SOC effect. (c) Projected density of states of (R-
CIMBA)2Gels without SOC effect. (d) Band structure of (R-CIMBA)2Gels with SOC effect.
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The Rashba parameter, ai = zkﬂ is estimated to be 227 meV/A.
R
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Many interesting phenomena, e.g., the Rashba splitting of the band structure, can be
induced by the SOC interaction. Therefore, to further reveal the SOC induced effects on the
band structure of the two compounds, i.e., (R-/S-CIMBA)3Gels and (R-/S-CIMBA)2Gels4, a
comparative discussion is given in the Supporting Information (Figure S11 and S12).
Furthermore, in Figure 7, we superimpose the valence bands of (R-CIMBA)2Gels without
SOC (continuous lines) with SOC (dashed lines) in the energy windows between -1 and 0
eV, along a reduced region along the symmetry lines. The effect of SOC is now evident,
which induces splittings as large as 20-60 meV. Finally, in Figure 8, we estimate the Rashba
parameter as 227 meV/A, which is comparable with the estimate for other 2D organic-
inorganic hybrid perovskites such as [S-4-NH3-MBA]Pbls4, [S-4-CI-MBA]2Pbls and [S-
MHA]2Pbl4 (see Supplementary Table 2 of Ref. 51).5' However, for the 1D case, the Rashba
parameter is negligible. For the 2D (R-CIMBA)2Gels perovskite it could be of interest to
correlate the calculated Rashba parameter with structural descriptors proposed in the
current literature, specifically the ABin, suggested by Mitzi an co-workers correlating
octahedral distortion with the spin-splitting in 2D MHPs.%' ABin for the (R-CIMBA)2Gels
samples is practically 0 (0.021) which would correlate to an almost zero Rashba parameter,
while, in the present case, a parameter is around 227 meV/A. Such limited level of
correlation was already demonstrated by us for the analogous Sn-based system suggesting
that the general trend of intra-octahedral distortion along with the spin-splitting proposed in
Ref. 51 is most probably limited to Pb-based 2D MHPs. The results of this work on (R-
CIMBA)2Gels strongly calls for an urgent extension of the family of lead-free chiral 2D
perovskites in order to be able to formulate more solid and general structure-property

correlations for future materials engineering.

We now focus on the comparative structural symmetry mode analysis of the two
compounds. We will consider only on the framework atomic positions of the representative
R-enantiomer for both structures, i.e. 1D (R-CIMBA)sGels and 2D (R-CIMBA)2Gels. First,
we make use of the COMPSTRU software, provided by the Bilbao Crystallographic Server
[https://www.cryst.ehu.es/]%? which permits a quantitative comparison of two structure
descriptions of the same phase, where one structure description is given by the experimental
atomic positions (i.e. CIF files), and the other is given by the relaxed atomic positions based
on DFT calculations. The difference between the two descriptions is quantified by evaluation
of the global distortion given in terms of atomic displacement field representing the
differences in the positions of the matching atoms of the two structure descriptions. In this

way, one can quantify the agreement between experimental and theoretical atomic

82



positions. The comparison is described by the following descriptors: the parameter dmax.
corresponds to the maximum difference between the atomic positions of the matching
atoms; the arithmetic mean (dav) of the differences between the atomic positions of the
matching atoms; the measure of similarity (0) is a function of the differences in atomic
positions (weighted by the multiplicities of the sites) and the ratios of the corresponding
lattice parameters of the structures. For more details about the definitions of the parameters
we refer to Ref. 32. For the 1D (R-CIMBA)sGels structure, we otbain dmax= 0.0861 A, dav=
0.0583 A and the measure of & calculated for this case is 0.124. For the 2D (R-CIMBA)2Gels
structure we obtain dmax= 0.0903A, dav= 0.0567A and the measure of & calculated for this
case is 0.006. In both cases, the theoretical description of the framework is very close to the
experimental atomic positions. Therefore, for simplicity, we will refer to the theoretical atomic
positions for further analysis. It may be instructive to quantify the symmetry breaking atomic
distortions of the framework with respect to a parent phase. Since the organic cations are
the same in both 1D and 2D structures, the degree of cation chirality, quantified in terms of
ECM, is the same in both structures.'® Therefore, any difference of the chiral distortion of
the framework should be related to the different topology of the two structures. After atomic
relaxations, one can analyze the induced framework distortions in terms of an appropriate
reference centric pseudosymmetric parent structure. Here pseudosymmetric means that the
positions of the atoms of the framework of the 2D or 1D structure can be obtained from the
atomic positions of the parent structure with symmetry adapted atomic displacements. In
order to define the centrosymmetric parent structure for our systems we used the tool
PSEUDOSYMMETRY of the Bilbao Crystallographic Server.5® For the 1D system, we
started from the full atomic structure, and, after removing all the atoms of the organic cations,
we considered the framework-only structure in space group P27 (n° 4) symmetry. This allows
us to focus only on the distortions of the framework and remove additional computational
complexity due to the presence of the organic cations. We can find a suitable parent phase
in space group C2/m (n. 12) defined by an appropriate transformation matrix and including
additional shift of the origin. By considering the Symmetry Mode Analysis with
AMPLIMODES, one can quantify the induced symmetry breaking distortion®*5° connecting
the high-symmetry (n. 12) to the low-symmetry (n. 4) structure. For convenience, the mode
belonging to the trivial Irreducible Representation (irrep) GM1+ has been removed (i.e. its
amplitude is zero) since it always appears as possible symmetry of secondary variables that
are allowed to have non-zero values both at the distorted phase and at the parent phase.

The additional modes involved besides the trivial GM1+ mode are: Y2- and Y2+, whose
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isotropy subgroups are P2i/m (n. 11) and P2+/c (n. 14) respectively. In both cases, the
modes do not break inversion symmetry since the isotropy subgroups are centric, and,
therefore, not chiral. Interestingly, a third mode is present, namely GM1-, with isotropy
subgroup C2 (n. 5), which is clearly chiral. Its amplitude with respect to the primitive unit cell
of the high-symmetry structure is 0.1329 A. When performing the same type of analysis for
the 2D (R-CIMBA)2Gels , i.e. by relating the low-symmetry structure with space group C2
(n. 5) to the same space group as before, i.e. C2/m (n. 12), for the parent structure, and by
considering the trivial GM1+ set to zero amplitude, one finds two modes, M1+ and M1- with
centric isotropy subgroups C2/m (n. 12) and C2/c (n. 15), and a chiral mode GM1- with
chiral isotropy subgroup, C2 (n. 5). In this case, the amplitude of the chiral mode is
significantly increased to 0.6665 A. Note that, since the primitive unit cells of the two parent
structures in C2/m (n. 12), have a different number of atoms, the mode amplitudes of the
two cases are not directly comparable. But considering that in the case of the P2 structure
the parent primitive unit cell has 24 atoms and that the other case has 10 atoms, the average
(i.e. per atom) amplitude of the chiral distortion in the P21 structure, that would be
comparable to that of the other structure, would be even smaller by a factor of the order of
sqrt (2.4). Therefore, one can say that this average (i.e. per atom) distortion amplitude is
much smaller in the P27 structure. This analysis further confirms and quantifies, on solid
symmetry based-approach, the increased chirality transfer to the framework from 1D to 2D
structure, due to structural topology change. We note that the qualitative analysis of the
chiral transfer from organic ligand to the inorganic framework could also be performed in the
future based on the method proposed in Ref. 56 that a set of descriptors were identified to
effectively characterize the chirality of the halide systems in combination with the machine-

learning technics.%®
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3. Conclusions

We report here two novel series of chiral CIMBA-containing germanium iodides, (R/S-
CIMBA)sGels, and (R/S-CIMBA)2Gels, presenting the same chemical building blocks but a
different dimensionality, namely a 1D structural motif for the first and a typical 2D
arrangement of RP perovskites for the second system. The experimental and computational
investigation allows to highlight some important points related to the change in
dimensionality. First of all, from the structural data, the 1D topology presents a reduced
distortion level of the octahedra with respect to the 2D system which may be correlated to
its higher lattice rigidity providing a clue to tune distortion parameters which are known to
affect the electronic and optical properties. DFT calculations predict stronger effect of SOC
on relevant electronic states passing from a 1D to a 2D structure, which correlates with the
increase of the amplitude of the chiral distortions induced into the framework. The optical
properties indicate a change from indirect to direct bandgap passing from 1D to 2D
dimensionality with a slight red-shift in the same direction. In terms of chiroptical properties,
the CD results clearly indicate a one order of magnitude increase of the gco from ~4x10~* to
~4x10-3 when dimensionality reduces passing from a 2D layered perovskite to a 1D system.
The origin of such trend can be interpreted as an “increase” of the chirality transfer to the
inorganic framework when changing the structural dimensionality as demonstrated by the
analysis of the symmetry breaking distortions. For the novel 2D (R/S-CI-MBA)2Gels system,
a comparison with the analogous Pb- and Sn-based chiral perovskites may suggest a minor
role of central metal and distortion level on the extent of chiroptical response in terms of
asymmetry factor.’* To conclude, our study reveals an active role of the dimensionality
change keeping the same chemical building blocks, i.e. the organic cation, metal-atom and
halide. In this case, the chirality transfer from the organic cations to the framework is more
effective in the transition from 1D to 2D structure topology which also impact the chiroptical
properties. It is clear that the novel strategy tuning presented in this work should be further
extended to other chiral systems to provide solid structure-property correlations for future

materials engineering.
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Experimental

Synthesis of (R-CIMBA)sGels, (S-CIMBA)3Gels, (R-CIMBA)2Gels, (S-CIMBA)2Gels4 and (rac-
CIMBA):Gels. To prepare 1.5 g of (R-CIMBA)3Gels and (S-CIMBA)3Gels 133,3 mg of GeOz2
(Merck 99.9%) were dissolved in a large excess of 57% w/w aqueous HI (ThermoScientific,
stabilized with 1.5% hypophosphorous acid) and 50% w/w aqueous HsPO2 (Merck)
equivalent to 2 mL and heating the mixture to 90°C. After the dissolution of the solid, the
stoichiometric amount of the liquid amine R-/S-CIMBA (ThermoScientific, 97%, ee 98%),
which corresponds to 0.54 mL, was added. To obtain the formation of single crystals the
solution has been cooled down to room temperature at 1°C h-'. The (rac/R/S-CIMBA)2Gels
samples were synthesized in a similar manner by varying the molar ration between the
amine and the metal. In this case, 176 mg of GeO2 were weighed and dissolved in 2.5 mL
of HI and H3PO2. Once the germanium oxide was dissolved, an amount of amine (S, R of a
50% mixture of S and R for racemic compound) equal to 0.47 ml was added. Both syntheses

were carried out under a nitrogen flow.

Thin films preparation. First, the glass substrates were washed using water, isopropanol and
acetone in a sonicator for 20 min each. Then, the perovskites were dissolved in
DMF:acetone (90:10) in order to obtain a final solution 0.08 M, and the thin films were
prepared on substrates by dip coating method. The films were annealed at 90°C for 10 min

on a hot plate.

Single Crystal X-ray Diffraction. Measurements on selected crystal were collected on Rigaku
XtaLab SuperNova (Rigaku Europe SE, Neu-Isenburg, Germany) four-circle diffractometer
equipped by a microfocus X-ray source (A = 0.7107 A) and a Dectris Pilatus 200K hybrid
pixel array detector (DECTRIS AG, Baden-Daettwil, Switzerland). Data collection, data
reduction and accurate measurements of the unit cell parameters were performed by means
of the CrysAlisPro software suite, ver. 1.171.41." Absorption effects were empirically
evaluated based on a multi-scan approach using spherical harmonics by the SCALE3
ABSPACK scaling algorithm implemented in the CrysAlisPro crystallographic suite. Crystal
structures were solved by direct methods (SIR 97)? and refined by full-matrix least-square
procedures on F? using all reflections (SHELXL 2018/3).3
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UV-Vis spectroscopy. DRS spectra were acquired in the wavelength range 300- 800 nm
directly on the powders by using a Jasco V-750 spectrophotometer, equipped with an

integrating sphere (Jasco ISV-922).

