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Synopsis

This thesis focuses on layered hybrid 2D lead and tin halide perovskites with generic formula
A>2MXs, where A: organic ammonium ion; M: Pb, Sn; and X: I, Br. These materials have
interesting optoelectronic properties because of their repeating quantum well structure
comprising atomically thin semiconducting inorganic sublattice and insulating organic (A)
sublattice. Primarily, the electron, hole and exciton reside in the inorganic sublattice exhibiting
the optoelectronic properties. A large part of this thesis will show that a rational design of the
organic sublattice can significantly change the structure and optical properties of the inorganic
sublattice, in terms of chirality, band gap tuning and luminescence. The primary objective of
the thesis is to explore novel strategies to design the organic-inorganic interface at a molecular
level. The organic-inorganic interface interacts through various non-covalent interactions
electrostatics, hydrogen and halogen bonding, along with =-r interactions. Single crystals and
films of such 2D layered hybrid perovskites were prepared, and structural and optical properties
were investigated in a wide range of temperatures 6-300 K. Chapter-wise descriptions of the

thesis content are provided below.

Chapter 1: Introduction:

This chapter provides a comprehensive introduction to the field of perovskite semiconductors,
along with defining the scope of the present thesis work. It starts with basics of metals-
semiconductors-insulators, followed by a more detailed discussions of different aspects of
traditional semiconductors like Si and GaAs. In this backdrop, the emergence of halide
perovskite materials as a versatile class of semiconductors have been discussed. The discussion
progresses to size-dependent quantum confinement in perovskites nanocrystals, and then
crystal structure induced quantization in layered hybrid halide perovskites that are termed as
2D perovskites. The 2D perovskites shows a strong quantum well structures, irrespective of
the size of the crystals. These 2D perovskites can be considered assembly of nanoscale organic-
inorganic interfaces. Special attention is given to the role of interfaces in determining
optoelectronic properties. Finally, the scope of the thesis is discussed, where molecular design

of the interfaces leads to interesting optoelectronic properties.

Chapter 2: Conformer-Mediated Helical Chirality in 2D Layered Hybrid Perovskites:

2D chiral organic-inorganic hybrid lead halide perovskites combine structural asymmetry,
semiconducting charge transport and strong spin-orbit coupling paving the way for unique
chiral optoelectronic and spin-based properties. Here we introduce a new idea to design chiral

perovskites by using different conformers of chiral organic ammonium ions. The gauche- and
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Synopsis

anti-conformers of 1-iodopropane-2-ammonium (IdPA) are alternatively arranged in the chiral
2D perovskites (R-/S-1dPA).PbL. The anti-conformer of IdPA* ion have significantly stronger
electrostatic, hydrogen bonding, and halogen bonding interactions with the inorganic [Pbls]*
sublattice, compared to the gauche-conformer. This periodic asymmetry in non-covalent
interactions caused by the alternative arrangement of gauche- and anti-conformers, induces
chirality within the inorganic sublattice. Consequently, (R-1dPA)2Pbls and (S-1dPA).Pbls
crystallize in the helical enantiomorphic space groups P432:2 and P412:2 with four-fold screw
axes, which is very rare in the literature of hybrid perovskites. The two chiral enantiomers (R-
/S-1dPA)2Pbls show mirror-image like circular dichroism spectra for excitonic absorption. The
structure remains thermally stable in a wide temperature range of 15 K to 403 K, yielding
interesting temperature-dependent photoluminescence properties. This conformer-mediated
approach expands the structural diversity and chiral optoelectronic functionality of hybrid

perovskites.

Chapter 3: Temperature-Dependent Photoluminescence of Hexafluorobenzene Intercalated

Phynethylammonium Tin lodide 2D Perovskite

2D layer hybrid tin halide perovskites also promise interesting optical and optoelectronic
properties, similar to their Pb-halide counterparts. Some of these properties can be controlled
by intercalation (non-covalent insertion) of molecules between the perovskite layers. Here we
intercalate hexafluorobenzene in 2D layered phenethylammonium tin iodide [(PEA)2Snl4], and
studied the luminescence properties in a temperature range of 6 K to 300 K. Hexafluorobenzene
intercalation is found to increases the bandgap. Below 150 K, pristine [(PEA)2Snl4] shows
luminescence quenching because of the presence of non-emissive states with slightly lower
energy compared to emitting excitonic states. Hexafluorobenzene intercalation suppresses the
non-emissive states, enhancing the luminescence intensity at cryogenic temperatures. Tuning
electronic and optical properties of layered hybrid perovskites just by simple molecular
intercalation highlights the newer approaches of controlling structure-property relationships in
hybrid perovskites.

Chapter 4: Edge versus Interior Mn?*-Doping in 2D Layered Butylammonium Lead Bromide

Perovskite Single Crystal

The exciton (electron-hole pair) in 2D layered hybrid perovskites like butylammonium lead
bromide [(BA)2PbBrs] remains strongly confined within an atomically thin Pb-Br layer.

Therefore, doping Mn?* into (BA)2PbBr. is expected to yield strong exciton-Mn?* interactions

Xiv



Synopsis

leading to interesting optical, optoelectronic and magneto-optic properties. But the exciton-
Mn?* interaction has not been found to be as strong as expected from a strongly quantum
confined system. Is there a spatial separation between Mn?* ions and excitons reducing the
energy transfer efficiency? To address this question, we prepared single crystals of Mn?*-doped
(BA)2PbBr4 studied their photoluminescence (PL) properties. In this single crystals, the PL
originating from excitons located in the interior vs. edge of layers can be distinguished.
Therefore, we can distinguish the interaction of Mn?* dopants with interior-excitons and edge-
excitons. Our results show that, compared to interior-exciton, it is the edge-exciton that interact
significantly more with the Mn?* ions. Energy transfer from edge-excitons sensitizes the Mn?*
ions, leading to the characteristic Mn?* d-electron emission at 2.05 eV. The Mn?* doping is
found to be preferred at the layer edges. Therefore, Mn?* dopants are not in close proximity of
the interior-excitons, that reduces their interactions, in spite of the strong quantum confinement.

Chapter 5: Thesis Summary and Future Outlook

In this section, we summarized the work presented in this thesis and highlight the major
findings. Based on our findings and current literature a future research outlook is also provided.
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Introduction

1.1 Conductor-semiconductor-insulator:

Solid materials can be classified into three groups based on their electrical conductivity: metals
or conductors, semiconductors, and insulators. Figure 1.1 illustrates the range of conductivity
values corresponding to these different material categories. Insulators, such as quartz and glass,
demonstrate very low electrical conductivity, typically around 108 to 10 S/cm.! In contrast,
conductors like copper and iron exhibit high electrical conductivities, generally ranging from
10* to 10® S/cm.! Semiconductors fall between the conductivity levels of conductors and
insulators. Interestingly, the electrical conductivity of semiconductors can be modulated over
many orders of magnitudes by applying different perturbations such as doping, temperature,
illumination, electrical bias voltage, and magnetic fields. The sharp modulation of electrical
conductivity with external perturbation makes semiconductors the active materials for various

electronic, optoelectronic and spin-based applications.

GLASS GERMANIUM (Ge) SILVER
- L]
NICKEL OXIDE SILICON (Si) COOPER
. o
: . i 3
DIAMOND (PURE) CALLIUME ARNENIDE (Gals) ALUMUNIUM
®
L
s GALLIUM PHOSPHIDE (GaP) PLATINUM
L 2
-
CADMIUM SULFIDE (CdS) BISMUTH
FUSED QUARTZ »
) I
pl g lalal o lglal o lel ¢ | .
418 -14 = Z 3 6 8
10 10 10° 107} 1 10 10 10

KONDUKTIVITAS (S‘cm)

|""‘ Insulator 4"‘— semiconductor —e——  conductor -9

Figure 1.1: Typical range of conductivities for insulators, semiconductors, and conductors.
The figure is reprinted from reference? with permission Copyright ©2008, Indonesian Journal
of Physics.

1.2 Traditional semiconductor:

In 1950s and 1960s, germanium and silicon emerged as materials showing interesting
semiconducting properties. Silicon shows a high electrical conductivity of approximately 102
S/cm and a significant diffusion length ranging from 100 to 300 um, making it particularly
suitable for electronic applications.! Its electrical conductivity, combined with its ample
availability in the Earth's crust, positions silicon as a cost-effective semiconducting material.
For applications such as solar cells, silicon has achieved an efficiency of 29% for a single-

junction cell, which is notably close to the Shockley-Queisser limit of 33.16%.% However,
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silicon is an indirect band gap material. Consequently, and it has a low absorption cross-section
on the order of 250 cm™. # indicating poor absorptivity. Therefore, very thick silicon is required
for solar cell. So light-weight and flexible solar cell and other optoelectronic devices are
difficult to achieve using silicon. The indirect band gap also means that silicon cannot emit

light and are not a preferred choice for light-emitting diode (LED) applications.

The issue of indirect band gap of silicon can be addressed by gallium arsenide (GaAs), that has
a direct band gap. Efficient and thinner solar cells and LEDs are well reported with GaAs.
There are other compound semiconductors like indium arsenide (InAs), indium phosphide
(InP), gallium nitride (GaN), cadmium telluride (CdTe), and lead sulfide (PbS), covering a
wide range of band gap. For example, GaAs with a band gap of 1.52 eV, ® yields near-infrared
(NIR) LED, whereas, GaN, with a band gap of 3.4 eV,° leads to fabrication of ultraviolet (UV)
LEDs.

However, many of compound semiconductors like GaAs and GaN are grown by different
epitaxial growth, making it expensive along with a challenge for large scale production.
Consequently, there have been continued research to explore new solution processed organic,
inorganic, and organic-inorganic hybrid semiconductors since 1980s. Colloidal quantum dots
and hybrid metal halides are such important solution processed and cost-effective
semiconductors that has emerged in recent times. Importantly, these new classes of
semiconductors exhibit newer properties beyond the scopes of traditional semiconductors like
Si, GaAs, InP etc.

1.3 Perovskite semiconductors:

The name "perovskite" is derived from the Russian mineralogist L. A. Perovski.” Perovskite
is a crystal structure that was assigned CaTiO3.3! Subsequently, a large variety of materials
were found to possess the same perovskite structure. Typically, the oxide materials with
perovskite structure possess a wide band gap, and are not good semiconductor. But then
emerged some halide perovskite materials showing interesting semiconducting properties.'22
The cesium plumohalide, grouped lead halide perovskite structure was first reported by Moller
in 1958.2% Semiconducting properties Pb- and Sn- based metal halides were explored in 1990s.
Kojima et al. in 2009, reported the first perovskite solar cell using methyl ammonium lead
iodide perovskite as the light absorbing material.2* The photo conversion efficiency in that first
report was 3.8%.2* But in subsequent reports, the efficiency jumped rapidly, with a present

value of 27.3 %.% This success in solar cell efficiency has led to intense research on different

4
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optoelectronic properties of 3D halide perovskites. Lead halide based perovskites such as
CsPbBrsexhibit remarkably high optical absorption coefficient of nearly 10° cm™ at 355 nm.%%
2T Long diffusion lengths (~0.1 um) is also observed for (CHsNHz3)Pbls perovskites thin films
along with efficient photoluminescence efficiency with narrow (~36 meV) emission line

widths, making them promising materials for various optoelectronics applications.?®-3

1.4 ABX3 3D perovskite structure:

. - . - .