Circular Dichroism. CD spectra were acquired in the wavelength range 350- 800 nm on thin

films by using a Jasco J-1500 CD spectrophotometer.

Photoluminescence. Temperature-dependent photoluminescence was measured from bulk
crystals under vacuum using a Linkam Stage cooled with liquid nitrogen. The sample was
excited with CW laser (375 nm - TOPTICA) linearly polarized. PL was detected using a
Maya2000 visible spectrometer. CD PL was acquired using with a quarter-wave plate set to

+45° relative to a linear polarizer. The samples were excited at a fluence of 100 mW/cm?2.

Time-resolved photoluminescence. The sample was excited with the third harmonic (355
nm) from a Nd:YAG Picolo-AOT laser (pulse length of approximately 900 ps, 1 kHz repetition
rate). An Andor spectrometer paired with an iStar iCCD is used for the detection. The camera
acquisition is synchronized with the 1 kHz trigger signal from the laser. We track the
photoemission dynamics by gating the camera’s acquisition over a temporal window of 50
ns collected at increasing delay from the trigger reference (50 ns steps). The overall time
resolution of the system is 2-4 ns. Kinetics are obtained by integrating the whole PL

spectrum recorded at each delay. The samples were excited at a fluence of 100 mW/cm?Z.

Computational Details

All density functional theory (DFT) calculations are performed with the VASP package.* The
generalized gradient approximation (GGA)® in the form of the Perdew-Burke-Ernzerhof
(PBE) functional and the projector augmented wave (PAW)® method are applied to describe
the exchange-correlation and the core electrons, respectively. The plane-wave cutoff and
convergence criteria for energy and force are set to be 520 eV, 10 eV, and 0.01 eV/A,
respectively. The PBE-D3 method with Becke-Jonson damping’ is used to describe the van
der Waals interactions. The atomic positions of the structures are optimized while with the
lattice parameters being fixed to the experimental values. The k-mesh is set to 2x2x2 when
optimizing the structures. The high-symmetry points in the irreducible Brillouin zone are

obtained through VASPKIT package? for calculating the band structures.
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Table S1. Octahedral distortion parameters and bond lengths for (R-CIMBA)s:Gels, (S-CIMBA)sGels, (R-
CIMBA)2Gels and (S-CIMBA)2Gela.

Bond
Distortion angle Quadratic = Bond lengths M-X-M
Index (x103) variance @ elongation (A) (deg)
(deg?)

Compound Polyhedron

2.9513
2.8072
2.8571
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2.9523
2.8079
2.8568
3.2066
3.4294
3.3085
2.8294
2.8588
2.8870
3.3589
3.2259(9)

3.3780(8)

2.7231(10)
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3.147(4) 171.6°
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Figure S1. DSC traces a) of (R-CIMBA)3Gels (red curve) and (S-CIMBA)3Gels (blue curve) and b) of (R-

CIMBA)2Gel4 (red curve) and (S-CIMBA)2Gels; TGA curves of ¢) (R-CIMBA)2Gels, d) (S-CIMBA)2Gels, €) (R-

CIMBA)sGels, and f) of (S-CIMBA)sGels.
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Figure S2. a) Absorption spectra of (S/R-CIMBA)sGels and b) of (S/R-CIMBA)2Gels. Figures c) and d) show
the absorption spectrum and the Tauc plot for (rac-CIMBA)2Gels while in €) is shown its CD spectrum.
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Figure S4. Normalized photoluminescence spectra of (R-CIMBA).Gels, (S-CIMBA).Gels and (rac-

CIMBA)2Gels measured at 77 K.
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c) (rac-CIMBA).Gels. All measurements were conducted in CW excitation conditions using a 375 nm laser
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Figure S7. PL luminescence decays of the broadband emission above 600 nm of a) (S-CIMBA)sGels and (R-
CIMBA)sGels and b) (S-CIMBA)2Gels, (R-CIMBA)2Gels and c) (rac-CIMBA)2Gela.
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Table S2. List of anisotropy factors from the CD spectra for a series of 2D and 1D metal halides.

. Anisotropy . Anisotropy
2D perovskites Factor (gco) Ref 1D perovskites Factor (gcn) Ref
(CI-MBA)2Snl4 +1x104 11 (MPA)sAgBils 103 15
(MBA)2Snls +2x104 11 (NEA)PbI3 103 16
(CI-MBA)2Pbl4 +8x103 11 (MPA)2BiBrs +6x104 17
(MBA)2Pbls +1x103 11 (CIPEA)4Bizl1o +5.3x10~ 18
(Br-MBA)2Pbl4 +2.2x103 12 (Pro)Pbls-H20 +3x104 19
(F-MBA)2Pbl4 +3x104 12 (PEA)PbI3 103 20
(MePEA)2PbBr4 +1.2x104 13 (PEA)SNCls +1x10 21
(MPEA)2CuCls4 +10 14 (PEA)SnBrs +2x104 21
Table S3. Lattice constants of the full optimized structure of (R-CIMBA)3Gels and (R-CIMBA).Gela.

Compounds a(A) b (A) c(A) B ()
(R-CIMBA)3Gels 18.5837 8.6727 22.6620 106.7835
(R-CIMBA)2Gel4 33.3590 6.2716 12.1941 99.7400
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Figure S8. Band structure of (R-CIMBA)sGels with SOC effect.

©
S

B O

5
4
3 - H : 3 i i H \ H
st oof S
2 1t (R-CIMBA);Gels ——withoutsoc|| € 1t (R-CIMBA),Gel, — without SOC
>0 L o] —— 1 Pl 0] S NS N N N A N
E) T — 7 T ' E) ! ] : ] H
L% 15 - L% -1 ‘ : ‘

2 -2 : R : |
3 :S'Z’\vé e N7 N
al ; T ;
5= =

LM V, T C,Y,IM, D I D, AT

—
(¢
~

( —— Without SOC

Energy (eV)

Energy (eV) §
AN LYo aNvwro

Figure S9. Band structure of (R-CIMBA);Gels, (R-CIMBA)2Gels, (R-CIMBA)2Snls and (R-CIMBA)2Pbl4
compound with using the modified Becke-Johnson (mBJ)®1° metaGGA functional. Here, the spin-orbital

coupling is not included in the calculations.
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Figure S12. Details of the valence bands in the energy region between -1 and 0 eV. The SOC induced spitting
appears more significant in the 2D cases: compare (a) with (b) and (c) with (d).

In order to get more insights in the comparative study of the electronic structure of the two
compounds, with and without SOC, in Figure S11 we consider a zoom for the relevant
valence band states: in the top panel, we show the band structure of the 1D (R-CIMBA)sGels
without SOC (a) and with SOC (b) respectively, and in the bottom panel, we show the band
structure of 2D (R-CIMBA)2Gels without SOC (c) and with SOC (d) respectively. Clearly the
effect of SOC in (b) is negligible if we compare to (a), while it appears significant if we
compare (d) to (c). This appears counterintuitive, since the organic cations, metal and
halogen atoms are the same, while only the network topology changes. This highlights again
the important role of the dimensionality in hybrid metal-halides as a possible further source
for tuning the electronic features. As we noted before from structural analysis, from 1D to
2D structure, the metal-iodide framework becomes progressively more distorted thus
correlating with an increased spin-splitting of the relevant electronic states. The stronger
effect of SOC coupling is highlighted in Figure S12, where we show a zoom of the valence

bands in the energy region between -1 and 0 eV along the symmetry lines.
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Abstract

The ability of tuning the properties of hybrid organic-inorganic metal halides through
chemical design represents one of their most fascinating aspects with key implications for
potential applications. When dealing with chiral metal halides, where chirality is imparted by
the presence of chiral amines, the limitations of available cations strongly limit such tuning
ability. We present here a class of lead- and tin-based 1D hybrid organic-inorganic metal
halides including an ad hoc synthesized cation containing aminic and hydroxyl functional
groups which have been used to prepare the enantiopure (S/R-AMOL)Snls and (S/R-
AMOL)Pbls  (S/R-AMOL=(2R,2'R)-1,1'-azanediylbis(butan-2-ol) and  (2S5,2'S)-1,1'-
azanediylbis(butan-2-ol)). The chiral metal halides feature a distinctive structural
arrangement and bonding interaction between the organic ligand and inorganic framework
demonstrating that chirality transfer may occur also through chiral carbons bearing a
hydroxyl group. A strong modulation of the electronic structure and chiroptical properties has
been observed between the Pb and Sn-containing samples, as a result of the peculiar and
different bonding environments, leading to changes in the emission properties, exciton

binding energy, and nature of the orbital contributions to the electronic structure.
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1. Introduction

The emergence of chiral metal halides perovskites and related structures, generally defined
as chiral metal halides, as an exciting field of research stems from both their inherent
structural complexity and their remarkable potential for innovative technological
applications.'™ By introducing chirality into the inorganic framework, researchers have
unlocked novel functionalities, such as circular dichroism (CD), circularly polarized
luminescence (CPL), second harmonic generation (SHG), and topological quantum states.
In addition, the potential applications of chiral metal halides extend well beyond conventional
optoelectronics. Their unique properties may also find use in spintronics, quantum
computing, and emerging fields such as topological photonics.>® Understanding the
underlying principles of chiral metal halides and their interactions with external stimuli will

be vital in harnessing their full potential for future technologies.®

To date, all the chiral perovskites and perovskite-derivatives reported are based on the few
commercially available chiral amines, with methylbenzylamine, MBA, and its halogenated
derivatives (X-MBA; X=F, Cl, Br), as the most widely used ligands.?%-° Based on these chiral
cations, several 2D chiral perovskites have been prepared and investigated, helping in
clarifying, for example, the role of the nature of halogen substituent and its position on the
aromatic ring on the CD and CPL response due to the different extent of hydrogen bonding
with the halide of the inorganic framework and the local distortion induced on the
octahedra.®-'2 Other common monoammonium chiral cations employed to date for 2D chiral
perovskites involve 1-(2-naphthyl)ethylammonium (NEA), B-methylphenethylammonium
(MPA), and 1-(1-naphthyl)ethylammonium (NPB), as well as samples with alloyed cations
on the A-site of the perovskite.'®-16 All these studies provided a set of tuning strategies of
the chiroptical and of spin-based properties of chiral perovskites shedding light on the role
of short-range and noncovalent intermolecular interactions, structural distortions and
Rashba splitting and build also the bases for device engineering and computational

modelling."”

To widen the understanding of chirality in metal halide perovskites, unraveling unexplored
properties, advance the optoelectronic devices including chiral metal halides, as well as to
gain a deeper comprehension of the chirality transfer mechanism and structure-property

correlations in this emerging area, it is important to extend the set of available chiral cations
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and therefore of novel compositions and structural topologies. Such extension could also
involve the design of multi-functional ligands where, in addition to the amine moiety, other
functional groups are present. This is of particular interest in the field of chiral metal halides
where the structural framework, and in turn the optoelectronic properties, are strongly
connected to the ability of the organic cation of short-range bonding (hydrogen and Van der
Waals) to the inorganic framework.'®-2" Therefore, the design and use of chiral bifunctional
ligands could widen the scope of chiral perovskite and perovskite derivatives engineering.
In addition, the comprehension of the role of central metal nature on the chiroptical
properties, together with the need of moving towards lead-free compositions, is another
urgent issue in the field of chiral metal halides. To date, few reports explored metals other
than Pb, and 2D perovskites or low-dimensional chiral metal halides incorporating Sn, Bi,
Cu or Ge have been reported in the last few years.822-31 The substitution of Pb with other
metals allowed to focus on the role of spin-orbit coupling on chiroptical properties and
showed, in most of the cases, an increased octahedral distortion leading to enhanced CD

and second-order nonlinear responses.

2. Results and Discussion

To try to add an additional piece of information on both the role of chiral cation and
metal nature, we performed the synthesis of a dimeric bifunctional chiral ligands,
namely (2R,2'R)-1,1"-azanediylbis(butan-2-ol) and (2S,2'S)-1,1'-azanediylbis(butan-
2-ol), which structure is reported in the bottom part of Figure 1 for both the
enantiomers. As can be seen, the chiral ligands contain one amino and two hydroxyl
functional groups, with the chiral carbons being those bearing the -OH groups. For
sake of brevity, in the following, the chiral ligands will be defined as “(S-/R-) AMOL”,
indicating the fact that, from a chemical point of view, such bifunctional molecules are
amino alcohols (or amino diols). In agreement with reaction conditions, starting from
(R) epoxide the (R,R) amino-diols with the same enantiomeric excess (e.e.) of starting
material (> 99%) are obtained and, analogously, if the epoxide is (S), the (S,S) amino-
diols will be obtained. On the other hand, the situation was more complicated if the
starting material was a racemic mixture since two different diastereoisomers in

racemic mixture are obtained. For this reason, we focused our attention on an
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enantiopure starting material for the preparation of (R,R) or (S,S) amino-diols. The

representative structures of AMOL monomers and dimers were reported in Figure 1.

OH OH OH

\)\/ N H2 \/\/ N H2 \)\/ N H2
(R)-1-aminobutan-2-ol (S)-1-aminobutan-2-ol 1-aminobutan-2-ol
R ) Rac
OH ,, OH OH ,, OH OH ,, OH OH ,, OH
\/k/ N ~ N N \/'\/ N N \)\/ N N N
(2R,2'R)-1,1"-azanediylbis(butan-2-ol) (25,2'S)-1,1'-azanediylbis(butan-2-ol) (2S',2"S)-1 ,1’-azanediylbis(butan-2-ol) (28',2"9)-1 ,1’-azanediylbis(butan-2-ol)
R,R S,S S,S S'R'

Figure 1. Structures of monomeric (top) and dimeric form (bottom) of amino alcohols. S*,S* and S*, R* are the
IUPAC notation for the two pairs of diastereoisomers.

The synthesis of dimeric and/or monomeric amino-alcohols was carried out starting
from epoxides which are readily available versatile building blocks for the synthesis
of many structural motifs. These compounds were easily prepared from racemic
mixtures and the reactivity towards the regiospecific oxirane ring opening with soft
nucleophiles is well known.3?2-3%5 The two AMOL-monomers in enantiopure form were
prepared following the literature procedures starting from the corresponding
epoxide.3®® From a synthetic point of view, it was possible to prepare monomeric
AMOLs and dimeric AMOLs by changing some reaction conditions. It should be
emphasized that the preparation of the two enantiomers of dimeric AMOLSs has been
subjected of an extensive optimization work to maximize the amount of what is usually
an undesired by-product. A detailed description of the synthetic procedure is reported
in the Supporting Information (Sl), together with spectroscopic data, including the
optical rotation power. From the stereochemical point of view, the absolute
configuration of starting material is the same of amino alcohol obtained following the
protocols described in the literature.

The two enantiopure dimeric AMOL ligands, namely (2R,2'R)-1,1'-
azanediylbis(butan-2-ol) and (2S,2'S)-1,1'-azanediylbis(butan-2-ol), have been used
to prepare lead and tin iodide samples by means of solution chemistry as reported in
the Experimental Section (see Sl). For the tin-containing compositions we could

114



achieve the growth of high-quality single crystals of the S-enantiomer and of lower
quality for the R-enantiomer which have been used to solve the structure through
single crystal X-ray diffraction (SC-XRD). Table 1 reports the main crystallographic
data of the two enantiopure chiral tin iodides of formula (S/R-AMOL)Snls.

Table 1. Crystallographic data of (S/R-AMOL)BI3 (B=Sn and Pb) and octahedral distortion parameters. CCDC

Code for (S-AMOL)Snls: 2365047

(S-AMOL)SnI3 (R-AMOL)SnI3 (S-AMOL)PbI3 (R-AMOL)PbI3
Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic
Space group P212121 P212121 P212121 P212121
a(Ah) 4.5687(2) 4.573(2) 4.5935(4) 4.5936(5)
b(A) 18.3063(6) 18.307(8) 18.263(1) 18.2644(8)
c(A) 20.4374(6) 20.444(9) 20.629(1) 20.6146(8)
V(A% 1709.30(11) 1711.11(13) 1730.7(2) 1729.6(2)
VA 4 4 4 4
Roct 1.0047 1.0047 1.0073 1.0067
D 0.0333 0.0337 0.037 0.0315
o? 8.54 8.33 19.24 18.69
B-I lengths (A) 2.9376(6) 2.939(3) 3.01866(0) 3.05647
3.1562(6) 3.156(4) 3.21214(0) 3.17738
3.1964(6) 3.195(4) 3.23187(0) 3.26298
3.2057(6) 3.211(4) 3.33235(0) 3.31022
3.2604(6) 3.261(4) 3.40022(0) 3.37109
3.4642(6) 3.466(4) 3.46515(0) 3.43379

From a structural point of view, the material consists of 1D double chains running along the
crystallographic a-axis built up by face-sharing [Snls]* octahedra, generating the structural
motif reported in Figures 2a and 2b (referring to (S-AMOL)Snl3). This is a quite rare structural
arrangement in halide perovskites and perovskite-derivatives and, to the best of our
knowledge, has been previously observed only in one hybrid iodoplumbate containing
protonated urea as the organic cation®”. One crystallographically independent (S-)AMOL
molecule interacts with the iodide anions of the metal-halide chains through four short-
distance bonds. In particular, the hydrogens of the protonated -NH2" moiety display two
bonds at 3.109(4) and 3.170(5) A, while even shorter bonds are established between the H
atoms of the -OH groups and the | of the octahedra: 3.001(4) and 2.831(4) A (see Figure

2c). This is a complex bonding pattern involving both the amino and hydroxyl functional
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groups which, through this peculiar framework, gives origin to the structural arrangement

& ﬁ%f«ti

shown in Figure 2.

b)

]

e

Figure 2. a) Representation of the 1D inorganic double chains of (S-AMOL)Snl3 along the a-axis; b) sketch of
the unit cell along the c-axis; c) detail of the crystal structure highlighting the interaction between the chiral
cation and the inorganic framework.
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There are few examples of perovskites or perovskite derivatives containing bifunctional
organic spacers with -NH2 and -OH, namely [(HOCnH2nNH3)2Pbls] with n = 21920 and 379,
Noteworthy, in these examples, the linkers are achiral linear molecules, with the two
functional groups at the opposite sides of the chain, generating 2D layered structures. The
present ligand is a novel molecular entity not yet used in any hybrid metal halide, and clearly
in any chiral system, and resulted in a novel structural arrangement and polar interaction
network. In addition, it is interesting to observe that this is the first chiral ligand where the
chiral carbon does not bear an amine group but a hydroxyl group. The crystal structure of
(R-AMOL)Snls is in agreement with that of the S enantiomer but, as expected, showing the
opposite arrangement in space (cfr. Table 1). Attempts to grow single crystals of the Pb-
analogues were not successful. However, by looking at the powder XRD patterns of the four
samples reported here and shown in Figure 3a, it can be observed that the main

characteristics peaks of the (R/S-AMOL)Snl3 are also found for the lead samples.
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Figure 3. a) Powder x-ray diffraction patterns of (R/S-AMOL)Snls and (R/S-AMOL)Pbls; b) Rietveld
refinement plot of the (R-AMOL)Pbls PXRD pattern in terms of experimental, calculated and difference
traces (blue, red and grey, respectively). The green ticks indicate the positions of the Bragg reflections.

Accordingly, the powder patterns for (R/S-AMOL)Pbls were refined starting from the
single crystal data of the Sn-containing counterparts providing a very good fit as
shown, as a representative example, in Figure 3b for (R-AMOL)Pbls. The analogous
result for (S-AMOL)PblIs is reported in Figure S1. By looking at Table 1 it can be seen
that the Pb-containing samples have a bigger lattice volume than the chiral tin iodides

with an expansion of the a and ¢ axes and a slight contraction of the b axis. The
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general increase of the volume could be anticipated based on the ionic radii difference
between Pb(ll) and Sn(ll).

The level of octahedral distortion for the 4 samples has been quantified in terms of
the octahedral quadratic elongation (Aoct) and bond angle variance (g2), as defined by
Robison et al., as well as by calculating the distortion index, D.383% The distortion
parameter is of the order of 0.03 for all the samples which places the present
materials as intermediate distorted compounds even though such comparison is
based on available data on 2D chiral perovskites, being the structure reported in this
work not common.? Interestingly, the impact of the variation of central metal on the
distortion index is modest for these chiral 1D metal iodides, which is a different trend
with respect to what has been observed in 2D chiral perovskites. As for the latter,
recent works on MBA2Pbls and MBA2Snls have associated the distortion increase
moving from Pb to Sn to their different hard/soft behaviour, recalling the Pearson’s
HSAB theory.%% Indeed, the coordination between the hard Sn cation and the soft |
anion results in weaker bonds favouring octahedra distortion and stabilizing CH-1r
interaction in the organic part, enhancing the overall chirality of the system. In the
present compounds, however, the presence of face-sharing octahedra limits the
structural degrees of freedom and could be a key factor for the similar distortion index
in the two series.?®> Moreover, the different chiral cation nature, not displaying
aromatic moieties allowing for CH-1T interactions, probably behaves as another factor
not stabilizing a highly distorted structure. Average B-l (B=Sn and Pb) bond length
increases, as expected, moving from Sn samples (~3.20 A) to Pb samples (~3.27 A).
The only significant difference in the octahedral distortion parameters is related to the
bond angle variance, which is more than doubled in the (R/S-AMOL)Pbls, indicating
a greater distortion in terms of bond angles in these last samples.

Optical properties of (R/S-AMOL)Snls and (R/S-AMOL)PbIls have been determined
by UV-vis and CD spectroscopies. The spectra are reported in Figures 4a-d (and
Figs. S2-S3).
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Figure 4. a) absorption and b) CD spectra of (R/S-AMOL)Snls and c) absorption and d) CD spectra of
(R/S-AMOL)PbIs; f) Tauc plot of respectively (R-AMOL)Pblz and (R-AMOL)AMOLSNI3 at 77 K. The
dashed lines indicate the centre of the excitonic absorption peak and the bandgap energy emerging

from a linear fit

of the absorption edge.
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The absorption spectra for (R/S-AMOL)Snls, calculated from the reflectivity of
powdered samples, show an absorption edge for the two chiral systems around 440
nm while the Tauc plot are reported in Figure S2. The band gap at room temperature
was determined by the Kubelka-Munk method from diffuse reflectance spectra on
drop casted films (see Figure S3) and is estimated to be ~2.83 eV for the direct
transition. Figure 4b shows the CD spectra for the two enantiomers which have
opposite features confirming their chirality. Three intense CD peaks with opposite
sign are clearly visible in the range 300-430 nm, with this last one well corresponding
to the absorption edge. For (R/S-AMOL)Pbls the analogous characterization provides
an absorption edge around 420 nm with an extrapolated band gap energy of 3.17 eV
(see Figure S3), indicating a slight blue-shift when replacing Pb for Sn, as already
observed in other metal halides even though with a smaller impact with respect to 3D

and 2D metal halide perovskites.*

To more precisely assess the contribution of bound excitonic states on the absorption
edge of these materials, we performed absorption measurements at cryogenic
temperatures (77 K) on drop casted thin films of (R-AMOL)Pbls and (R-AMOL)Snl3
(Fig. 4e,f): both materials exhibit clear excitonic absorption peaks at low temperature,
respectively at 3.2 and 3.16 eV for Pb- and Sn-containing samples. The bandgap
absorption edge, retrieved by a Tauc fit of the absorption rise, is found at 3.44 and
3.23 eV, respectively. This corresponds to an estimated excitonic binding energy of
73 meV for (R-AMOL)Snls, consistent with no discernible excitonic absorption at room
temperature as confirmed by diffuse reflectance measurements (see Figure S3).
Conversely, for (R-AMOL)Pbls, the excitonic binding energy is 240 meV, which result
in a stable excitonic population at room temperature, as corroborated by the
reflectance spectrum at room temperature shown in Fig S3, where a clear excitonic

peak is evident at 3.05 eV.