Figure 1.2: Schematic of 3D perovskite structure having formula ABXz. The Violet sphere is
A site cation, and the red octahedral with sky-blue ball forms BX3 octahedra.

Perovskites are represented by a generic formula ABXs, as illustrated in Figure 1.2.% In this
structure, A and B represent positively charged cations, while X denotes a negatively charged
anion. In the case of lead and tin halide perovskites, the cations occupying the A site include
Cs*, MA* (methyl ammonium), and FA* (formamidinium), while the B site cations are Pb?*
and Sn?*. The anions at the X site are CI, Br-, and I". The BX3 framework forms an octahedral
configuration, with these octahedra creating void spaces between them. It is within these voids

that the A site cation resides, resulting in the formation of the ABX3 structure.

Victor Moritz Goldschmidt examined various perovskite systems and observed that the
formation of the perovskite structure is influenced by the ionic radii of the constituent ions.*

Goldschmidt tolerance factor (t) is defined as:

Goldschmidt tolerance factor (t) = \/Zr(’:r—:’;) (1)
B X

where, ra = radius of A-site cation, rg = radius of B site cation, rx = radius of X-site cation.
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This Goldschmidt tolerance factor is typically between 0.80 to 1 for a stable perovskite
structure.® The structure factor value is applicable to 3D perovskite structures such as CsPbls
and MAPDIs.

1.5 Perovskite nanocrystals:

When a 3D perovskite semiconductor is illuminated by light, electrons in the valence band
move to the conduction band, resulting in the creation of holes in the valence band.*”° This
process generates an electron-hole pair, which is referred to as an exciton. Excitons are quasi-
particles that maintain an equilibrium distance known as the Bohr exciton radius. When the
size of a semiconductor crystal in any direction approach or become smaller than the Bohr
exciton radius, the exciton experiences a reduced spatial environment compared to its
equilibrium position. In this case, the scenario resembles a particle-in-a-box problem, where

the length L is equivalent to the diameter of the crystal. According to the principles of the

particle-in-a-box model AE oc iz
L

As L, the crystallite size decreases, the AE, the band gap increases. This phenomenon is known
as size-dependent quantum confinement effect. Therefore, we achieve confinement by
manipulating the crystallite size. Colloidal nanocrystal of different chemical compositions of

ABX3 perovskites have been prepared and their optoelectronic properties have been studied.
40, 41

b  CsPb(Cl/Br), CsPb(I/Br),

CsPbCl,  CsPbBr, CsPbl, o
8
FWHM 4 i\ CsPbBr,
T 12nm-42nm T |
E CsPb(B/Cl),
(e] |
P4 ih
ik CsPbCl,
400 450 500 550 600 650 700 750 300 500 700
Wavelength (nm) Wavelength (nm)

Figure 1.3: Colloidal CsPbXs (X = CI, Br, 1) perovskite nanocrystals exhibit size- and
composition-tunable bandgap energies covering the entire visible spectral region with narrow
and bright emission: (a) colloidal solutions in toluene under UV lamp (A = 365 nm); (b)
representative PL spectra (Aexc = 400 nm for all but 350 nm for CsPbCls samples); (c) typical
optical absorption and PL spectra. The figures are reprinted from reference *° with permission.
Copyright ©2015, American Chemical Society.
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Apart from the size-effect, there is another pathway to tune the band gap and the excitonic
emission of CsPbX3 nanocrystals is by anion exchange. The iodide counterpart typically emits
in the red range, while the bromide counterpart emits in the green range, and the chloride
counterpart shows color in the blue and ultraviolet range.*® All these photoluminescence
properties are excitonic and can be tuned across the entire visible spectrum by changing the
anion from 1" to Br to CI- (see Figure 1.3).%° The emitted colors are bright enough to be detected

by the human eye.*% 4

1.6 2D hybrid halide perovskites:

Figure 1.4: Left-hand side structure is 3D perovskites CsPbls. The right-hand side structure is
2D hybrid perovskites [(S-MBA)2Pbl4].

3D perovskite is a three-dimensional framework where octahedra are interconnected in all three
dimensions, allowing carriers to move through each direction. If a larger A site cation is used
instead of a smaller A site cation, the larger cation may not fit into the void, disrupting the
connection of BX3 octahedra in one direction (Figure 1.4),%>* leading to either A2PbX4 or
A'PbXj4 structures. The A cation is a monovalent ammonium ion, while A" is a divalent

ammonium ion, and PbX4% constitutes the octahedral sheet extending in two directions.

Rupturing of inorganic sublattice can occur along different crystallographic directions like
<100>, <110>, and <111>, as shown in Figure 1.5.4> When an organic cation interacts with the
inorganic octahedra along the (100) plane, the inorganic octahedra will be separated by a
distance along the "a" direction, corresponding to the (100) plane. The interplanar distance

refers to the distance between two inorganic layers, which is designated by the (100) plane.
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Most of the two-dimensional (2D) perovskites are found to belong to this category, specifically

those characterized by the (100) plane.

Slicing along the (100) plane occurs due to the disruption of electrostatic interactions and
hydrogen bonding interactions between the ammonium head and the inorganic octahedra. The
amine group —NHz becomes protonated, transforming into -NHs*. This —-NHs" head forms
electrostatic and hydrogen bonding-like non-covalent interactions with the inorganic cage. The
ammonium ions situated between the two inorganic layers can be categorized into two types,
as previously mentioned: (i) monovalent ammonium cations, which have one ammonium group
at one end, and (i) divalent ammonium cations, possessing two ammonium groups at different

ends.

(RNH,),AB.X; (n=2) A%AB. X, (m = 2) ALAB.X,(q=2)

Figure 1.5: Schematic showing the slicing of a 3D perovskite into 2D layered perovskites
along the different crystallographic directions: (a) <100>, (b) <110>, and (c) <111>. “n” is the
number of octahedral layers directly connected in (100) layered perovskites. The analogous of
“n”in (110) and (111) layered perovskites are “m” and “q”, respectively. The figure is reprinted
from reference #? with permission. Copyright ©2016, American Chemical Society.

Cations can arrange themselves in specific patterns. In an ABAB-type pattern, two cations are
positioned such that the octahedra from one layer are shifted to the (0, 1/2) coordinate of the
layer beneath,* resulting in a structure known as Ruddlesden-Popper (RP) perovskites (Figure

1.6), represented by the formula A2Pbla. In contrast, when a divalent cation crystallizes in a 2D
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hybrid perovskite structure, the inorganic octahedra from consecutive layers align directly on
top of each other with a (0,0) coordinate shift, forming an AAAA arrangement.*’ This structure
is referred to as Dion-Jacobson (DJ) perovskites and can be represented by the formula A'Pbls.
The presence of a single amine linked through the inorganic octahedra contributes to the greater
rigidity of the DJ phase compared to the RP phase. However, it is noted that tuning various

properties is generally easier in the RP phase than in the DJ phase.

(NHz-R-NH; )2+

(R-NH, ),PbX,

Figure 1.6: (a) Dion-Jacobson and (b) Ruddlesden-Popper type layered 2D hybrid perovskites.

1.7 Quantum well structure in 2D hybrid perovskite:

CBM LUMO
Inorganic T I Organic
Well - l Barrier
VBM HOMO

Figure 1.7: Schematic representations of the quantum well structure of 2D layered hybrid
perovskites. The red arrow is the band gap, and the orange arrow is the energy gap between the
LUMO and HOMO levels of the organic cations.



Chapter 1:

In 2D perovskites, thin inorganic octahedra possess semiconducting properties and are isolated
by an insulating organic sub-lattice, creating a quantum well structure similar to Figure 1.7.4¢
°1 The inorganic octahedra, acting as the inorganic well, define the conduction band minimum
(CBM) and valence band maximum (VBM), while the organic sub-lattices serve as the organic

barrier, contributing to higher energy levels in the band structure (Figure 1.7).
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Figure 1.8: Quantum and dielectric confinement effects. (a) Origin of the confinement effects
in the halide perovskite lattice. Here, ew and &5 are the high-frequency dielectric constant of the
well and barrier layers, respectively. (b) Schematic of the dielectric confinement in a quantum-
well structure. The dashed lines indicate the attractive force acting between the electron and
the hole. (c) Simulated effect of quantum and dielectric confinement on optical absorption due
to 1s exciton. The band gap is set at 2.7 eV, indicated by the vertical dash-line. The black line
is the absorbance spectra computed on a hypothetical 3D system having the same high-
frequency dielectric constant as that of the well layer (ew). The small exciton binding energy,
Er3Pcorresponds to the 3D exciton. Turning on the quantum confinement effect while keeping
the dielectric constant homogeneous shifts the resonance peak at lower energy (blue line).
Further incorporating the dielectric confinement results in an additional shift and an enhanced
exciton resonance (red line). The figures are from reference® and reprinted from reference’
with permission. Copyright @2016, American Chemical Society.

The exciton primarily resides within the CBM and VBM, indicating that it is mainly confined

to the inorganic octahedra (see Figure 1.8). Does this suggest that the organic barrier has no

10
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effect? To answer this, we need to explore how the surrounding environment influences the
exciton. An exciton is a quasi-particle, and its behavior is affected by the screening capacity of
charge carriers (i.e., electron-hole pairs) in different media, which is defined by the dielectric
constant of the medium. The dielectric constant of the organic barrier (sub-lattice) is lower than
that of the inorganic well (octahedra).>?>4 Although the exciton is confined within the few
angstroms of the inorganic well, the electric fields created by the exciton extend through the
barrier as well, since the Bohr radius is on the order of nanometers. This leads to decreased
screening of the exciton's electric field, resulting in a higher Coulombic attraction between the
electron and hole. Thus, it is evident that while the organic sub-lattices may not exhibit a direct
effect on exciton photo-physics, such as in photoluminescence (PL), they do have an indirect
impact. This raises a critical question: How does the interface chemistry of each sub-lattice in
2D hybrid perovskites affect exciton photo-physics in terms of their optical properties?

1.8 Interface of 2D hybrid halide perovskites:

The 2D hybrid structure consists of organic sub-lattices sandwiched between two inorganic
sub-lattices. The semiconducting inorganic layer and the insulating organic layer create an
interface held by hydrogen bonding and electrostatic interactions.>>- These interactions enable
communication between the layers, resulting in new physical and chemical properties such as
new photoluminescence channels and chirality. Consequently, modulating the organic
sublattice can also introduce new properties in 2D hybrid perovskite.

1.8.1 Chirality in 2D hybrid perovskites:

Chiral hybrid perovskites combine chiral ammonium ions with inorganic sub-lattices to create
materials that exhibit unique properties. Organic semiconductors like polythienylenevinylene,
as well as Chiral amines, while offering chirality, typically exhibit low charge transport
capabilities, with electron mobility values ranging from 0.1 to 0.4 cm2/V-s.%® In contrast, typical
inorganic semiconductors like GaAs have much higher electron mobility, approximately 0.3 x
10* cm*V-s.%° However, GaAs lacks the chirality that chiral ammonium ions introduce. To
bridge this gap, researchers have developed chiral hybrid perovskites that incorporate chiral
ammonium ions alongside achiral inorganic sublattice. This combination aims to achieve a
balance in electron mobility, providing enhanced performance for device applications while
still utilizing the beneficial properties owed by chirality. This innovative approach allows for
the design of materials that can potentially capitalize on both high mobility and chiral

characteristics.
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(&) NEA = 1-Naphthylethylammonium

.
HyC NH, HaN CH,
*
£
R- S-

Figure 1.9: (a) Mirror image structure of (R/S)- naphthylethylammonium (NEA). (b) Mirror
image structure of R- and S-NPB. [NPB= (NEA):PbBrs]. The figure is reprinted from
reference® with permission. Copyright ©2020, Springer Nature.

Chiral organic ammonium cations, such as (R/S)-naphthylethylammonium, indeed exhibit a
property known as handedness, which creates in the presence of R- and S-isomers—structural
mirror images of each other (see Figure 1.9a). When these chiral ammonium ions are
incorporated into hybrid perovskites, the resulting material retains the chirality characteristic
of the original organic molecule (Figure 1.9b).%% 5! The ability of the hybrid perovskite to
exhibit this mirror image relationship can be attributed to several factors, including noncovalent
interactions and electrostatic forces.* 2 Noncovalent interactions, such as hydrogen bonding,
van der Waals forces, and ionic interactions, can play a crucial role in stabilizing the chiral
arrangement within the perovskite structure.8? 8365 These interactions help to maintain the
overall chiral nature of the material. Electrostatic interactions between the charged ammonium
ions and the inorganic sublattice can further influence the arrangement and orientation of the
chiral ammonium within the hybrid structure.> This can lead to variations in how the chiral
unit aligns with the inorganic components. This chirality characteristic leads to distinct
interactions with different polarization states of light, as these isomers interact differently with
left circularly polarized light (LCP) and right circularly polarized light (RCP), leading to
circular dichroism (CD). Chiral ammonium ions usually exhibit circular dichroism in the
ultraviolet (UV) or visible range.5! However, when these cations are incorporated into hybrid
perovskites, they demonstrate distinct circular dichroism (CD) properties. These distinct
circular dichroism properties are coming from the absorption maxima of the hybrid perovskites,
which are associated with the inorganic octahedral (Figure 1.10). Therefore, circular dichroism

signifies in favours of chirality induction.
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Figure 1.10: (a) UV—Vis linear absorption spectra and (b) circular dichroism (CD) spectra
recorded at room temperature for thin films of racemic-, R- and S-NPB [NPB= (NEA)2PbBr4].
The figures are reprinted from reference® with permission. Copyright ©2020, Springer Nature

Two different orientation

(S-NEA),PbBr,

Figure 1.11: Crystal structure of (S-NEA).PbBr4. A magnified view of a small portion of the
interface has been given on the right-hand side.

The first question that arises in mind is how chirality is induced from the organic sub-lattices
to the inorganic sub-lattices through non-covalent and electrostatic interactions. In most
reported chiral hybrid perovskites, the chiral organic ions exist in two different orientations, a
phenomenon known as the orientation effect.> 56 64 66,67 Thjs orientation effect leads to

asymmetric hydrogen bonding at the organic-inorganic interface (Figure 1.11). Consequently,
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the chiral organic ammonium ions induce chirality through non-covalent and electrostatic

interactions.

1.8.2 Intercalation in 2D hybrid perovskites:
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Figure 1.12: (a) Schematic representation of the reversible intercalation of molecular hexane
in (DA)2Pbls single crystal. b) PL spectra of (DA)2Pbls single crystal before and after hexane
intercalation. The figures are reprinted from reference®” with permission. Copyright ©2020,
John Wiley and Sons.

Some peculiar features of 2D hybrid halides have led researchers to explore intercalation.®” For
example, 2D hybrid perovskite structures, such as butylammonium lead iodide, exhibit two
maxima in band-edge absorption and emission.®® This suggests the presence of two distinct
band gaps, which can be quite confusing. Many researchers have speculated that the unusual
emission profiles arise from interactions between the inorganic sublattices.>” %8 It has been
shown that intercalation in 2D hybrid perovskite-like structures, such as (BA)2Pbls, (DA)2Pbl4
(where DA = decylamine), and (PEA).Snls (where PEA = phenylethylammonium),®
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eliminates the higher energy emission peak, likely linked to inorganic interlayer interactions.®’
The intercalating agents disrupt the hydrophobic tails of the organic sublattice. Sheikh et al.
demonstrated that the photoluminescence (PL) spectra can reversibly switch from dual
emission to single emission upon reversible intercalation (Figure 1.12).5" Consequently,
intercalation can also modulate exciton photo-physics, particularly in terms of

photoluminescence.
1.9 Doping in 2D hybrid perovskites:

The incorporation of dopants such as Yb** and Mn?* into a 3D perovskite structure like CsPbXs
(where X can be ClI, Br, or 1) has been shown to lead to remarkable optical, optoelectronic, and
magneto-optic properties.”®’> Among these, the emission spectra from Yb** and Mn2*, which
occurs through energy transfer from the perovskite host to the dopant, is one of the most
extensively studied phenomena.”® ”” In 3D perovskite quantum-confined nanocrystals, the
energy transfer from excitons to dopants is significantly more efficient compared to bulk
crystals.’® " This efficiency arises because the reduced dimensions of host crystallite size
enhance the coupling between the excitons and the dopants, leading to improved emission
characteristics. When transitioning to a 2D hybrid perovskite structure, the inorganic sub-
lattices shrink to a few angstroms in thickness, resulting in a very confined excitonic system.
This atomic thinness facilitates an efficient energy transfer to dopants due to the strong
coupling in the layered structure. However, doping with Yb*', which carries a Il charge,
presents challenges, as its charge non-compatibility with the 2D structure, is limited. In
contrast, Mn?* ions, which exist in Il oxidation state, can be easily incorporated into the 2D
hybrid perovskite structures. This ability to integrate Mn?** leads to the emergence of new
emission channels within the material, highlighting the significant impact of dopant choice on
the optical properties of hybrid perovskites. Consequently, researchers continue to explore the

potential of 2D hybrid perovskites with Mn?* doping to use for optoelectronic applications.
1.10 Scope of the thesis:

The broad objective the thesis is to rationally design the organic-inorganic interface of 2D
hybrid halide perovskites to tailor the optoelectronic properties. Although excitons are confined
within the inorganic sub-lattice, a thoughtful design of the organic sub-lattice can significantly
change the excitonic photo-physics. Consequently, molecular design of the interface is
explored here to introduce new optoelectronic functionalities of 2D hybrid perovskites. The

organic and inorganic sub-lattices interact with each other through various non-covalent

15



Chapter 1:

interactions, such as electrostatic-, hydrogen-, and halogen-bonding interactions. Our
molecular design mainly stems from controlling those non-covalent interactions, along with

doping the inorganic sub-lattices.

In Chapter 2, we present a concept for designing chiral hybrid perovskites by utilizing different
conformers of chiral A-site ions. Specifically, the gauche- and anti-conformers of 1-
iodopropan-2-ammonium (IdPA) (see Figure 1.13) are alternately arranged in the structure (R-
/S-IdPA)Pbl.. The anti-conformer of the IdPA ion exhibits significantly stronger electrostatic,
hydrogen bonding, and halogen bonding interactions with the inorganic [Pbls]*" sub-lattices
compared to the gauche-conformer. This periodic asymmetry in non-covalent interactions
probably helps in inducing helical chirality in (R-/S-IdPA).Pbls 2D perovskite.

*HaN. H
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Figure 1.13: Three major conformers of S-1dPA that have been proposed to incorporate to
synthesised (S-IdPA).Pbl..

Another way to tailor the optoelectronic properties is by molecular intercalation through the
labile organic sub-lattice. In chapter 3, We intercalated hexafluorobenzene (HFB) in
phenethylammonium tin iodide [(PEA)2Snl4], as shown in Figure 1.14. The strong non-
covalent n-rt interactions between the HFB molecules and PEA ions lead to a stable intercalated
structure. Importantly, the intercalation increases the bandgap and suppresses the non-emissive
states at cryogenic temperatures. These findings show that the intercalation in organic sub-
lattice alters the excitonic absorption and emission that is mainly originating from inorganic

sub-lattice.
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[(PEA),Snl,] @ Sn [(PEA),Snl,:HFB]

Figure 1.14: Intercalation of hexafluoroenzene (HFB) in phenethylammonium tin iodide
(PEA)2Snl4 2D perovskite.

We also tailored the luminescence property by doping the inorganic sub-lattice. In Chapter 4,
we doped Mn?* ions in the single crystals of butyl ammonium lead bromide [(BA).PbBr4].
Figure 1.15 shows only one (BA)2PbBr. hybrid layer with Mn?* dopant. The dopant site near
the edge of the layer is marked as red sphere, and that at the interior of the layer is yellow

sphere. Similarly, the red exciton is edge exciton and the yellow exciton is interior exciton.

l—» *fffffff

AR 2

Figure 1.15: One hybrid layer of butylammonium lead bromide, where the inorganic layer has
two kinds of doping sites, edge- and interior-site denoted by red and yellow colored spheres,
respectively. The excitons (e” — h* pair) located near the interior- and edge-sites are presented
by yellow and red backgrounds.

The exciton marked in red will efficiently transfer energy to the red-dopant site, while the red

dopant will experience minimal energy transfer from the yellow-colored exciton as energy
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transfer from host exciton to dopant is distance dependent. Consequently, we can see edge
exciton, facilitates efficient energy transfer to the dopant sites suggesting that the dopants are

predominantly present at the near layer edges.
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Abstract:

Two-dimensional (2D) chiral hybrid perovskites A2Pbls (A: chiral organic ion) enable chirality
controlled optoelectronic and spin-based properties. A* organic sublattice induces chirality into
the semiconducting [Pbl4]* inorganic sublattice through non-covalent interactions at organic-
inorganic interface. Often, the orientations of A" cations in the lattice have different
orientations, leading to asymmetry in the non-covalent interactions. In a novel approach, we
use different conformers of A* cations to create asymmetry in the non-covalent interactions,
thereby, achieving chiral perovskites with rare helical enantiomorphic structures. We prepared
(R-1dPA)2Pbls and (S-1dPA)2PDbls (IdPA: 1-iodopropan-2-ammonium) which crystallize in the
helical enantiomorphic space groups P43212 and P412:2, respectively. The gauche- and anti-
conformers of IJPA™ are arranged alternatively in the hybrid structure. Importantly, the anti-
conformer of IdPA* ion have significantly stronger electrostatic, N-H---1 hydrogen bonding,
and 1---1 halogen bonding interactions with the [Pbl4]% sublattice, compared to the gauche-
conformer. This periodic asymmetry in non-covalent interactions caused by the alternative
arrangement of gauche- and anti-conformers induces chirality in the inorganic sublattice with
four-fold screw axes (4s and 41). The enantiomers (R-/S-1AP)2Pbls show mirror-image like
circular dichroism from excitonic absorption of the inorganic sublattice. This conformer-based
design of chiral hybrid perovskites in helical space groups broadens material choices for

advanced optoelectronic applications.
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2.1 Introduction:

Two dimensional (2D) chiral hybrid lead halide perovskites combines structural asymmetry,
semiconducting charge transport and strong spin orbit coupling. Therefore, they promise to
exhibit interesting chiral optoelectronic and spin-based properties. For example, circular
dichroism (CD),*® circularly polarized luminescence (CPL),* circularly polarized
photodetectors,>® chiral-induced spin selectivity (CISS),”® Rashba-Dresselhaus spin-splitting,®
ferroelectricity, circular photogalvanic effect (CPGE),*° and nonlinear optical properties!! have
already been observed from different chiral hybrid perovskites.?*®* However, the efficiency

values of the observed properties are often limited for real-life applications.