The CD spectra (Figure 4d) present in this case four intense and opposite peaks with
the one placed at the highest wavelength again well corresponding to the absorption
edge (cfr. Figure 4c). While we recognize that the mdeg value is not an absolute scale
since it has a dependence with the sample amount, the present films, for both
samples, of thickness around 400 nm, present one of the highest values of CD

response reported to date, indicating their potential use in efficient circular polarized
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light photodetection. The respective chiral ligands do not show any relevant CD in the
UV-Vis region, as anticipated based on their molecular structure and our
measurements not showing any peak. Therefore, all the chiroptically active
transitions derive from a chirality transfer from the chiral bifunctional ligand to the
inorganic network. It is interesting to note that an effective chirality transfer occurs
also when an interaction network is established by means of -OH groups, while all
the previous examples of chirality transfer to the inorganic framework were based on
the hydrogen bonding through the protonated amine group. The peculiar derivative-
like features of the CD signal around the band edge for all the samples suggest a
lifting of the spin degeneracy within the electronic states at the edge induced by the
chiral molecules defined as the Cotton effect.4? The chiral anisotropy factor, gcp, has
been calculated from the CD measurements and resulted to be around 2 x 103 for
both series of samples. Since no other chiral systems possessing the structural motif
of the present samples or including a similar ligand are present in the current
literature, a direct comparison of the chiroptical properties with available data is not
straightforward. However, these values are higher with respect to data reported for
some 2D chiral perovskites.4®> Moreover, for 2D perovskites excitonic coupling is
usually not observed in lead-based perovskites encapsulating MBA or 1-(1-
naphthyl)ethylammonium while it appears in MBA2Snl4.844 This could be ascribed to
an enhanced interaction between the organic and the inorganic moieties in the tin-
based systems due to higher electronic coupling.?® In our 1D compounds, however,
the comparable distortion and the aliphatic nature of the cation, not allowing for
interactions such as the CH-11 one mentioned in the literature, could induce a different
behavior. It can be hypothesized that the concomitant presence of two hydroxyl group
and the aminogroup on the cation induces strong interactions with the | atoms of the
octahedra, being beneficial for the chirality transfer for both systems and resulting in
their enhanced CD response displaying in all cases excitonic coupling. Overall, this
complex short-range bonding pattern is capable of effectively promote a chirality
transfer to the inorganic framework as well as to impact on the charge localization

(see later in the text).

We also measured the photoluminescence (PL) at room temperature. Both the Pb
and Sn based samples showed only weak PL response: the observed PL spectra

(figure S4) show a very broadband, if weak, PL signal for all samples, with FWHM of
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the order of hundreds of nanometres. The PL from Pb based samples shows two
main components, centred around 500 nm and 700 nm. On the other hand, the Sn-
based materials show a significant shift from their absorption edge, with a main peak
centred around 780 nm and a broad shoulder extending to 450 nm. Such shift in chiral
Sn-based metal halides has been reported only in a previous case in literature by our
group on 2D chiral perovskites where the origin of such phenomenon was accounted

for by the presence of self-trapped excitons (STEs).23

To gain insight into the electronic properties of these novel 1D hybrid materials, we
performed DFT electronic structure analysis, see Computational Details in SI. From
the density of states (DOS) simulation, we can notice that the main contribution of the
valence band (VB) is associated to the halogen and the conduction band (CB) shows
a predominant contribution of the central metal (Sn or Pb), while the contribution of
the organic molecules is deep in the VB and CB, see Figure 5. From a more detailed
analysis of the band structure and isodensity plot of VB and CB edges, Figure 5, we
can notice that the Sn-based 1D metal halides exhibit a quasi-direct band gap,
showing a band edge placed off from an high symmetry point in the Brillouin Zone:
the conduction band minimum (CBM) is located at the I high-symmetry point, while
the valence band maximum (VBM) is slightly shifted toward the X point.#> The band
structure reveals a distinctly one-dimensional electronic character, with noticeable
dispersion only along the direction of the inorganic moiety's growth axis, see effective
masses in Table S1. In the perpendicular directions, the electronic momentum is
completely flat, reflecting a lack of interaction and confirming the quasi-1D nature of
the material; see band structure in Figure S6 in Sl. For the Pb-based counterpart, the

band gap is found to be direct at the I" point.

An interesting distinction from the Sn-based material is the emergence of a different
character of the VBM. As we can see from the crystal structure reported in Figure 2,
these novel systems have two different types of iodide anions: (i) the bi-coordinated
and (ii) the undercoordinated species. By analyzing the isodensity plots of the charge
distribution associated with the VB edges state of the Sn-based material, we found a
quite homogeneous contribution from all iodide atoms, while for the Pb-based
species, the VB edge contribution comes from only the undercoordinated iodide, see

Figure 5a and 5c.
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Figure 5: Projected Band structure of the undercoordinated iodine moiety for the (a) Sn-based and (b)
Pb-based chiral metal halides (S-enantiomer) along with the respective Density of State and isodensity
plot (c) and (d) of the VBM.

To clearly visualize along the band structure the role of the different types of iodide,
in Figure 5a and c we illustrated the projected contributions of the undercoordinated
iodine atoms to the band structure, highlighting their roles in the valence and
conduction bands for the (S-AMOL)Snlz and (S-AMOL)Pbls, as selected examples.
In the Sn-based system (Figure 5a), both coordinated and uncoordinated iodine
contribute to the valence band, emphasizing their critical role in shaping the electronic
states near the Fermi level. Conversely, for the Pb-based system (Figure 5c), the
valence band is primarily localized on the uncoordinated iodine, indicating a clear
localization of the charge on the lodine that could in principle also lead to a shift in
the electronic structure following the effect of having different metal centers. These
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projections provide a detailed visualization of the orbital contributions and
demonstrate how iodine coordination geometry (coordinated vs. uncoordinated)
governs the electronic properties of these materials. Lastly, the more localized form
of the charge of the valence band isodensity described in Figure 5d may be
associated with the greater exciton binding energy obtained for the Pb-based system.
According to Wu et al., it is well known that the Eb rises as valence electron
localization increases because of the decreased electronic screening.#® This
distinction further underscores the differing bonding environments and electronic
interactions in Sn- and Pb-based chiral low-dimensional metal halides, with potential

implications for their optoelectronic performance.

3. Conclusions

The novel (2R,2'R)-1,1'-azanediylbis(butan-2-ol) and (2S5,2'S)-1,1'-
azanediylbis(butan-2-ol) bifunctional chiral ligands have been synthesized for the first
time and used to prepare the 1D chiral metal halides (R/S-AMOL)Pbls and (R/S-
AMOL)Snls. The presence of aminic and hydroxyl functional groups, these last on the
chiral carbon, leads to the formation of an unprecedented structural arrangement in
low-dimensional chiral metal halides. While this structure is found for both the Sn-
and Pb-based systems, relevant differences are found in the optical response and
electronic structure. While both samples show a strong CD response, centred around
the absorption edge, the PL, while weak for both, is strongly red-shifted for (R/S-
AMOL)Snls, which also displays an exciton binding energy three times lower than the
Pb-counterpart. The calculation of the electronic structure of the samples shows
some similarities in terms of atom contribution to VB and CB but a significant
difference arising from the nature of the iodide atoms participating to the density of
states. Specifically, both bi-coordinated and undercoordinated iodides contribute to
the VB in the case of (R/S-AMOL)SnlIs while for (R/S-AMOL)PbIs the VB is mostly
localized on the axial atoms causing a shift of the electronic structure which can be

correlated to the observed optoelectronic properties.

The present results, reporting an ad hoc synthesized difunctional chiral ligand leading
to a novel structural family of 1D chiral metal halides, highlight the importance of
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extending the actual library of hybrid chiral systems in order to widen the properties

tuning of the chiroptical and electronic properties.
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Figure S1. Rietveld refinement of (S-AMOL)Pbls.
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Experimental

Synthesis of (2R,2'R)-1,1'-azanediylbis(butan-2-ol) and (2S,2'S)-1,1'-azanediylbis(butan-2-
ol) (AMOL-monomer)

MeCN
NH
/\<c‘) NH,OH ag. TYNA

100 °C, 1h OH

To a stirred solution of (R/S)-1,2-epoxybutane (1.72 mL, 20 mmol) in MeCN (4 mL) Aqueous
NHs solution (10 mL, 30% w/w) was added dropwise. The resulting clear solution was heated
at 100°C in a pressure tube apparatus for 1h. Volatiles were removed from the crude
compound with rotary evaporator without heating the bath. The residue was then distilled
bulb-to-bulb (7 mmHg, 127 °C) gave to give the two enantiomers of 1-amminobutan-2-ol as

a colourless oil.

IR (liquid film): 3355 (br, NH and OH), 2931, 2861, 1579, 1076.

"H NMR (400 MHz, CDCl3) 3.45-3.41 (m, 1H), 2.80 (dt, J =13, 4, 3 Hz, 1H, CH(H)N), 2.51
(dt, J = 10, 5, 4 Hz, 1H, CH(H)N), 2.24 (br, 3H, NH2, OH overlapped), 1.47-1.39 (m, 2H,
CH2CHs), 0.94 (t, J = 7.9Hz, 3H, CH3);

13C NMR (100 MHz, CDCl3) 73.4 d, 46.8 1, 27.6 t, 10.1 q.

MS-ESI: 90.09 [M+H]".

The data were the same for (R) and (S) enantiomer, ORP were reported below:

[a]?°p = +7.6 (c 1.0, CH2Cl2) for (R)-1-aminobutan-2-ol.

[a]?°p = -7.5 (¢ 1.1, CH2Cl2) for (S)-1-aminobutan-2-ol.

Synthesis of (2R,2'R)-1,1"-azanediylbis(butan-2-ol) and (2S,2'S)-1,1"-azanediylbis(butan-2-
ol) (AMOL-dimer)

MeCN
/\((I) NH,OH ag. /\K\”/\(

100 °C, 8h OH OH

To a stirred solution of (R/S)-1,2-epoxybutane (1.72 mL, 20 mmol) in MeCN (4 mL) Aqueous
NHs solution (1.6 Equiv., 2 mL, 30% w/w) was added dropwise. The resulting clear solution
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was heated at 100°C in a pressure tube apparatus for 8h. Volatiles were removed from the
crude compound with rotary evaporator without heating the bath. The residue was then
distilled bulb-to-bulb (7 mmHg, 127 °C) gave to remove residue of 1-amminobutan-2-ol as
a colourless oil. The residue contains AMOL-dimer with more than 93% grade of purity
(HESI-LC/MS).