In order to realize the full potential of chiral hybrid perovskites, a better understanding of the
chirality induced structure-property relationship is required. For example, it has been shown
that though the overall crystal structure of 2D R/S-1-methyl benzylammonium lead iodide
((R/IS-MBA),Pbls) is chiral, the [Pbls]*> inorganic sublattice remains centrosymmetric
(achiral).® The organic chiral cations can induce the chiro-optic properties like CD and CPL,
but did not induce structural chirality in the semiconducting inorganic lattice. In difference, R-
(+)- or S-(—)-1-(1-naphthyl)ethylammonium lead bromide ((R/S-NEA).PbBr4) show structural
chirality in the inorganic [PbBr4]? sublattice, and this symmetry-breaking lead to a substantial
Rashba-Dresselhaus spin-splitting with opposite spin textures between R- and S-hybrids.® The
induction of chirality in the inorganic sublattice of (R/S-NEA).PbBr4 was attributed to the
strong asymmetric hydrogen bonding between the organic and inorganic sublattice. But (R/S-
NEA).PbBrs with space group of P2:, does not possess the helical right- or left-handed
enantiomorphic structural chirality. Perhaps, most of the reported chiral hybrid perovskites
crystallizes in the non-enantiomorphic space groups without having the helical structure.46
The first report of the helical chiral hybrid perovskite was R-1-(4-
bromophenyl)ethylammonium lead iodide and S-1-(4-bromophenyl)ethylammonium lead

iodide with enantiomorphic space groups P432:2 and P4,2,2.1°

It is evident that the nature of the chiral organic sublattice mainly controls the nature of chirality
of the inorganic sublattice, but the mechanistic insights behind the control parameters are
unclear. In a typical chiral hybrid perovskites like (R-MBA)2Pbls or (R-NEA)2PbBTrs, the
orientations of the adjacent organic ammonium ions are different, meaning that the adjacent
organic cations are rotated with respect to each other.? 10 1718 probably such change in

orientation helps enhancing the asymmetry in non-covalent interactions at organic-inorganic
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interface. Another interesting aspect is that the organic ammonium ions can have different
conformers, where the ion has different spatial arrangements due to rotations of a single (C-C)
bond. But how such conformers of organic cation influence the chirality of hybrid perovskites?
Here we address this question with the example of chiral organic ammonium ions (R/S) 1-
iodopropan-2-ammonium (R-1dPA or S-IdPA), as shown in Figure 2.1a. Importantly, the
rotation of C»-Cs bond can give rise to different conformers like eclipsed or gauche or anti, as
shown in Figure 2.1b. The target is to achieve more than one conformers of the (R/S)-IdPA in
the hybrid 2D perovskite (R-1dPA)2Pbls and (S-IdPA)2Pbls, and subsequently explore the role
of organic conformers in inducing structural chirality in the inorganic sublattice.

(a) 1-iodopropan-2-ammonium (IdPA) || (b) Conformers of S-1-iodopropan-2-ammonium (S-IdPA)
NH3 NH3

He' |~ *H;N. H
;4/ NH3 3 _ 3 H 3 H
L | ) N
. . N
N e H  "H HsC
S- 3 M H

Figure 2.1: (a) Schematics representation of R- and S- enantiomers of 1-iodopropan-2-
ammonium ions (R-IdPA and S-IdPA). (b) Newman projection of different conformers
(eclipsed, gauche and anti) of S-IdPA. The correlation between sawhorse and Newman
projection has been shown only for the eclipsed conformer.

P
w//////z

Here, we could rationally design chiral 2D hybrid perovskites (R-/S-1dPA)2Pbls containing
both the gauche- and anti-conformers of R-/S-IdPA. Interestingly, the (R-1dPA)2Pbls and (S-
IdPA)2Pbls crystallizes in the helical enantiomorphic space groups P432:2 and P412:2,
respectively. The gauche- and anti-conformers are arranged alternatively in the periodic
organic sublattice. Importantly the nature of non-covalent interactions, namely, electrostatic,
hydrogen-bonding and halogen-bonding (I---1) interactions, at the organic-inorganic interface
are found to be very different for the gauche- and anti-conformers. This asymmetry in non-
covalent interaction probably induced the structural helicity in the inorganic sublattice. Owing
to the chiral structure, the (R-/S-1dPA)2Pbls show mirror-image like CD spectra. The structure
remains stable in wide temperature range of 15-403 K, allowing us to explore temperature

dependent photoluminescence (PL) properties of (R-/S-1dPA).Pbla.
2.2 Experimental Section:

2.2.1 Chemicals: Lead oxide (Sigma Aldrich, PbO, 99.9%), hydroiodic acid (HI, Sigma
Aldrich, 57% w/w in water), hypophosphorous acid (HzPO2, Avra chemicals, 50% w/w in
water), (R)-(-)-2-amino-1-propanol (Sigma Aldrich, 98%), (S)-(+)-2-amino-1-propanol (Sigma
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Aldrich, 98%), acetonitrile (Sigma Aldrich, HPLC, gradient grade > 99.9%), diethyl ether
(Rankem, Analytical grade, > 99.5%), acetone(Rankem, 99.7%), isopropanol (Rankem, 99%).

2.2.2 Synthesis of (R-/S-1dPA)2Pbls [IdPA = 1-(CH2)2-(CH3)(NHs), or 1-iodopropane-2-
ammonium] single crystals: The single crystals of (R-/S-1dPA).Pbls were synthesized using
acid precipitation method. 1 mmol PbO was dissolve in 2.5 mL Hl and 0.2 mL hypophosphorus
acid at 70 "C under magnetic stirring. After that 2 mmol of (R/S)-2-amino-1-propanol has been
added to the reaction mixture. The solution was stirred at 110 °C for 1 hour. The —OH of R- or
S-2-amino-1-propanol got replaced with —I of HI, along with ionization, forming R- or S-1dPA,
similar to prior reports. The stirring was stopped and the solution was cooled down to room
temperature. Then the solution was kept undisturbed for a day, yielding orange colored plate-
like crystals. The supernatant was decanted and the crystals were washed with diethyl ether
through suction filtration. The crystals were stored in vacuum desiccator and used for further

study.

2.2.3 Film deposition of (R-/S-1dPA)2Pbl4: Substrates (quartz or sapphire) were cleaned in
soap water, acetone, isopropanol in a stepwise manner via ultrasound sonication. Then the
substrates were dried in nitrogen flow. Then the substrates were treated with UV-ozone for 15
minute and were used for spin coating. Around 10 mg of (R/S)-(IdPA)2Pbls crystals was
dissolved in 100 pL acetonitrile via ultrasound sonication. The solution was then spin coated
on the quartz or sapphire substrates at 2500 rpm for 30 s. The obtained films were annealed at
50 °C for 10 min.

2.2.4 Structural characterization: Single crystal X-ray diffraction (XRD) data of both the
crystals [(R/S)-(1dPA)2Pbls] were collected through Bruker Smart Apex Duo Diffractometer
at two different temperatures 150 K and 296 K using Mo Ka radiation (A = 0.71073 A). The
single crystals were selected under an optical microscope and mounted on glass tip holder. For
150 K data, the crystals were kept under constant liquid nitrogen flow during the experiment.
The frames have been integrated with the Bruker SAINT software package. The structures has
been solved by the direct method using SHELXS and refined by full-matrix least-squares on
F? using the SHELXL, as implemented in WinGX. Symmetry analysis of all structures were
also performed using PLATON’s ADDSYM tool on both the inorganic framework and the
hybrid structure. The CIF files, containing the anisotropic displacement parameters, and the
atomic positions obtained from the refinement, are available via CCDC with codes 2402785,
2402788, 2402792, 2402794.
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Powder X-ray diffraction (PXRD) measurements at room temperature were performed using a
Bruker D8 Advance X-ray diffractometer, employing Cu Ka radiation in Bragg—Brentano
geometry. For low temperature measurements, the powder XRD patterns were collected in a
wide temperature range of 15 to 300 K using Malvern Panalytical Empyrean Series-111 X-ray

diffractometer equipped with Cu Ko radiation and a 1Der strip detector.

Thermal stability of the sample was checked by thermogravimetric analysis (TGA)
measurements carried out on powder samples under nitrogen atmosphere, with a Mettler
Toledo system. Differential scanning calorimetry (DSC) measurements were also performed
on powdered samples using a Mettler Toledo DSC823 system. About 2 mg of a powder sample
and a reference were heated from 123 K to 493 K in a nitrogen atmosphere at a rate of 10 °C

per minute.

2.2.5 Optical properties: UV-visible absorption spectra were recorded using Agilent
Technologies Cary Series UV-Vis spectrophotometer. The spectra were recorded in the
transmittance mode for films of (R-/S-1dPA).Pbl4 and solutions of R- or S-2-amino-1-propanol.
Steady-state photoluminescence (PL) spectra were recorded using the FLS 980
spectrophotometer (Edinburgh Instruments). A 375 nm (3.31 eV) picosecond pulsed diode
laser was the excitation source for recording the PL. Temperature-dependent PL measurements
were carried out in the same Edinburgh instrument coupled with a cryostat. Films of (R-/S-
IdPA)2Pbls on sapphire substrate were fitted in gold-coated holders. The samples were then
inserted in a closed cycle helium cryostat from Advanced Research Systems, which was
attached with a Lake Shore 335 temperature controller to achieve the desired temperatures in
the range of 6 K to 300 K.

Circular Dichroism (CD) measurements were performed using a Jasco J-815
spectropolarimeter. The CD spectra were acquired at a scan speed of 50 nm per minute, with 1
nm resolution, response time of 2 seconds, and 4 accumulations. The CD spectra were also
recorded in transmittance mode using films of (R-/S-1dPA).Pbls and and solutions of R- or S-

2-amino-1-propanol.
2.3 Results and Discussion:

2.3.1 Synthesis and crystal structure of (R-/S-1dPA)2Pbls with two conformers of IdPA:
The synthesis of (R-/S-1dPA)2Pbls was carried out by using a modified acid precipitation

method.!® Stoichiometric amount of PbO (1 mmol) and R- or S-2-amino-1-propanol (2 mmol)
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are mixed in 2.5 mL HI and 0.2 mL of H3PO> acid with magnetic stirring, forming a clear
solution at 70 “C. The temperature of the reaction mixture was then raised to 110 °C, and
maintained at that temperature for 1 hour. In the process, we expect the replacement of —OH of
R- or S-2-amino-1-propanol with I of HI, along with ionization, forming R- or S-1dPA.20-2
The solution was cooled down to room temperature and kept undisturbed. Orange colored
flake-like crystals appeared after one day. The crystals were washed with diethyl ether, dried,
and stored in a vacuum desiccator. After characterization, the crystals were found to be 2D

hybrid perovskite enantiomers (R-/S-1dPA)2Pbla.
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Figure 2.2: Crystal structure and conformers of chiral cation in (R-/S-1dPA)2Pbl4 obtained from
single crystal XRD data measured at 296 K. (a) Packing of (R-IdPA)2Pbls and (S-1dPA)2Pbla.
Non-superimposable mirror image symmetry is there between the two structures, as they are
enantiomorphic pair. The 43 and 41 screw axes are shown by vertical dotted lines, which
represent the helical chirality in the structure. (b) Magnified view of two adjacent S-IdPA
cations marked as (1) and (I1) present in the crystal structure of (S-IdPA)2Pbls. When viewed
from different directions, then (c) the conformer (1) is found to be gauche-conformer, and (d)
the conformer (1) is found to be anti-conformer of S-IdPA in the crystal of (S-1dPA)2PDl..
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Single crystal X-ray diffraction (XRD) data show the formation of 2D layered hybrid
perovskites with space group for (R-1dPA)2Pbls is P432:2, while that for (S-1dPA)2Pbly is
P4,2,2 at 296 K. The structure is shown in both Figure 2.2a and Figure 2.3. Crystallographic
details are provided in Table 2.1 and 2.2. The obtained space groups P4s212 (left handed) and
P4,2,2 (right handed) are non-superimposable enantiomorphic pair showing helical chirality
(see Figure 2.2a), which is rare in the material class of chiral hybrid perovskites. Both samples
crystallize in a primitive tetragonal unit cell having eight formula units per unit cell (Z = 8).
Both structures display an unusually long c-axis for a chiral hybrid perovskite structure, likely
to accommodate the 43 and 41 screw axes. It is to be noted that the majority of the reported
chiral hybrid perovskites show only two-fold rotation/screw axes, unlike the present case of
four-fold 43 and 41 screw axes, which in principle is expected to enhance Rashba-like effects

in the electronic band structure.?>23

@@ (R-IdPA),PbI, (b)  (S-IdPA),PbI,

@

P4,2,2 | 4 | P42:2

Figure 2.3: Packing in a unit cell (a) (R-1dPA)2Pbls, and (b) (S-1dPA)2Pbls obtained from
single crystal XRD data measured at 296 K.
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Table 2.1: Crystallographic data for (S-1dPA).Pbls obtained from single crystal XRD data

collected at 296 and 150 K.

(S-1dPA)2Pbl4

Temperature (K)

296(2)

150(2)

Empirical formula

(C3HsINH3)2Pbl4

(C3HsINHz3)2Pbl4

Formula weight (g/mol) 1086.81 1086.81
Wavelength (A) 0.71073 0.71073
Crystal System Tetragonal Tetragonal
Space group P41212 P41212

a= b =9.0240(7), a= b =8.9790(11),
Unit cell dimensions (A)

c=51.751(4) c=51.091(9)
Volume (A3 4214.2(7) 4119.1(12)
Z 8 8
Calculated density (g/cm?®) 3.426 3.505
F(000) 3744 3744

Crystal size (mm?)

0.18x 0.15x 0.12

0.18x 0.15x 0.12

emin,max 2.291, 25.688 2.303, 25.780
hmin,max '10, 11 '10, 7
kmin,max -11, 10 -9, 10
|min,max -48, 63 -58, 62
Absorption coefficient (mm™) 16.781 17.169
Unique reflections/ 3997/103 3952/104
No. parameters
Goodness-of-fit 1.089 1.068

RObS 200684 Robs =00717

Final R indices (I>2c (1))

WRobs =0.1465

WRobs =0.1742

CCDC Number

2402785

2402788
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Table 2.2: Crystallographic data for (R-IdPA)2Pbls obtained from single crystal XRD data

collected at 296 K and 150 K.

(R-1dPA)2PbI4

Temperature (K)

296(2)

150(2)

Empirical formula

(C3HsINH3)2Pbl4

(C3HsINHz3)2Pbl4

Formula weight (g/mol) 1086.81 1086.81
Wavelength (A) 0.71073 0.71073
Crystal System Tetragonal Tetragonal
Space group P432:2 P432,2

Unit cell dimensions (A)

a =D = 8.9846(8),

a= b = 8.9870(6),

Final R indices (I>2c (I))

WRops = 0.1564

c= 52.164(5) c=51.155(6)
Volume (A3 4210.8(9) 4131.6(7)
z 8 8
Calculated density (g/cm?®) 3.429 3.494
F(000) 3744 3744
Crystal size(mm?®) 0.29x 0.26x 0.21 0.29x 0.26x 0.21
Omin,max 2.300, 25.464 2.301, 25.689
Nimin,max -10, 10 -8, 10
Kmin,max -10, 10 -10, 10
Imin,max -62, 61 -62, 61
Absorption coefficient (mm™) 16.795 17.117
Unique reflections/ 3923/104
3907/103
No. parameters
Goodness-of-fit 1.098 1.106
Rops = 0.0765, Rops =0.0741

WRobs =0.1624

CCDC Number

2402792

2402794
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The asymmetric units of both crystals comprise two chiral organic cations and one Pbls?*
inorganic anion, as shown in Figure 2.4. Interestingly, the two chiral cations are conformers of
each other. To better understand this structural aspect, we discuss the sample (S-1dPA)2Pbls in
detail. The magnified view of the adjacent organic cations is shown in Figure 2.2b. They appear
to be two different conformers, marked as (1) and (I1). The same two conformers are shown
from different viewpoints, in Figure 2.2c and 2.2d. Figure 2.2c shows that the conformer (1),
with angle between —NHs* head and —I tail is 60°, is the gauche conformer. This gauche-
conformer of S-IdPA (Figure 2.2c) obtained from the crystal structure of (S-IdPA)2Pbl4
matches well with the schematic of gauche-conformer defined in Figure 2.1b. In difference,
Figure 2.2d shows that the bond between C and Cs is rotated by 120° for conformer (l1), as
compared to conformer (1). Consequently, the conformer (11) has 180° angle between —NH3*
head and —I tail group, forming an anti-conformer (refer to schematics in Figure 2.1b). Our
finding shows that the two adjacent chiral organic cations in the crystal of (S-1dPA)2Pbls are
two different staggered conformers, namely gauche and anti. The same structural arrangement
is true for (R-1dPA)2Pbls as well. This finding of two conformers is not observed in typical
chiral hybrid perovskites. Instead, the adjacent organic cations in typical chiral hybrid

perovskites have different orientations.

(@) (R-1dPA),PbI, (b)  (S-1dPA),PbI,

Figure 2.4: Asymmetric unit of (a) (R-IdPA)2Pbls and (b) (S-1dPA)2Pbls at 296 K.

2.3.2 Conformer-mediated asymmetric non-covalent interactions at the organic-
inorganic interface: Now we discuss about how the two chiral organic conformers influence

the non-covalent interactions at the organic-inorganic interface. Figure 2.5a shows that the
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penetration depth of -NHs* head of S-IdPA in the [Pbls]* inorganic sublattice is very different
for the two adjacent S-1dPA conformers. The gauche (1) and anti (I1) conformers penetrate by
0.27 A and 0.63 A, respectively. Therefore, the electrostatic interactions between the anti
conformer of S-IdPA cation with [Pbls]? is more than that of the gauche conformer. The higher
penetration depth in anti-conformer is also expected to enhance the N-H---1 hydrogen bonds
within the van der Waals limit for H---1, approximately 3.15 A. Indeed, the single crystal XRD
data in Figure 2.5b suggest three strong hydrogen bonds between —NHs"™ head of S-IdPA with
iodine of [Pbls]? for the anti (11) conformer. In difference, the gauche (1) conformer of S-1dPA
form two weaker hydrogen bonds. The related structural parameters for the hydrogen bonding

interactions are listed in Table 2.3.

Asymmetry in Organic-Inorganic Interface Asymmetry in Inorganic Part
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Figure 2.5: Role of chiral conformer cations on the asymmetry in non-covalent interactions at
the organic—inorganic interface (a-d) of (S-1dPA)2PDbls, leading to asymmetry in inorganic
sublattice (e-f). (a) Different penetration depths of -NHs* group in the inorganic anionic
sublattice for anti (I1) and gauche (I) conformers, leading to different extent of electrostatic
interactions between the ammonium ions and [Pbl4]? units. (b) Hydrogen-bonding and (c-d)
I---1 halogen-bonding interactions of the two conformers with the inorganic sublattice are also
very different. The asymmetry in the interactions at the organic-inorganic interface leads to
asymmetry in the inorganic sublattice. (¢) Asymmetry in Pb-1 bond lengths highlighting the
distortion within the Pb-le octahedra (intra-octahedra distortion). (f) The Pb-l¢ octahedra are

tilted yielding different Pb-1-Pb bond angles signifying inter-octahedra distortion. All the plots
are obtained from the single crystal XRD data of (S-IdPA).Pbls measured at 296 K.
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Table 2.3: N-H---1 hydrogen bonds of (S-1dPA)2Pbl, at 296, 150 K.

296 K 150 K
SI. | D-H---A H--A | «.D-H--A| D-H---A H.--A | ZD-H---A
No. (A) ©) (A) ©)
1 | N4-H4A---14 | 2.730 153 N4-H4C---14 2.630 154
2 | N4-H4B---12 | 2.830 144 N4-H4A.---12 2.770 145
3 | N4-H4C---11 | 2.890 170 N4-H4B---11 2.880 168
4 | N8-H8A---13 | 2.960 150 N8-H8A-:--13 2.960 146
5 | N8-H8B---12 | 2.990 132 N8-H8B---12 2.910 126
Asymmetry in Organic-Inorganic Interface Asymmetry in Inorganic Part
(@) Penetration depth (c) I+l interfaction (e) Intra-octahedradistortion
m - : ‘ .
<
9‘?.:'.
“’9148"
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@
(BN
| > @®c

(®) NH--1 bonding interaction (d) I-Tinteraction Inter-octahedra distortion & H

B =153°
esr=9

Figure 2.6: Role of chiral conformer cations on the asymmetry in non-covalent interactions at
the organic—inorganic interface (a-d) of (R-1dPA)2Pbls, leading to asymmetry in inorganic
sublattice (e-f). (a) Different penetration depths of —~NHs* group in the inorganic anionic
sublattice for anti (11) and gauche (I) conformers, leading to different extent of electrostatic
interactions by the two conformers. (b) Hydrogen-bonding and (c-d) I---1 halogen-bonding
interactions of the two conformers with the inorganic sublattice are also very different. The
asymmetry in the interactions at the organic-inorganic interface leads to asymmetry in the
inorganic sublattice. (e) Asymmetry in Pb-1 bond lengths highlighting the distortion within the
Pb-Is octahedra (intra-octahedra distortion). (f) The Pb-ls octahedra are tilted yielding different
Pb-1-Pb bond angles signifying inter-octahedra distortion. All the plots are obtained from the
single crystal XRD data of (R-1dPA)2Pbls measured at 296 K.
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Besides the hydrogen bonds, a type-1l halogen bond (I---1) is identified between the —I tail of
S-1dPA and iodine of [Pbl4]?, with an I---I distance of 3.86 A and angles 81=174° and 62=148°
for anti (11) conformer S-1dPA, as shown in Figure 2.5c. The iodine of the organic cation acts
as halogen bond donor, and the iodide ion of [Pbl4]% is the acceptor. In difference, I---1 halogen
bonding distance become 4.13 A for the gauche (1) conformer as shown Figure 2.5d, indicating

a significantly weaker halogen bonding for the gauche conformer.

Table 2.4: N-H---1 hydrogen bond of (R-IdPA)2Pbls at 296, 150 K.