'H NMR (400 MHz, CDCl3)  3.64 — 3.48 (m, 2H), 3.47 — 2.94 (m, 4H), 2.81 — 2.35 (m, 4H),
1.40 (tdd, J = 13.9, 10.2, 7.7 Hz, 4H), 0.91 (dd, J = 8.3, 6.8 Hz, 6H).

13C NMR (101 MHz, CDCl3) 5 70.9d, 47.1,28.2t, 10.1 q.

[a]?°D = +3.6 (c 1.0, CH2ClI2) for (R)-Dimer.
[a]?°p = -3.5 (c 1.1, CH2Cl2) for (S)-Dimer.

Synthesis of (R/S-AMOL)Snl3 and (R/S-AMOL)Pbl3

Powdered samples of (R/S-AMOL)Pbls and (R/S-AMOL)Snls were prepared by dissolving
proper amounts of Pb(CH3COQO)2 or Sn(CH3COO)2 in HI at 90°C. Once the powder was
dissolved in the solution, the proper amount of (R/S- AMOL) was added. After the dissolution
of the latter the solution was cooled down at room temperature (25°C), favouring the
precipitation of the final compounds. The synthesis of the Sn-based perovskite was carried
out under an N2 atmosphere, with the addition of HsPO2 as reductive reagent for the Sn(IV),

while the Pb compound has been synthesised in an ambient atmosphere.

Thin films preparation. First, the glass substrates were washed using water, isopropanol and
acetone in a sonicator for 20 min each. Then, the proper amount of perovskites were
dissolved in DMF:acetone (90:10) in order to obtain a final solution 0.08 M, and the thin films
were prepared on substrates by drop casting method. The films were annealed at 100°C for
10 min on a hot plate. Film thickness was measured with a mechanical profilometer (AP06
KLA Tencor).

UV-vis-NIR spectroscopy. Absorption and Diffuse Reflectance measurements were
performed under ambient conditions by using a Varian Cary 6000i spectrophotometer
equipped with a double monochromator, a 110 mm diameter integrating sphere, Si
photomultiplier and InGaAs photodiode detectors. Spectral range was 190-1800 nm, in

steps of 1 nm.

UV-Vis spectroscopy. DRS spectra were acquired in the wavelength range 300- 800 nm
directly on the powders by using a Jasco V-750 spectrophotometer, equipped with an
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integrating sphere (Jasco 1ISV-922). For each spectrum, one accumulation was performed
with a scan speed of 50 nm/min. The low temperature absorption measurements were
acquired putting drop casted thin films samples in a nitrogen-cooled cryostat stage (Linkam)
in a UV/VIS/NIR spectrophotometer Lambda 1050, Perkin Elmer.

Circular Dichroism. CD spectra were acquired in the wavelength range 350- 800 nm on thin
films by using a Jasco J-1500 CD spectrophotometer. For each spectrum, three
accumulations were performed with a scale of 200 mdeg/0.1 dOD, a bandwidth of 1 nm, and
a scan speed of 50 nm/min. The gcp value for both samples has been calculated after
normalizing the absorptions using the following formula:

AA Ellipticity)
= A4 _ (EWpUCityy /g ps
Yca A ( 32980 /

Where Ellipticity is expressed in millidegrees (mdeg). The effect of Linear Dichroism (LD)
was eliminated by performing measurements on the thin films tilted by 90° and then rotated
by 180°.

Photoluminescence spectroscopy. The PL spectra were acquired under excitation from the
3 harmonic of a Nd:YVOu4 laser (Innolas Picolo, 900 ps, 1 kHz, 355 nm) keeping the
samples under vacuum condition in a Linkam stage (P = 6e-3 mbar). The pump was focused
on the sample with a 25 cm focal lens, to achieve a fluence of 2.2 W/cm?. The PL was
measured using a cooled iCCD (Andor iStar) coupled to a Shamrock monochromator,
offering enhanced spectral and detection sensitivity by synchronizing the PL acquisition with

the optical excitation via electronic gating (measurement window: 4 ns, integration time 10s).

Structural determination. Powder X-ray diffraction (PXRD) data were acquired employing a
Bruker D8 Advance 0:0 diffractometer and a Si zero-background sample-holder, in the 26
range 3.0-74.0°, with steps of 0.02° and a time per step of 10 s and treated taking advantage
of the TOPAS-6 software. Suitable unit cell parameters were retrieved upon indexing the
PXRD pattern through the Singular Value Decomposition algorithm, then performing a whole
powder pattern refinement with the Le Bail method? (Figure S5a).'? The structure was
solved with the Simulated Annealing approach? and refined with the Rietveld method (Figure
1b of main text), describing the (S-/R-)AMOL as rigid bodies through the Zz-matrix
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formalism.3* The background was described by means of a Chebyshev type polynomial

function, and the instrumental contribution to the peak profile through the Fundamental

Parameters Approach.® The crystallographic data are reported in table S1.
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Figure S5. Whole powder pattern Le Bail refinement of the (R-AMOL)Pbls (a) and (S-AMOL)PbIs (b) PXRD
patterns in terms of experimental, calculated and difference traces (blue, red and grey, respectively). The green
ticks indicate the positions of the Bragg reflections.

Computational Details

Density Functional Theory (DFT) calculations were performed using the Quantum
ESPRESSO suite of programs and with VASP.5-? Initial structures for both Sn- and Pb-
based perovskite models were derived from experimentally determined CIF data (CCDC
Code for (S-AMOL)Snls: 2365047) and subsequently optimized to achieve relaxed ionic
configurations. To accurately account for van der Waals interactions, we employed the PBE
exchange-correlation functional augmented with DFT-D3 dispersion corrections. All the
structural optimizations were carried out using QE, while VASP was used for more accurate

calculations of the fine electronic properties of both materials.

Structural optimizations utilized norm-conserving pseudopotentials, explicitly including the
H (1s), and Pb/Sn (6s, 6p, 5d)."° A

plane-wave cutoff energy of 60 Ry was applied for the wavefunctions, with a charge density

following electronic states: | (5s, 5p), N and C (2s, 2p),

cutoff of 240 Ry to ensure computational accuracy. Spin-orbit coupling (SOC) effects were
incorporated post-optimization to accurately capture Rashba-type spin splitting, which is
particularly significant for heavy elements such as lead. Finally, both Quantum ESPRESSO
and VASP were employed for fine electronic structure calculations. Specifically, the Heyd,
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Scuseria, and Ernzerhof (HSEO6) hybrid functional with spin-orbit coupling (SOC) addition
was used, with a 6 x 1 x 1 '-centered grid and a plane wave cut-off of 60/120 Ry for QE
with 500 eV. The calculated band gaps for Sn-based perovskites were 2.64 eV using PBE,
2.31 eV with PBE-SOC, and 3.52 eV with HSE06-SOC. For Pb-based perovskites, the band
gaps were slightly higher, with values of 2.85 eV (PBE), 2.16 eV (PBE-SOC), and 3.67 eV
(HSE06-SOC). These results highlight the significant impact of SOC and hybrid functionals
on the electronic structure, demonstrating the need for advanced methods to accurately

capture the material properties.
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Figure S6: Electronic band structures of Sn-based (a) and Pb-based (b) perovskites computed using
the PBE+D3 with spin-orbit coupling (SOC) and rigidly shifted to match the HSE06-SOC calculated
band gap of both materials. The conduction band minimum (CBM) and valence band maximum (VBM)
are highlighted in blue and red, respectively. The band structures reveal the direct band gap nature of
Pb-based materials, while for Sn the valence band is found to be off the point of high symmetry leading
to a quasi-indirect band gap.

139



Table S1. Hole, electron and effective masses for the investigated systems.

* *

Mh me M
Sn (> X) 0.59 0.17 0.13
Pb (I > X) 0.93 0.25 0.19
Pb and Sn (I 2> 2) o o /
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Abstract

Chiral metal halides offer a rich library of materials for non-linear optics and spin selective
devices. Chirality is usually transferred from chiral organic cations to the inorganic sublattice
and this strategy, so far, has targeted low-dimensional materials, given the size of available
cations, posing limitations due to quantum and dielectric confinement. Despite the elegant
design, their embodiment in devices would benefit from efficient three-dimensional charge
transport. To this end, we have designed a family of chiral metal halides closely related to
the 3D corner-sharing octahedral network of prototypical perovskites through the relatively
small ditopic R/S-3-aminoquinuclidine (3-AQ) cation, leading to an arrangement of corner-
sharing octahedra of formula (R/S-3AQ)Pb2Brs. Direct bandgap and isotropic band structure
provide a 3D delocalized photoexcitation, with a chiral anisotropy factor consistent with the
theoretically calculated value for such a system. As expected for a chiral semiconductor,
Rashba effect occurs in the conduction band due to the combination of spin-orbit coupling
and non-centrosymmetry. This 3D system, offering rich chemical tunability, will facilitate

future materials engineering for non-linear optoelectronic devices.
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1. Introduction

Metal halide perovskites constitute a class of wonder materials, characterized by huge
structural diversity associated to variations in both the inorganic (metal, halide) and organic
(A-site cations) sublattices. Besides their success in solar cells and LEDs, such chemical
richness can be exploited to engineer a variety of chiral compounds with associated spin-
dependent chiroptical electronic properties.'® Potential technological applications of chiral
perovskites are in circularly polarized light emission and detection, chiral sensing, chiral-
induced spin selectivity, up to enantioselective synthesis and photocatalysis.*-!" Thus, the
broad tunability of these materials arises by the interplay of organic and inorganic moieties
through the chirality transfer mechanism, whereby chiral A-site organic cations impart
chiroptical response to the optically active inorganic framework.’?> The family of chiral 2D
perovskites and low-dimensional metal halides (0D and 1D systems), first reported from
2003,'314 has grown impressively by exploring various organic cations and different
metals.’™2' These low-dimensional structures were demonstrated to exhibit chiroptical
properties as well as spin-polarized absorption, spin-polarized photoluminescence, and
second harmonic generation. 22-25 The inherent carrier and excitonic confinement of such
low-dimensional materials and the associated anisotropic transport remains a challenge for

their effective integration in devices.

The synthesis of 3D chiral perovskites would represent a significant advancement, lifting the
above-mentioned limitations. It is now clear, however, that only small organic cations, such
as methylammonium (CHsNHz") or formamidinium (NH2CHNHz")), can give rise to 3D
perovskites which clearly have no chiral-templating nature.?62” A different approach was
proposed by Chen and co-workers through the growth of MAPbBr3 single crystals with the
addition of micro- or nanoparticles as nucleating agents.?® Chirality, in this case, emerges
from chiral orientation patterns of the incorporated A-site cations through the formation of
chiral supercells inducing chiroptical activity. The heterogeneous chiral nucleation proposed,
however, assures only a partial enantiomeric excess (i.e. the ratio of the two chiral
enantiomers) so that control over the handedness (R/L) selectivity remains a major isssue.
In addition, this synthetic process is limited to single crystals whereby thin films are the

optimal choice for their embodiment in devices.?®
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Here we face the challenge of achieving 3D chiral metal halide materials by making use of
enantiopure cage-like ditopic amines, specifically exploiting R/S-3-aminoquinuclidine (3-
AQ), Figure 1a. The peculiar steric hindrance of this amine and its relatively small size allows
the formation of a 3D chiral metal halide of formula (R/S-3AQ)Pb2Brs composed exclusively
of PbBre corner-sharing octahedral, similar to the 3D connectivity of prototypical perovskite
structures. The new compound presents a direct band gap with chiroptical properties in the
of 3D

semiconductors, as shown by its band dispersion and reduced exciton binding energy and

circular dichroism response, while clearly maintaining signatures typical
band gap compared to its 2D perovskite counterpart, (R/S-3-AQ)2PbBr4-2Br. In line with
such properties coupled to the non-centrosymmetric crystal structure, the 3D (R/S-
3AQ)Pb2Brs chiral system is predicted to show a significant Rashba conduction band

splitting that makes it potentially amenable for spintronics.?°

2. Results and Discussion

Samples of (R/S-3AQ)Pb2Breé and of (R/S-3-AQ)2PbBrs-2Br have been synthesized as
reported in the Methods Section (see Supplementary Information, Sl). For (R-3AQ)Pb2Brs
we grow high-quality single crystals which were used to solve the crystal structure by X-ray
diffraction and the main crystallographic data are reported in Table 1. For the S-enantiomer,
however, this was hardly possible and therefore the crystal structure was Rietveld-refined

starting from the single-crystal data of the R-enantiomer.