296 K 150 K

Sl D-H---A H---A /D-H---A D-H---A H---A /D-H---A
No. A ©) (&) ©

1 N4-H4A---14 2.760 151.0 N4-H4A---14 2.680 152.0

2 N4-H4B---11 2.850 173.0 N4-H4B---11 2.830 169.0

3 N4-H4C---12 2.830 143.0 N4-H4C---12 2.830 142.0

4 N8-HBA---13 2.960 151.0 N8-HBA---13 2.950 144.0

5 N8-HBC---12 2.960 129.0 N8-HB8C---12 2.950 126.0

Clearly, all the non-covalent interactions, namely electrostatic, hydrogen bonding and halogen
bonding interactions of the two conformers of S-1dPA with the inorganic sublattice [Pbls]* are
different. And since the two conformers are arranged periodically one after another in the
crystal of (S-IdPA)2Pbls, a periodic asymmetry is introduced in the non-covalent interactions
at the organic-inorganic interface. The same type of asymmetry in the crystal structure and
noncovalent interaction is also observed for (R-1dPA)2Pbls enantiomorphic pair, as shown in
Figure 2.6 and Table 2.4. Consequently, chirality transfer might occur from the organic to
inorganic sublattice through these asymmetric non-covalent interactions. Figure 2.5e shows
that the Pb-1 bond distances of (S-1dPA)2Pblsin the octahedral unit are very different from each
other. Similar is the case for (R-1dPA)2Pbls as shown in Figure 2.6. The Pb-1 bond distances
vary in the range from 3.139-3.286 A and 3.117-3.295 A for the R- and S- crystals, respectively,
(see Table 2.5 and 2.6). The 12 intra-octahedral angles (cis 1-Pb-1 bond angles) range from 86-
95°, and the three trans bond angles (I-Pb-I) range from 176-178° for both crystals (see Table
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2.7 and 2.8), indicating intra-octahedral distortion. Parameters such as bond length distortion
(Adoct), bond angle variance (62), and octahedral elongation (Aoct) are calculated and shown in

Table 2.5 and 2.6. We attribute this intra- octahedral distortion to the asymmetric non-covalent

interactions (Figure 2.5a-d) at the organic-inorganic interface.

Table 2.5: Pble octahedral bond distances and structural distortion parameters of (S-IdPA),Pbls

at 296 and 150 K

(S-IdPA)-Pbl4
296 K 150 K
Bond Distance (A) Bond Distance (A)
Pb1-14 3.117(3) Pb1-14 3.107(3)
Pbl-12 3.208(3) Pbl-12 3.191(3)
Pb1-15 3.211(2) Pb1-15 3.209(2)
Pbl-13 3.234(1) Pb1-13 3.220(1)
Pbl-11 3.266(2) Pbl-11 3.252(2)
Pb1-11 3.295(2) Pb1-11 3.287(2)
Distortion parameters
Bond distance 3.0x10* Bond distance 3.03x10%
distortion (Adoct) distortion (Adoct)
Bond angle variance 5.6987 Bond angle variance 8.4008
(c?) (c%)
Quadratic elongation 1.0021 Quadratic elongation 1.0029
(7\000 (xoct)
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Table 2.6: Pbls octahedral bond distances and structural distortion parameters of (R-IdPA).Pbly
at 296 and 150 K.

(R-IdPA),PbL,

296 K 150 K
Bond Distance (A) Bond Distance (A)
Pb1-14 3.139(3) Pb1-14 3.110(3)
Pb1-15 3.197(2) Pb1-12 3.191(3)
Pb1-13 3.220(2) Pb1-15 3.212(2)
Pb1-12 3.224(3) Pb1-13 3.224(1)
Pb1-11 3.248(3) Pb1-11 3.254(2)
Pb1-I1 3.286(3) Pb1-11 3.290(3)

Distortion parameters

Bond distance 1.9x10* Bond distance 3.03x10*
distortion (Aoct) distortion (Aoct)
Bond angle variance 5.30 Bond angle variance 8.20
(c?) (c?)
Quadratic elongation 1.0018 Quadratic elongation 1.0028
(MCt) (koct)
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Table 2.7: Intra-octahedral (I-Pb-I) and inter-octahedral (Pb-I-Pb) angles of (S-IdPA),Pbl, at
296 and 150 K.

296 K 150 K
Angle Value Angle Value
14-Pb1-13 86.52(6) 14-Pb1-13 85.85(6)
12-Pb1-11 86.86(7) 12-Pb1-11 86.85(7)
14-Pb1-11 87.88(7) 14-Pb1-11 88.23(7)
13-Pb1-11 88.92(8) 13-Pb1-11 88.16(9)
15-Pb1-11 89.32(10) 15-Pb1-11 87.75(11)
14-Pb1-11 89.97(7) 14-Pb1-11 89.17(7)
13-Pb1-11 90.45(8) 13-Pb1-11 91.06(9)
12-Pb1-13 90.52(6) 12-Pb1-13 90.38(7)
14-Pb1-15 91.06(6) 14-Pb1-15 90.83(7)
15-Pb1-11 91.21(10) 15-Pb1-11 92.88(11)
12-Pb1-15 91.99(7) 12-Pb1-15 93.21(7)
12-Pb1-11 95.25(7) 12-Pb1-11 95.70(7)
14-Pb1-12 175.65(9) 14-Pb1-12 174.47(10)
15-Pb1-13 177.06(10) 15-Pb1-13 174.81(12)
11-Pb1-11 177.80(4) 11-Pb1-11 177.33(4)
Pb1-11-Pbl 153.21(8) Pb1-11-Pbl 152.43(7)
Pb1-13-Pbl 166.23(14) Pb1-13-Pbl 167.26(17)
Pb1-15-Pb1 161.97(18) Pb1-15-Pbl 158.1(2)
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Table 2.8: Intra-octahedral (1-Pb-I) and inter-octahedral (Pb-1-Pb) angles of (R-IdPA),Pbls at
296 and 150 K

296 K 150 K
Angle Value Angle Value
14-Pb1-13 86.42(7) 14-Pb1-13 85.88(7)
12-Pb1-11 87.24(8) 12-Pb1-11 86.88(7)
14-Pb1-11 87.94(8) 14-Pb1-11 88.19(7)
13-Pb1-11 88.88(10) I3Pb1 11 88.27(10)
15-Pb1-11 89.32(12) 15-Pb1-11 87.81(11)
14-Pb1-11 89.82(9) 14-Pb1-11 89.19(8)
13-Pb1-11 90.51(10) 13-Pb1-11 90.93(10)
13-Pb1-12 90.62(8) 13-Pb1-12 90.43(7)
14-Pb1-15 91.08(8) 14 Pb1 I5 90.82(7)
15-Pb1-11 91.19(12) 15-Pb1-11 92.83(11)
15-Pb1-12 91.97(8) 15-Pb1-12 93.12(7)
12-Pb1-11 94.98(8) 12-Pb1-11 95.69(8)
14-Pb1-12 175.81(11) 14-Pb1-12 174.57(10)
15-Pb1-13 176.97(12) 15-Pb1-13 174.96(13)
11-Pb1-11 177.70(6) 11-Pb1-11 177.31(5)
Pb1-11-Pb1 153.10(9) Pb1-11-Pbl 152.48(8)
Pb1-13-Pbl 166.24(18) Pb1-13-Pbl 166.84(17)
Pb1-15-Pb1 161.9(2) Pb1-15-Pbl 158.0(2)
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Due to the influence of the chiral organic cations on the inorganic sublattice and the inversion
asymmetry of the crystal structure, the inter-octahedral Pb-I-Pb bond angles (B) deviates
significantly from the ideal value of 180°, indicating inter-octahedral tilting distortion. There
are three inequivalent inter-octahedral angles in the equatorial plane of octahedral layers (S-
IdPA)2Pbls, as shown in Figure 2.5f, namely B =153°, ' =162°, and " =166°, resulting in a
disparity in adjacent 3 angles with AP # 0. In our structures, there are two AP values: AB1 = -
B'=9°and AB2 = B-B" = 13°. Generally, for inversion symmetric structures, the AB values are
either zero or nearly zero. This large difference of inter-octahedral angles forces the inorganic
layer to follow the inversion asymmetry, as confirmed through PLATON symmetry analysis.?*
The PLATON symmetry analysis is generally used to verify whether the isolated inorganic
layers in a chiral organic-inorganic hybrid crystal follow the same inversion asymmetry as the
overall crystal. The results, shown in Figure 2.7, indicate no change in the space group, con -

firming that the inorganic layers also follow the inversion asymmetry.

(R-1dPA)2Pbl4 (S-1dPA)2Pbl4

n P4(112(1

ra 0 Through

S orrioti- 2 2 0 Y 2 im
rtom 001 ¢ 0 rough 0 4 8 r1oa0
(010 [0-10] ¢ 0 g 3 taLoco-1m

0 Through

500,-0.250 after Cell Tra
No Obvlous Spacegroup Chonge

Figure 2.7. PLATON analysis verifies that the inorganic sublattice exhibit inversion
asymmetry and maintain the same space group as the hybrid chiral crystal (R-IdPA),Pbls4 and
(S-IdPA),Pbl4

It is clear from the above discussion that the asymmetry in non-covalent interaction at the
organic-inorganic interface, caused by the two different conformers of R-/S-IdPA chiral ion,
leads to the asymmetry in the inorganic sublattice. In the process, (R-IdPA)2Pbls and (S-
IdPA)2Pbls forms helical enantiomorphic chiral pairs having four-fold screw axes 43 and 41,
which is rare in the class of chiral hybrid perovskites. The direct correlation between the
conformers and enantiomorphic structure is not yet clear. The prior literature does not discuss
about the possible role of such conformers in the chiral structures of hybrid perovskite. By
screening the published crystal structures, we found (R/S-MPEA)15PbBr3s(DMSO)os where
MPEA is B-methylphenethylammonium,?® and (R-/-S-HP1A).PbBrs where HP1A is 2-
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hydroxy-propyl-1-ammonium,?? have conformers of the organic ions in their crystal structure.
(R/S-MPEA)15PbBr3s(DMSOQO)os does not crystallize in the enantiomorphic space group.
Interestingly, (R-/S-HP1A).PbBr, crystalizes in enantiomorphic space groups with four-fold
screw axes having only conformer effect, similar to our work. These initial results indicate
about the possible connection between conformer-mediated chirality with formation of the
helical enantiomorphic structures of chiral hybrid perovskites, but such a possibility needs to
be verified further. It is to be noted that the most (a few tens) of the 2D chiral hybrid perovskites
reported so far do not have conformers of organic cations and show only two-fold

rotation/screw axes without forming helical enantiomorphic structures.

To check the phase purity of the overall sample, we measured the XRD patterns from the
powdered samples and performed profile refinements. Figure 2.8 shows the profile fitted
powder XRD patterns of (S-IdPA)2Pbls and (R-1dPA)2Pbls confirming the single-phase nature
of the respective materials.
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Figure 2.8: Profile fitted of powder XRD patterns of (S-IdPA).2Pbls and (R-1dPA).Pbls powder
measured at room temperature.

2.3.3 Optical absorption and CD Spectra: To measure the CD spectra of the samples, we
prepared films of (R-/S-IdPA)2Pbls. The films were prepared by dissolving the respective
crystals in acetonitrile followed by spin-coating the solution at 2500 rpm on quartz or sapphire
substrate with subsequent annealing for 10 min at 50 °C, similar to methods reported earlier.?
The photographs of the films are shown in the insets of Figure 2.9. Powder XRD patterns
(Figure 2.9) of the films are dominated by (00l) peaks suggesting oriented film growth, similar

to prior reports of 2D layered hybrid perovskites.?5-2
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Figure 2.9: Powder XRD patterns of (S-1dPA)2Pbls and (R-1dPA)2Pbl4 films. Photographs of
the films are shown in the inset.
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Figure 2.10: (a) UV-visible absorption, and (b) CD spectra of (R-/S-1dPA)2Pbls films at room
temperature. (c) UV-visible absorption, and (d) CD spectra of (R-/S)-2amino -1- propanol
solution in hexane, measured at room temperature.
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Figure 2.11: CD spectra at different positions of film of (a) (S-1dPA)2Pbls and (b) CD (R-
IdPA)2Pbls. (c) LDLB contribution of both (S-1dPA)2Pbls and (R-1dPA)2Pbls. (d) CD genuine
of (S-1dPA)2Pbls and (R-IdPA)2Pbls. CD spectra were collected from the same film in two
geometries, as shown in the inset of Figure (a-b). “Front”- means incident light passes through
the film first then the substrate. “Back”- means the film is flipped such that the incident light
first passes through the substrate and then through the film. CD spectra from the front (CD+ront)
the back (CDuack) Side of the same film was used to obtain the LDLB and CDgenuine USINg the

following eaquations?’-28
1
LDLB = 2 ol (CDfront — CDypacr)

1
CDgeniune =3 X(CDfront + CDpack)
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UV-visible absorption spectra of the films of (R-/S-1dPA)2Pbls are shown Figure 2.10a. The
lowest energy excitonic peak is observed at 508 nm (2.44 eV). The 2D layered hybrid
perovskite possesses a repeating quantum well structure with the excitons (electron-hole pairs)
confined in the atomically thin inorganic layer, yielding a large excitonic binding energy and
sharp excitonic absorption peak.?®?® Both the R- and S- enantiomorphic pair show almost

identical absorption of the linearly polarized light.

But the CD spectra of the two samples changes drastically for circularly polarized light. The
CD spectra in Figure 2.10b shows mirror-image like spectra for the (R-1dPA)2Pbls and (S-
IdPA)2Pbls. This is because of the differential absorption of the left- and right- circularly
polarized light by the two chiral enantiomer. Importantly, this optical activity is prominent at
the excitonic absorption that originates mainly from the inorganic sublattice. Therefore, the CD
spectra corroborate the structural aspects showing that the chirality is induced in the inorganic
sublattice. For a comparison, we have also measured the UV-visible absorption and CD spectra
of the organic molecule (R/S)-2-amino-1-propanol as shown in Figure 2.10(c-d). The
absorption and CD signal of the organic molecules are in the spectral range < 230 nm,
suggesting that the CD spectra of (R-/S-1dPA)2Pbls at longer wavelengths are dominated by
the inorganic sublattice. Under certain circumstances, the CD spectra of films of chiral hybrid
perovskites show large contributions from anisotropic linear dichroism (LD) and linear
birefringence (LB).3%%2 Figure 2.11 and related discussion show negligible contributions from
LDLB, and the observed CD spectra in Figure 2.11d are genuine CD signals. The values of
absorption anisotropic factor (gcop) are ~3 x 10 at 508 nm excitonic absorption for (R-/S-
IdPA)2Pbls.

2.3.4 Temperature dependent structure and photoluminescence: Hybrid perovskites often
undergo temperature-dependent structural phase transitions.>*34 Such phase transitions can
alter nature of non-covalent interactions and chirality, in an undesired way. Therefore, another
aspect of designing chiral organic cation R-/S-1dPA is the thermal stability of the hybrid
perovskite. It has been shown earlier that the I---1 halogen bonding interaction can provide
structural rigidity avoiding structural phase transition over a wide temperature range.?°
Interestingly, similar halogen bonding interactions is also present in our (R-/S-IdPA)2Pbla.
Comparison of single crystal XRD data in Figure 2.12 shows that both (R- IdPA).Pbls and (S-
IdPA)2Pbl4 retain the enantiomorphic chiral space groups P432:2 and P412:2, respectively, at
both 296 K and 150 K. This absence of phase transition in (R- IdPA)2Pbls and (S-1dPA)2Pbls

over a wider temperature range of 15 K to 300 K is also observed from the temperature-
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dependent powder XRD patterns shown in Figure 2.13. The nature of powder XRD patterns
do not change with temperature, other than a small contraction of the unit cell at lower
temperatures (Figure 2.14). The profile fitting of the temperature dependent powder XRD
patterns shown in Figure 2.15 also confirms that the crystal phase did not change throughout

the temperature range.

@) (R-IdPA),PbI,

L,

Figure 2.12: (a) Comparison of the single crystal structure of (R-IdPA)2Pbls measured at 296
K and 150 K. (b) Comparison of the single crystal structure of (S-1dPA).Pbls measured at 296
K and 150 K.
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Figure 2.13: Temperature dependent structure properties of (R-/S-1dPA).Pbls. Temperature-
dependent powder XRD (300 K to 15 K) of (a) (R-1dPA)2Pbls and (b) (S-IdPA)2Pbls .
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Figure 2.14: Powder XRD patterns in a zoom portion of 13.4°-14.0° 2theta for (a) (R-
IdPA)2Pbl4, and (b) (S-1dPA)2PDbls. The dotted arrows show a systematic shift of XRD peaks
towards higher 2theta values with decreasing temperatures. This suggests lattice parameter
contraction with decreasing temperature.
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Figure 2.15: Profile fitted of powder XRD patterns of (R-1dPA)2Pbls powder measured at ()
300 K and (b) 15 K. Profile fitted of powder XRD patterns of (S-1dPA)2Pbls powder measured
at (c) 300 K and (d) 15 K.

Differential scanning calorimetric (DSC) data in Figure 2.16a also corroborate the absence of
phase transition in the temperature range of 130 K to 403 K for (R-1dPA)2Pbls. Then a phase
transition peak is observed at 432 K, indicated by Ts in Figure 2.16a. However,
thermogravimetric analysis (TGA) plot does not show any weight loss at this temperature. The
sample remains in the solid state just above the phase transition temperature 432 K, but the
solid-to-solid phase transition at Ts leads to a color change of the sample from orange to yellow.
The TGA data shows a weight loss at 476 K forming volatile species, accompanying a DSC
peak at the similar temperature. Visualization of the sample suggest a melting and evaporation
of the sample at similar temperatures around Tm shown in Figure 2.16a. Similar DSC and TGA
data are also observed for (S-1dPA)2Pbls as shown by Figure 2.16b. Overall, the powder XRD,
single crystal XRD, and DSC data together confirm the thermal stability enantiomorphic chiral
space groups of (R-/S-IdPA).Pbl4 in a broad temperature range of 15 K to 403 K. This absence
of phase transition might originate from rigidity of the organic sublattice because of the I---1
halogen bonding interactions, similar to the prior report.°
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Figure 2.16: Temperature dependent structure properties of (R-/S-1dPA)2Pbls. TGA (300 K to
580 K), and DSC (123 K to 493 K) of (a) (R-1dPA)2Pbls and (b) (S-1dPA).Pbls data suggest a
stable enantiomorphic chiral structure in the temperature range of 15 K to 403 K.
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Figure 2.17: Temperature-dependent (a) PL spectra, and (b) their pseudo colormap of (R-
IdPA)2Pbl4 film in the range of 300 K to 7 K. (c) Excitonic emission of (R-1dPA)2Pbls at
different temperatures. All the measurements have been done with laser excitation at 375 nm.

Temperature-dependent photoluminescence (PL) emission spectra of (R-1dPA).Pbls film are
shown in Figure 2.17(a-c). A weak emission signal is observed at 300 K under excitation with
375 nm laser diode. The PL emission peak at 516 nm might arise from the excitonic emission,
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with 8 nm Stokes shift compared to the excitonic absorption peak 508 nm (Figure 2.10). But a
broad emission tail at longer wavelengths are observed because defect or self-trapped exciton
(STE) emission.®® As the temperature decreases, the relative intensity of the broad emission
with peak at 612 nm increases compared to the excitonic emission. The pseudo colormap in
Figure 2.17b represents many more temperature dependent spectra comparing their actual
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Figure 2.18: Temperature-dependent (a) PL spectra, and (b) their pseudo color map of (S-
IdPA)2Pbl4 film in the range of 300 K to 7 K. (c-d) PL decay dynamics of (S-IdPA)2Pbls film
at 100 K. (c) 500 ns time window for both 517 nm and 600 nm emission peaks, and (d) 200 ns
time window for 517 nm peak. IRF stands for instrument response function in both the time
windows. The decay at 600 nm emission is slower compared to the IRF for 500 ns time-window
data, and therefore used for analysing the lifetimes (see Figure c). However, the decay at 517
nm emission is faster with significant overlap with IRF for 500 ns time-window data (Figure
c). Consequently, the lifetime analysis of the 517 nm emission was carried out using the 200
ns time-window data (Figure d). The decay plots have been fitted with a bi-exponential decay
equation | = lo + Arxexp(-t/ n) + Aaxexp(-t/ ), where I is the PL counts at any time t, I is the
offset, z» and = are lifetimes with contributions A; and Az respectively. The average lifetime is

obtained by using the equation by ’Cavg—é A

been done with laser excitation at 375 nm.
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intensity. The overall PL intensity increases significantly below 150 K. The intensity of the
excitonic emission ~ 516 nm also increases with decreasing the temperature and saturates
below 75 K (Figure 2.17c). Similar temperature dependent PL spectra are also obtained for (S-
IdPA)2Pbl4 films, as shown in Figure 2.18a-b. The excitonic emission has a fast PL decay with
average lifetime 1.8 ns at 100 K, whereas, a longer lifetime is observed for the red-shifted broad

emission (see Figure 2.18c-d).

2.4 Conclusion:

We have synthesized two new chiral 2D perovskite compounds (R-1dPA)2Pbls and (S-
IdPA)2Pbls, Single crystal XRD data show that the two adjacent IdPA™ ions in the lattice adopt
distinct conformations- gauche and anti. Interestingly, the two IdPA™ conformers have very
different non-covalent electrostatic, N-H---1 hydrogen bonding, and I---1 halogen bonding
interactions with the [Pbls]? sublattice. This alternative arrangement of gauche- and anti-
conformers in the lattice, and subsequent asymmetry in the non-covalent interactions at the
organic-inorganic interface, induces helical chirality in the inorganic sublattice with four-fold
screw axes. Overall, the compounds (R-IdPA)2Pbls and (S-1dPA)2Pbls crystallizes in the helical
enantiomorphic space groups P4s:2:2 and P412:12, respectively. Such enantiomorphic space
groups are rare in the case of chiral hybrid perovskites. The structures remain stable in a wide
temperature range of 15 K to 403 K, probably because of the I---1 interactions, yielding
improved structure rigidity at the tail end of IJPA*. The quantum well nature of (R-/S-
IdPA)2Pbls shows sharp excitonic absorption at 508 nm. Interestingly, the CD shows mirror-
image like signals for both the enantiomers. PL emissions is dominated by a broad STE
emission along with excitonic emission, particularly at temperatures below 150 K. This work
shows IdPA™ conformers containing chiral carbon-centers leads to helical chirality in hybrid
perovskites. However, rational design of conformational chirality in the absence any chiral
center still remains a challenge for hybrid halide perovskites, unlike the cases of some helical

crystals of molecular or framework systems.®
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Temperature-Dependent Photoluminescence of Hexafluorobenzene Intercalated Phynethylammonium Tin lodide
2D Perovskite

Abstract: Tin halide perovskites are the potential alternatives of lead halide perovskites.
However, the easy oxidation of Sn** to Sn*" brings in a challenge. Recently, layered two-
dimensional hybrid tin halide perovskites have been shown to partially resist the oxidation
process because of the presence of hydrophobic organic molecules. Consequently, such layered
hybrid perovskites are being explored for optoelectronic applications. The optical properties of
layered tin halide perovskites depend on the interlayer separation and the dielectric mismatch
between the organic and inorganic layers. Intercalation (insertion) of a molecular species
between the layers modifies the interlayer interactions affecting the optical properties of
layered hybrid perovskites. We investigated the effect of hexafluorobenzene (HFB)
intercalation in phenethylammonium tin iodide [(PEA)2Snls] using temperature-dependent (6
K to 300 K) photoluminescence (PL). HFB intercalation increases the bandgap. A strong PL
quenching is observed in pristine (PEA)2Snl4 below 150 K, probably because of the presence
of non-emissive states. HFB intercalation suppresses the influence of such non-emissive states
resulting in an increase in PL intensity at the cryogenic temperatures. Our results highlight that
a simple molecular intercalation (non-covalent interaction) into layered hybrid perovskites can

significantly tailor the electronic and optical properties.