Table 1. Crystal structure data for [(R/S-3AQ)2PbBr4] 2Br and (R/S-3AQ)Pb2Brs. For (S-3AQ)Pb2Brs we report
the Rietveld refinement of powder diffraction pattern.

[(R-3AQ)2PbBr4] 2Br

[(S-3AQ)2PbBrs] 2Br

(R-3AQ)Pb:Bre

(S-3AQ)Pb:2Brs

Empirical formula

C14H32N4BrsPb

C14H32N4BrsPb

C7H1eN2BrsPb2

C7H16N2BrsPb2

Formula weight 943.05 943.05 1022.04 1022.04
Temperature (K) 298 298 298 298
Wavelength (A) 0.7107 0.7107 0.7107 1.5406
Crystal system Tetragonal Tetragonal Orthorhombic Orthorhombic
Space group P44212 P43212 P212121 P212124

Lattice parameters (A)

a = 6.58258(8)

a = 6.58253(5)

a = 10.9133(2)

a=10.9184(2)

b = 6.58258(8)

b = 6.58253(5)

b=11.0771(2)

b = 11.0820(2)

c = 56.6268(14) ¢ = 56.6576(8) c=155426(3) | c=15.5470(3)
Lattice Volume (A?) 2453.66(9) 2454.96(5) 1878.91(6) 1881.14(6)
2 4 4 4 4
CCDC code 2416647 2416648 2416219
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(R/IS-3AQ)Pb2Brs crystallizes in the orthorhombic chiral space group P212121 (No. 19) at 293
K. The crystal structure of (R/S-3AQ)Pb2Brs is peculiar and, to our knowledge, not yet
reported in the literature for any other metal halide: it is composed of two independent Pb
sites (Pb1 and Pb2) forming two distinct types of octahedra with Br ions, see Figure 1b-d.
Notably, the reported crystal structure presents a AB2Xs, chemical formula analog to that of

typical perovskitoids.

(a)

NH;*

g

3-AQ = 3-aminoquinuclidine

Figure 1. (a) Chemical formula of 3-aminoquinuclidine (3-AQ), the asterisk marks the chiral center; (b-d)
sketches of the crystal structures of (R/S-3-AQ)Pb2Bres along the a, ¢ and b axes, respectively; the two
crystallographically independent Pb ions are represented with their coordination octahedra in dark green (Pb1)
and light green (Pb2), respectively; (e) Highlight of the (R-3-AQ)Pb2Brs N-H---Br hydrogen bonds interactions,
represented as blue dashed lines.

From Figure 1 one may notice the peculiar arrangement of the PbBrs octahedra: [Pb1Breg]

octahedra are corner-sharing arranged along the b-direction while [Pb2Brs] octahedra form

an analogous corner-sharing pattern along the a-direction. These two perpendicular rows

are then again corner-sharing bonded along the c-direction creating central voids along the

a and b directions which host the 3-AQ moieties. N-H--Br hydrogen bond interactions are

established for both N atoms of 3-AQ, namely the tertiary amine of the quinuclidine ring and
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the primary amine in position 3 of the ring, with H--Br distances in the range 2.36-2.99 A,

Figure 1e.

The PbBrs octahedra present six different Pb-Br bond-lengths; these are, however, very
close to each other for both [Pb1Bre] and [Pb2Bre], lying in the range 2.93-3.09 A.
Interestingly, the average bond length for [Pb1Bre] is 3.0103 A and 3.0077 A for [Pb2Bre]
octahedra which are only slightly longer than the Pb-Br bond length found in cubic MAPbBr3
(2.964 A).% Indeed, the Robinson distortion parameter, D,%! is very low for both octahedra
type, 0.019, while the bond angle variance (02) is 42.7 and 51.9 deg? for [Pb1Bre] and

[Pb2Brs], respectively, see list of structural parameters in Table S1, Supporting Information.

To remark the difference between the (R-3-AQ)Pb2Bre 3D compound and the typical chiral
2D perovskites we synthesized also the (R/S-3-AQ)2PbBrs-2Br compound and solved the
crystal structure by SC-XRD, Table 1. The crystal symmetry of both R/S enantiomers is
tetragonal and belongs to the two chiral Sohncke space groups P41212 and P43212, for the
R and S sample, respectively. A sketch of the crystal structure for the two samples is reported
in Figure S1, Supporting Information. Both enantiomers present the typical arrangement of
Ruddlesden-Popper 2D perovskites characterized by layers of corner-sharing PbBre
octahedra separated by a bilayer of 3-AQ molecules including and additional layer of
bromide anions to ensure electroneutrality. The six Pb-Br bond lengths show a significant
distribution from ~2.78 to ~3.81 A for both samples, with an average bond length of about
3.20 A (see also Table S1). The octahedra distortion parameters for (R-3-AQ)2PbBra-2Br
and (S-3-AQ)2PbBr4-2Br are D=0.128 and o2 40.77 deg?, thus an increased octahedra
distortion is found compared to the 3D system (0.019 vs. 0.128).

For both systems we also afforded the preparation of the racemic samples in form of
powders. The X-ray diffraction patterns have been indexed and refined showing an
analogous structural arrangement as the chiral compounds but with centrosymmetric space
groups, namely Pmma for (rac-3-AQ)2PbBrs-2Br and C2 (rac-3-AQ)2PbBrs-2Br. The refined

patterns are reported in Figure S2 while Table S2 lists the corresponding lattice parameters.

Thermal stability of the R-samples has been determined by thermogravimetric analysis in
the 30-750°C temperature range and by differential scanning calorimetry (DSC) in the range
from -165 to 65°C. The results, reported in Figure S3, show good stability of the samples up
to 300°C when the first weight loss occurs. Notably, DSC shows the absence of phase
transitions in the considered temperature range, at variance with the typical 3D metal-halide

perovskites showing the formation of high-temperature cubic phases.3? The phase stability
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of (R-3-AQ)2PbBrs4-2Br and (R-3-AQ)Pb2Brs has been further explored by collecting XRD
patterns of thin films prepared by spin coating (see methods in Supporting Information) left
at open air in the laboratory environment (7=22°C, RH=40%) as a function of time for up to

47 days, showing significant air and moisture stability, see Figure S4.

To gain insight into the electronic structure of the 3D and 2D samples we have performed
Density Functional Theory (DFT) calculations, see Supporting Information for computational
details. The structures were optimized starting from the crystallographic data at the scalar
relativistic PBE level, followed by higher level HSE06 (a = 0.43) calculations including spin-
orbit coupling (SOC). Direct band gap values of 3.46 eV for (R/S-3-AQ)Pb2Brs and 3.82 eV
for (R/S-3-AQ)2PbBr4-2Br are calculated, at I and M points, respectively, see Figure 2 and
Table S3.33-3%
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Figure 2. (a, c) Electronic band structures and projected density of states (PDOS) for the 3D and 2D materials,
respectively. The PDOS was computed using the HSE06-SOC level of theory, whereas the band structures
were initially obtained with PBE-SOC and subsequently corrected to align with the HSE06-SOC band gap. The
insets in the PDOS panels illustrate the corresponding Brillouin zone representations. (b, d) Rashba splitting
of the valence and conduction bands for the respective materials, highlighting spin-orbit coupling effects. The
energy zero reference is set to the valence band maximum (VBM) and conduction band minimum (CBM) to
enhance the visualization of the splitting

The projected density of states (PDOS) of the R-isomers, Figure 2a-c, shows that the band
edges in both 3D and 2D materials are dominated by Pb and Br contributions, while the C,

N and H atoms from the organic molecules contribute to states far away from the band
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edges, similar to typical lead-halide perovskites.3¢ The calculated band structure, Figure 2a-
c, shows a direct band gap for both structural arrangements. Importantly, the 2D band
structure shows a flat band dispersion along the direction perpendicular to the inorganic
perovskite layers, i.e. [ > Z (see Figure S11), while the (R/S-3-AQ)Pb2Brs system has a
clearly isotropic band structure, indicating that the charge carriers can be transported along
the 3D octahedra network. Carrier effective masses for (R/S-3-AQ)Pb2Brs were determined
by parabolic fitting along the ' > Y /I = Z in the band gap region, finding mn* and me*
values of 0.54/0.66 and 0.34/0.53 mo, respectively, where mo is the electron mass. Effective
masses along other crystallographic directions are provided in Table S4. An exciton reduced
mass of 0.21/0.29 mo is thus estimated. It is interesting to compare calculated effective
masses for (R/S-3-AQ)Pb2Brs to those of typical 3D perovskites, e.g. MAPbBr3.3” Although
the values obtained for our system are a factor ~1.5 times higher than those for MAPbBr3
(mn* and me* =0.31 and 0.27 mo, respectively), a similar trend is observed, with electrons

being more mobile than holes.

Notably, both 3D and 2D systems display a Rashba/Dresselhaus spin splitting of the
electronic band structure, Figure 2b-d,38-40 a characteristic that can be exploited in spintronic

applications. The Rashba splitting parameters including the energy splitting &7,,, moment

offset (Ak) and Rashba coefficient (a) are reported in Table S4-S5. For (R/S-3-AQ)Pb2Brs a
significant Rashba effect is observed in the conduction band with a =2.22 eV A. In contrast,
the valence band shows weaker Rashba splitting indicating minimal spin-orbit interactions
in this band. On the other hand, high values of a were found for the 2D (R/S-3-
AQ)2PbBr4-2Br (7.12 and 8.19 for the valence and conduction band, respectively) in line with

a higher octahedra distortion for the 2D species with respect to the 3D, see Table S1.

Structural and electronic structure calculations confirm a 3D character for the novel (R/S-3-
AQ)Pb2Brs chiral compound. The optical properties of the 3D and 2D systems have thus
been measured by UV-vis and PL spectroscopy; and by circular dichroism (CD). The
absorption measurements at 300 K are shown in Figure 3a-b for the four samples as Tauc
plots, while Figure S5-S6 reports a comparison of room temperature data with those
recorded at 77 K. We observe absorption features at 3.39 eV and 3.64 eV for (R/S-3-
AQ)Pb2Brs and for (R/S-3-AQ)2PbBr4-2Br, respectively, compatible with excitonic
absorption. The band gap, as identified by fitting the subsequent absorption rise, is found at
3.72 and 4.05 eV for the 3D and 2D structures, respectively. Both data are in good
agreement with calculated values, in particular the band gap increase moving from 3D to 2D
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structures (0.33 vs. 0.36 eV). Thus, for both the excitonic peak and band gap a noticeable
blue shift is observed when moving to the 2D structural arrangement, consistent with a more
delocalized excited state and band dispersion in the 3D case. For the (R/S-3-AQ)Pb2Brs the
exciton binding energy, Eb, is 480 meV, consistent with the presence of a stable excitonic
population at room temperature, Figure 3a. For (R/S-3-AQ)2PbBr4-2Br the exciton binding
energy is 500-540 meV for the R and S enantiomers, respectively, consistent with a higher

degree of confinement in the 2D arrangement.
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Figure 3. Tauc plot for (a) (R/S-3AQ)Pb2Brs and (b) (R/S-3-AQ)2PbBr4-2Br at 300 K; CD spectra for (c) (R/S-
3AQ)Pb2Brs and (d) (R/S-3-AQ)2PbBr4-2Br.

The PL emission of (R/S-3AQ)Pb2Brs, Figure S7, is centered at 1.7 eV, with a significant
Stokes shift and a bandwidth of about 500 meV. For the 2D system the photoluminescence

spectra are even more broadband, peaking at about 2.3 eV, with a bandwidth up to 800
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meV, consistent with the high distortion of the octahedral layers, see Figure S7 and Table
S1.

Lastly, we characterized the CD response of thin films of average thickness 300 nm, see
methods in Supporting Information. The XRD patterns of the thin films are shown in Figure
S8 indicating a single-phase nature. Their morphology has been investigated by Atomic
Force Microscopy and representative images are reported in Figure S9. The CD spectra of
(R/IS-3-AQ)Pb2Brs, Figure 3c, present distinct peaks in the range 315-400 nm, with the one
centered at higher wavelength corresponding to the absorption edge. The presence of
opposite sign in the CD peaks for the R and S samples confirms the chirality transfer from
the ditopic 3-AQ chiral cation to the Pb-Br inorganic framework. The chiral anisotropy factor,

gcp, has been calculated according to the following equation:

A—AR

9cp = 2(AL+AR) (eq. 1)

where AL and Ar are the absorbance of the sample for left- and right-handed circularly
polarized light, respectively, and resulted to be 6 x 10-° for the of (R-3-AQ)Pb2Brs and -9 x
107° for (S-3-AQ)Pb2Bres. The CD spectra for the 2D perovskites are instead shown in Figure
3d. A single peak, with opposite sign around 345-350 nm (again in line with the absorption
edge, cfr. Figure S6) can be observed, with a slight blue-shift with respect to the 3D systems.
gcp values are 4 x 10 (R-3-AQ)2PbBr4-2Br and -3 x 10 for (S-3-AQ)2PbBr4-2Br.
Interestingly, the chiral anisotropy factor is one order of magnitude larger for the 2D
perovskite with respect to the 3D compound. Such a result further supports the correlation
between structural dimensionality and gcop values. Indeed, it has been recently shown that
there is a progressive reduction of roughly one order of magnitude of the anisotropy factor
passing from OD to 1D to 2D chiral systems.’®#142 Thus, the first chiral 3D system
characterized by only corner-sharing octahedra allows to extend the correlation further
confirming such a progressive reduction which seems closely related to the higher amount
of chiral ligand in lower dimensional systems and the reduced lattice rigidity.4344 CPL
measurements at 77K (Figure S10) further confirms the trend of dimensionality also on
emission properties. The 2D system has a detectable CPL with gcpL of about 0.2% while, on
the other hand, the 3D system does not show appreciable CPL.
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3. Conclusion

In summary, a new chiral metal halide semiconductor with a 3D structure, namely (R/S-3-
AQ)Pb2Brs, has been synthesized by using a small and steric hindered ditopic cation,
providing the first chiral halide structural network composed of corner-shared octahedra
only. The calculation of the electronic band structure for (R/S-3-AQ)Pb2Bre demonstrates an
improved isotropic carrier mobility with respect to the (R/S-3-AQ)2PbBr4-2Br 2D system,
which, on the other hand, shows a transport confined in the plane of the inorganic layers.
These findings are corroborated by the photophysical properties of the semiconductor which
shows a lower degree of localization of the photoexcitation, and of excitation nature, with
respect to its 2D counterpart. The novel 3D system reported has a clear chiroptical response
in the CD spectra which scales with the structural dimensionality and shows a sizable

Rashba splitting in the conduction band.

Overall, this novel family of chiral 3D hybrid metal halides semiconductors has the potential
to overcome the limitation of anisotropic transport of actual chiral systems paving the way
for the development of chiroptical and spintronic devices. Moreover, the well-recognized
properties tunability of hybrid metal halides through chemical alloying could be applied to
(R/S-3-AQ)Pb2Brs to further manipulate its chiroptical and transport properties thus creating

a library of novel chiral 3D systems.
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Table S1. Octahedral distortion parameters and bond lengths for (R/S-3-AQ)Pb2Brsé and (R/S-3-
AQ)2PbBrs-2Br.

Bond
Distortion angle Quadratic Bond
Compound Polyhedron oy (x10%) | variance elongation lengths (A) M-X-M (deg)
(deg?)
2.9309(11)
2.9568(11)
2.9678(13)
Pb1Bre 194 42.7683 1.0127 3.0545(12) 120.10(4)
3.0618(13) 130.98(4)
3.0901(11) 132.00(4)
Uil 2.9349(13) 136.24(4)
2.9485(13) 136.52(4)
Pb2B 18.9 51.9884 1.0158 2.9694(10) 146.50(4)
ro : : . 3.0298(10)
3.0703(14)
3.0933(13)
2.939(10)
2.95(2)
3.00(3
Pb1Bre 19.9 50.2638 1.0150 (3) 118.0(5)
3.085(17)
129.2(5)
3.085(16)
130.0(5)
3.086(10)
(S-3AQ)Pb2Bres 136.0(4)
2.950(19)
137.2(7)
2.991(15)
3.02(3) 143.1(7)
Pb2Bre 14.0 65.4779 1.0201 3.03(3)
3.05(3)
3.139(16)
2.7824(8)
[(R-3AQ)2PbBr4] 2Br 129.0 40.6743  1.0350 3.0003(12) 170.84(4)
3.8207(8)
2.7827(8)
[(S-3AQ):PbBr4]-2Br 128.8 40.7754  1.0349 3.0024(12) 170.79(4)
3.8206(8)
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(b)

(R-3-AQ),PbBr,-2Br (S-3-AQ),PbBr,-2Br

Figure S1. (a-b) Sketches of the crystal structures of (R/S-3-AQ)2PbBrs-2Br along the c-axis; green spheres
represent Br ions.
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Figure S2. Whole powder pattern Le Bail refinement of (a) (rac-3-AQ)2PbBrs-2Br and (b) (rac-3-AQ)Pb2Brs
PXRD patterns in terms of experimental, calculated and difference traces (blue, red and grey, respectively).
The green ticks indicate the positions of the Bragg reflections.
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Table S2. Crystal structure data for (rac-3AQ)2PbBrs 2Br and (rac-3AQ)Pb2Brs

(rac-3AQ)2PbBrs 2Br

(rac-3AQ)Pb2Bre

Empirical formula C14H32N4BrePb C7H16N2BrsPb2

Crystal system Monoclinic Orthorhombic
Space group Cc2 Pmma

Lattice parameters (A) a=27.717(3) a=10.9730(5)

b = 11.6081(8) b = 15.6188(6)

c=7.9741(6) c = 11.0562(4)
B Angle (°) 92.163(6) -
Lattice Volume (A?) 2463.163(6) 1894.9(1)
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Figure S3. a) TGA curves for (R-3-AQ)2PbBrs-2Br (red line) and (R-3-AQ)Pb2Bre (blue line); b) DSC curves
for the same compounds.
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Figure S4. XRD patterns of a) (R-3-AQ)2PbBrs-2Br and (b) (R-3-AQ)Pb2zBrs as a function of time. Samples
were left in the open air in the laboratory environment (7=22°C, RH=40%).
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Figure S5. Tauc plot for (a) (R/S-3AQ)Pb2Brs and (b) (R/S-3-AQ)2PbBrs-2Br at 77 K.
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Figure S7. Photoluminescence spectra of, respectively, (R/S-3AQ)Pb2Brs and (R/S-3-AQ)2PbBrs-2Br
acquired at 300 K. In the inset, the room temperature PL lifetimes are shown.
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Figure S8. (a) XRD pattern of thin films of (a) (R/S-3-AQ)2PbBr4-2Br and (b) of (R/S-3-AQ)Pb2Brs compared
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Photoluminescence spectra of, respectively, (R/S-3AQ)Pb2Brs and (R/S-3-AQ)2PbBrs-2Br
acquired at 300 K. In the inset, the room temperature PL lifetimes are shown.
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Figure S9. Representative AFM images of (a) (R-3-AQ)PbzBrs and (b) of (R-3-AQ)2PbBr4-2Br thin films
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Figure $10. (a) CPL spectra of (a) (R/S-3-AQ)2PbBr4-2Br and (b) (R/S-3-AQ)Pb2Brs at 77 K.
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Experimental

Synthesis of (R/S-3AQ)Pb2Brs and (R/S-3-AQ)2PbBr4-2Br.

To prepare (R/S-3AQ)PbzBre and (R/S-3-AQ)2PbBr4-2Br, PbOAc2 (Sigma-Aldrich 99.9%)
was first dissolved in a large excess of 48% w/w aqueous HBr (Sigma-Aldrich) equivalent to
2 mL and the mixture was heated to 90°C. After the dissolution of the solid, the
dihydrochloride salt of R/S-3-AQ (ApolloScientific, 97%, ee 98%) was added, with a diamine
to metal molar ratio of 1:4 for (R/S-3AQ)Pb2Brs and of 2:1 for (R/S-3-AQ)2PbBrs-2Br. To
obtain the formation of single crystals the solution has been cooled down to room
temperature at 1°C h-, then it was washed with anhydrous diethyl ether (Sigma-Aldrich
99.7%) and dried in vacuum at 65°C for 3 hours.

Thin films preparation. First, the glass substrates were washed using water, isopropanol and
acetone in a sonicator for 20 min each and treated with oxygen plasma for 15 minutes. Then,
the starting materials, prepared as indicated above, were dissolved in DMSO to obtain a
0.16 M final solution, and the thin films were prepared by spin coating method with the
following program: 10 s, 150 rpm; 20 s, 350 rpm; 30 s, 1850 rpm. The films were annealed
at 160°C for 2 min on a hot plate. Thin film thickness was determined by mechanical

profilometer and resulted to be around 300 nm.

Single Crystal X-ray Diffraction. Measurements on selected crystal were collected on Rigaku
XtaLab SuperNova (Rigaku Europe SE, Neu-Isenburg, Germany) four-circle diffractometer
equipped by a microfocus X-ray source (A = 0.7107 A) and a Dectris Pilatus 200K hybrid
pixel array detector (DECTRIS AG, Baden-Daettwil, Switzerland). Data collection, data
reduction and accurate measurements of the unit cell parameters were performed by means
of the CrysAlisPro software suite, ver. 1.171.41." Absorption effects were empirically
evaluated based on a multi-scan approach using spherical ha<monics by the SCALE3
ABSPACK scaling algorithm implemented in the CrysAlisPro crystallographic suite. Crystal
structures were solved by direct methods (SIR 97) and refined by full-matrix least-square
procedures on F? using all reflections (SHELXL 2018/3).23

Powder X-ray Diffraction. Powder X-ray diffraction (PXRD) data were acquired employing a
Bruker D8 Advance 6:8 diffractometer and a Si zero-background sample-holder, in the 26

range 3.0-105.0°, with steps of 0.02° and a time per step of 10 s and treated taking
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advantage of the TOPAS-6 software. Suitable unit cell parameters were retrieved upon
indexing the PXRD pattern through the Singular Value Decomposition algorithm*, then
performing a whole powder pattern refinement with the Le Bail method®. The structure of (S-
3AQ)Pb2Brs was refined with the Rietveld method®, generating the enantiomer by taking
advantage of the atomic coordinates of (R-3AQ)Pb2Brs, solved by SC-XRD, and refining the
atomic coordinates of the Pb and Br atoms. The background was described by means of a
Chebyshev type polynomial function, and the instrumental contribution to the peak profile

through the Fundamental Parameters Approach’.

Atomic force microscopy (AFM). images were obtained with a SmartSPM microscope
(Horiba Scientific) on the spin-coated thin films. Topographic imaging was performed in
tapping mode with MikroMash NSC14 tips, with an amplitude of 120-140 nm and scan rate
ranging from 1 to 0.5Hz.

UV-Vis spectroscopy. DRS spectra were acquired in the wavelength range 300- 800 nm
directly on the powders by using a Jasco V-750 spectrophotometer, equipped with an

integrating sphere (Jasco ISV-922).

Circular Dichroism. CD spectra were acquired in the wavelength range 350- 800 nm on thin
films by using a Jasco J-1500 CD spectrophotometer. The gcp value for both samples has

been calculated after normalizing the absorptions using the following formula:

AA

Ycd = 7

where AA is the value obtained by dividing the mdeg by the constant (~32000) and A

represents the absorption difference, calculated as:

A — AR/2

where AL and Ar are the left and right absorptions.

The effect of Linear Dichroism (LD) was eliminated by performing measurements on the thin
films tilted by 90° and then rotated by 180°.

Low Temperature absorbance: The materials’ absorbance at 77 K was measured in a
spectrophotometer on thin films drop casted on fused silica substrates. The samples were
mounted in a Linkam stage cryostat and cooled to 77 K with liquid nitrogen in vacuum
condition. The excitonic energy level was identified as the central peak of a Gaussian
feature, while the band gap energy was identified with a tauc fit.
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Photoluminescence. Temperature-dependent photoluminescence was measured from bulk
crystals under vacuum using a Linkam Stage cooled with liquid nitrogen. The sample was
excited with CW laser (375 nm - TOPTICA) linearly polarized. PL was detected using a
Maya2000 visible spectrometer. CD PL was acquired using with a quarter-wave plate set to
+45° relative to a linear polarizer. The samples were excited at a fluence of 100 mW/cm?2.
Time-resolved photoluminescence. For measurements with ns resolution, the 3d material
was excited with the third harmonic (355 nm) from a Nd:YAG Picolo-AOT laser (pulse length
of approximately 900 ps, 1 kHz repetition rate). An Andor spectrometer paired with an iStar
iCCD is used for the detection. The camera acquisition is synchronized with the 1 kHz trigger
signal from the laser. We track the photoemission dynamics by gating the camera’s
acquisition over a temporal window of 50 ns collected at increasing delay from the trigger
reference (50 ns steps). The overall time resolution of the system is 2-4 ns. Kinetics are
obtained by integrating the whole PL spectrum recorded at each delay. The samples were
excited at a fluence of 100 m\W/cm?.

On the other hand to measure the shorter lifetime of the 2D material a shorter temporal
resolution was required: we employed a Hamamatsu streak camera in Synchroscan mode,
with a temporal resolution of 10 ps in the relevant measurement window (800 ps in total).
The sample was excited at 350 nm using the second harmonic of a tunable Ti:Sapphire

oscillator (Coherent Chameleon, 78 MHz, 150 ps).

Computational Details

Density functional theory (DFT) calculations were performed using the Quantum Espresso
software package.® Structural optimizations for both two-dimensional (2D) and three-
dimensional (3D) models were initiated from experimental CIF data. To account for van der
Waals interactions, the Perdew—Burke—Ernzerhof (PBE) functional was employed with DFT-
D3 dispersion corrections.? Norm-conserving pseudopotentials were used for all structural
optimizations, and electronic shells for Br (5s, 5p), N and C (2s, 2p), H (1s), and Pb (6s, 6p,
5d) were explicitly included.’™ The wavefunction cutoff and charge density cutoff were set
at 60 Ry and 240 Ry, respectively. The Brillouin zone was sampled using a 2x2x2 k-point
grid centered at the Gamma point for the 3D system and a 4x4x1 grid for the 2D system.
Following structural relaxation, spin-orbit coupling (SOC) was introduced to accurately
capture Rashba-type spin splitting, particularly significant for lead-containing systems. To

refine electronic structure predictions and enhance the accuracy of band gap estimations,
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hybrid exchange-correlation functionals with varying fractions of exact exchange were

subsequently applied. These results, presented in Table S2, highlight the impact of SOC

and hybrid functional parameters on the electronic properties of both 2D and 3D

configurations.

Table S3: Calculated band gap at different level of theory for the (R-3-AQ)Pb2Bre and (R-3-AQ)2PbBrs-2Br.

(R-3-AQ)Pb2Bre

(R-3-AQ)2PbBrs-2Br

PBE

PBE-SOC

HSE06-SOC a=0.43

HSE06-SOC a=0.25

2.81

2.06

3.46

2.84

3.01

2.38

3.82

3.19

Table S4: Calculated effective masses for different directions for the (R-3-AQ)Pb2Brs compound at the PBE-
D3 + SOC level of theory along with the Rashba data.

me* mh U £ (meV) Ak (x103 A" a(eVA)
r->X 0.75 1.01 0.43
r->yY 0.34 0.54 0.21
VB 0.70 2.80 0.12
r->z 0.53 0.66 0.29
CB 50.30 11.31 2.22
r->T 0.54 0.85 0.33

Table S5: Calculated effective masses for different directions for the (R-3-AQ)PbBrs x 2Br compound at the
PBE-D3 + SOC level of theory along with the Rashba data.
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me* Mh u £ (meV) Ak (x103 A1) a(eVA)
R->A 0.55 1.14 0.37
X=>A 0.57 1.14 0.38
VB 22.40 6.29 7.12
r->™M 0.42 0.55 0.24
CB 12.90 3.15 8.19
X=>M 0.42 0.55 0.24
r>z % % -
>
QL
v
>
ol ]
e
=

Figure S11: Close up on the flat '-> Z branch from the total band structure reported in the main text.
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CHAPTER 6

Conclusion and Outlook

In the light of the results emerged from the previous chapters, the tuning of structural
properties turned out to be a good strategy to exploit the optical and chiroptical properties.
This Ph.D. thesis has demonstrated, across four different systems, the optimization of
structure-properties correlation, the increasing of the significant values for the NLO
properties and the possibility of obtaining interesting phases without the toxicity of the lead.
The experimental results indicate new systems of different dimensionality, which lead to
different improvement, from the increasing of the chirality transfer to higher isotropic carrier
mobility, but also the implementation of new chiral cations which can create new interaction
with the inorganic framework, developing new structural phases which, since now, were no

longer present in the state of the art.

Chapter 2, “Ligand-Induced Chirality in CI-MBA2Snl4 2D Perovskites” was dedicated to the
study of a novel low band gap Sn-based 2D chiral. The crystal structure of the novel lead-
free perovskite (R/S-CIMBA)2Snls. investigation confirmed that the R- and S- compound
crystallized in non-centrosymmetric space groups while the racemic compound behaves as
opposite. The presence of chiral ligands effectively induces the emergence of chiroptical
properties, as demonstrated by the CD spectra and confirms by the presence of a Rasbha
band splitting for the isomer compound, while absent for the racemic one. The phase has
been characterized also by UV-vis spectroscopy and PL spectroscopy. The overall
characterization confirms the structural distortion induced by chiral organic cations. Such
structural distortions eventually lead to the formation of STEs and concomitant, red-shifted
emission highlighting the impact of local environment on the electronic properties. Finally
the compound has been compared with the analogue Pb-based compositions, namely (R/S-
CIMBA)2Pbl4, it can be seen that replacing lead with tin lead to a further reduction of the
crystal symmetry, to a variation of the octahedral distortion parameters, to a reduction of the
band gap from 2.55 eV (Pb) to 2.12 eV (Sn) and a strong variation from a narrow emission

to a broad emission centered in the red region of the visible spectrum.
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Chapter 3, “Unraveling the Role of Structural Topology on Chirality Transfer and Chiroptical
Properties in Chiral Germanium lodides” introduced two novel series of chiral CIMBA-
containing germanium iodides, (R/S-CIMBA)3Gels, and (R/S-CIMBA)2Gels, presenting the
same chemical building blocks but a different dimensionality, namely a 1D structural motif
for the first and a typical 2D perovskite arrangement for the second system. The
experimental and computational investigation highlight first, from the structural data, the 1D
topology presents a reduced distortion level of the octahedra with respect to the 2D system.
This provides an insight to tune distortion parameters which are known to affect the
electronic and optical properties. DFT calculations predict stronger effect of SOC on relevant
electronic states passing from a 1D to a 2D structure, which correlates with the increase of
the amplitude of the chiral distortions induced into the framework. Indeed, the optical
properties indicate a change from indirect to direct bandgap passing from 1D to 2D
dimensionality with a slight red-shift in the same direction and from the CD results clearly
the increasing of one order of magnitude of the gco from ~4x10~* to ~4x10-3 when
dimensionality reduces The origin of such trend can be interpreted as an “increase” of the
chirality transfer to the inorganic framework when changing the structural dimensionality as
demonstrated by the analysis of the symmetry breaking distortions To conclude, our study
reveals an active role of the dimensionality change keeping the same chemical building

blocks.

Chapter 4, “Engineering the Electronic Structure and Optoelectronic Properties of Chiral
Metal Halides through Ligand Design” introduce the importance of extending the actual
library of hybrid chiral systems in order to widen the properties tuning of the chiroptical and
electronic properties. In here, we present the implementation of the novel (2R,2'R)-1,1'-
azanediylbis(butan-2-ol) and (2S,2'S)-1,1'-azanediylbis(butan-2-ol) bifunctional chiral
ligands, which have been synthesized for the first time and used to prepare the 1D chiral
metal halides (R/S-AMOL)Pbls and (R/S-AMOL)Snls. This work highlights how the presence
of aminic and hydroxyl functional groups, these last on the chiral carbon, leads to the
formation of an unprecedented structural arrangement in low-dimensional chiral metal
halides. This new structure has been found for both the Sn- and Pb- system and for this
reason, both systems has been characterised, and relevant differences are found in the
optical response and electronic structure. While both samples show a strong CD response,
centred around the absorption edge, the PL, while weak for both, is strongly red-shifted for
(R/S-AMOL)Snls. The calculation of the electronic structure of the samples shows some

similarities in terms of atom contribution to VB and CB but a significant difference arising
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from the nature of the iodide atoms participating to the density of states. Specifically, both
bi-coordinated and undercoordinated iodides contribute to the VB in the case of (R/S-
AMOL)SnlIs while for (R/S-AMOL)Pbls the VB is mostly localized on the axial atoms causing
a shift of the electronic structure which can be correlated to the observed optoelectronic

properties.

Chapter 5, “3D Metal Halide Semiconductor” presents a new chiral metal halide
semiconductor with a 3D structure, namely (R/S-3-AQ)Pb2Brs, which has been synthesized
by using a small and steric hindered ditopic cation, providing the first chiral halide structural
network composed of corner-shared octahedra only. The calculation of the electronic band
structure for (R/S-3-AQ)Pb2Brs demonstrates an improved isotropic carrier mobility with
respect to the (R/S-3-AQ)2PbBrs-2Br 2D system, which, on the other hand, shows a
transport confined in the plane of the inorganic layers. These findings are undelined by the
photophysical properties of the semiconductor which shows a lower degree of localization
of the photoexcitation, and of excitation nature, with respect to its 2D counterpart. Moreover,
the well-recognized properties tunability of hybrid metal halides through chemical alloying
could be applied to (R/S-3-AQ)Pb2Brs to further manipulate its chiroptical and transport

properties thus creating a library of novel chiral 3D systems.

These improvements have led to discover new interesting phases and structures which
show how many possibilities of implementation exist in this field. The importance of the
investigation in structure properties correlations leads to the discovery and the improvement

of these materials, hopefully in some device that could be a future technology.
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