Graphical Abstract:
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3.1 Introduction:

Lead halide perovskites have emerged as a wonderful class of semiconducting material due to
their exciting optoelectronic properties.’”” However, the inherent lead toxicity motivates
researchers to look for environmentally benign alternatives.®** Tin halide perovskites became
the first potential alternatives of lead halide perovskites. But the tin halide perovskites are prone
to oxidation of Sn?* to Sn**, disturbing the perovskite structure.'*1® Interestingly, the hybrid
layered two-dimensional (2D) tin halide perovskites show resistance against the oxidation
process. All thanks to the long-chain hydrophobic A-site organic cations, which prevent the
interaction of tin halide perovskites with moisture, which is the major contributor to the
oxidation process.t’?° So, a number of layered tin halide perovskites were synthesized in the

past few years and explored for applications, including solar cells to light-emitting diodes.?"°

2D layered hybrid tin halide perovskites are represented by the general formula A2SnX4, where
A is a long-chain aliphatic or aromatic organic cation (like butylammonium ion,
phenethylammonium ion, etc.), and X is the halide ion (X = CI, Br or 1).25?® The crystal
structure consists of 2D semiconducting Sn-X octahedral layers, separated from each other by
insulating organic cations.?®32 Figure 3.1 (left panel) shows a schematic of the structure of
phenethylammonium tin iodide [(PEA)2Snl4] that has been studied in this paper. The layered
architecture of these inorganic and organic layers gives rise to a quantum well structure.3334
The charge carriers created upon photoexcitation get confined to the semiconducting inorganic
layers, giving rise to the quantum confinement effect, irrespective of the crystal size.*®® In
addition to the quantum confinement, the layered tin halide perovskites also show dielectric
confinement due to a large dielectric mismatch between the organic and inorganic layers. The
2D layers in layered perovskites are not completely isolated from each other, despite having
the electrons and holes confined to the 2D inorganic layers.*® The adjacent layers in layered
perovskites interact electronically or magnetically with each other.®6-’

One way to control the interaction between the inorganic layers is to intercalate neutral
molecules in layered perovskites like (PEA).Snls.®3° Here, we have intercalated
hexafluorobenzene (HFB) into (PEA)2Snls, as shown schematically in Figure 3.1 (right panel).
HFB intercalation increases the separation between adjacent inorganic layers. Also, the
intercalation is expected to modify the dielectric environment between the inorganic layers in
(PEA)2Snl4, thereby modifying its dielectric confinement. We study the effect of this molecular

intercalation on the optical properties using temperature-dependent (6 K to 300 K)
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photoluminescence (PL). HFB intercalation increases the bandgap blue-shifting both the UV-
visible absorption and PL spectra. At cryogenic temperatures, PL properties of pristine
(PEA)2Snl4 differ significantly from HFB intercalated (PEA)2Snls. The pristine sample shows
an aggressive quenching of PL intensity below 150 K, probably because of the presence of
non-emissive states at slightly lower energy below the emissive excitonic states. In contrast,
for HFB intercalated sample, the PL intensity increases sharply below 150 K without showing
significant contribution from such non-emissive states. These results show that the HFB

intercalation, though a physical process, can significantly tailor the optical properties of
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Figure 3.1: Schematic showing the intercalation of molecular HFB in (PEA)2Snls. The
interlayer separation in (PEA)2Snls increases upon the HFB intercalation.
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3.2 Experimental section:

3.2.1 Chemicals: Tin(Il) oxide (Sigma Aldrich, 97%), hydriodic acid (Sigma Aldrich, 57%
w/w in H20, 99.9%), hypophosphorous acid (Avra, 50% w/w H>0), phenethylamine (Sigma
Aldrich, 99.9%) hexafluorobenzene (Sigma Aldrich, 99%).

3.2.2 Synthesis of (PEA)2Snl4: (PEA)2Snls single-crystals were synthesized by following a
reported acid precipitation method. In a nitrogen-filled glove box, 80 mg (0.6 mmol) tin(11)
oxide was taken in a glass vial and sealed with a rubber septum. The sealed glass vial was taken

out of the glove box, and 7 mL hydriodic acid and 4 mL hypophosphorous acid was injected
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into it by a syringe. The reaction mixture was heated to 80 “C under constant stirring. Tin(II)
oxide dissolved completely, giving rise to an orange-colored solution, to which 160 pL (1.2
mmol) of phenethylamine were injected. The heating was stopped, and the solution was cooled
to room temperature by decreasing the temperature manually, 5 °C after every 15 minutes.
During the cooling process, dark brown crystals of (PEA).Snls precipitated out. The crystals
were filtered, dried and stored in the N> filled glove box for further use.

3.2.3 Intercalation of HFB in (PEA)2Snls: HFB was inserted between the (PEA)2Snl4
perovskite layers by modifying a reported method.®® 18 mg (PEA).Snls were dissolved in a
mixture of 1 mL methanol and 1 mL HFB. A quartz substrate was immersed in the solution.
The solution was allowed to evaporate naturally under the inert atmosphere. During the

evaporation process, HFB intercalated (PEA)2Snl4 got deposited on the quartz substrate.

3.2.4 Characterization: Powder X-ray diffraction (PXRD) patterns were collected using a
Bruker D8 Advance X-ray diffractometer using Cu Ko radiation (A = 1.54178 A). Field
emission scanning electron microscopy (FESEM) images were collected using Zeiss Ultra Plus
FESEM instrument. UV-Visible absorbance data were recorded using Cary Series UV-Vis
Spectrophotometer (Agilent Technologies). Steady-state photoluminescence (PL) data were
recorded on FLS 980 (Edinburgh Instruments). All the PL data presented in the manuscript
were recorded in front side alignment, i.e., both the source and the detector were on the same
side of the crystal and perpendicular to each other. Low-temperature PL measurements were
performed in the FLS980 instrument. A 405 nm pulsed diode laser was used as an excitation
source. The samples were packed in sapphire substrates and mounted to a gold-plated sample
holder. The sample holder was attached to a closed-cycle He-cryostat (Advanced Research
Systems), which was connected to a temperature controller (Lakeshore Cryotronics) to achieve

the desired temperatures.
3.3 Results and Discussion:

3.3.1 Intercalation: (PEA)2Snls single crystals are synthesized by a reported aqueous acid
precipitation method.3® All the synthesis presented in this manuscript are carried under an
controlled inert atmosphere. Detailed synthesis methodology is provided in the experimental
section. The powder x-ray diffraction (PXRD) pattern (red pattern in Figure 3.2a) of
(PEA)2Snl4 matches well with the reported one (green pattern), confirming the successful

synthesis of phase pure layered perovskites system. PXRD peaks at regular intervals are
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observed. This regular peak pattern is a characteristics of layered perovskite single crystals,
and the observed peaks correspond to the interlayer spacing (00l planes). The corresponding
interlayer spacing, calculated from the 001 peaks, is 16 A, which matches well with the reported
interlayer spacing of (PEA)2Snls. The layered structure is also reflected in the field emission

scanning electron microscopy (FESEM) image, shown in Figure 3.2b.
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Figure 3.2: (a) PXRD patterns of pristine (red) and HFB intercalated (blue) (PEA)2Snls,
showing the shifting of PXRD peaks towards the lower 26 values upon HFB intercalation that
increases the interlayer separation. The reference PXRD patterns of pristine (green) and HFB
intercalated (black) (PEA)2Snl4 are also provided. The peak highlighted by “*” in the PXRD
pattern of HFB intercalated (PEA)2Snls corresponds to the pristine (PEA)2Snls formed by the
de-intercalation of HFB. FESEM images of (b) pristine and (c) HFB intercalated (PEA)2Snla,

showing a layered architecture.

After the successful synthesis of (PEA)2Snls, molecular HFB is intercalated between its layers.
The detailed process of HFB intercalation in (PEA)2Snls is discussed in the experimental
section. Briefly, 18 mg (PEA)2Snls is dissolved in a 1:1 mixture of methanol and HFB by
stirring. After complete dissolution of (PEA).Snls, the resultant solution is allowed to

evaporate. During the evaporation, a crystalline film of HFB intercalated (PEA)2Snls is
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deposited on a quartz substrate placed in the solution. A shift of the PXRD peaks towards the
lower 20 values is observed after the HFB intercalation (blue pattern in Figure 3.2a). The
shifting of the PXRD peaks towards the lower 26 values indicates an increase in the interlayer
separation and hence confirms the intercalation of HFB between the (PEA)2Snl4 layers. A small
impurity peak at 5.5° (marked by “*”’) corresponding to the pristine (PEA)2Snl4is also observed
in the PXRD pattern of HFB intercalated (PEA)2Snls. This impurity peak suggests either the
incomplete intercalation of HFB or the possible de-intercalation of the HFB molecules during
the measurement. Except the peak of pristine (PEA)2Snls, all the prominent peaks in the PXRD
pattern of HFB intercalated (PEA).Snl4 match well with the reported PXRD pattern of phase
pure HFB intercalated (PEA)2Snl4 (Figure 3.2a). However, there are a few minor low-intensity
peaks coming from unknown impurities. The FESEM image of HFB intercalated (PEA)2Snl4
also shows a layered architecture (Figure 3.2c), where the white bright lines indicate the layer

edges.

3.3.2 Optical properties at room temperature: Figure 3.3a shows the UV-visible absorption
spectra of the pristine and HFB intercalated (PEA)2Snls. Both the samples show a strong
absorbance in the visible region. Generally, two excitonic features are observed in the
absorption spectra of the layered perovskites.*® But, in the present case, the absorbance is
recorded in the transmittance mode, and due to the high absorption cross-section and high
thickness of the samples, the light with energy higher than the bandgap does not pass through.
Consequently, the absorption spectra show only the lowest energy absorption edge, beyond
which the spectra saturate. Nevertheless, Figure 3.3a clearly shows a blue shift in the lowest
energy absorption edge of (PEA)2Snls upon HFB intercalation, indicating an increase in the
bandgap. This increase in the bandgap upon HFB intercalation is due to a minor structural
change in the inorganic layer of (PEA)2Snls, as reported previously.® The room temperature
PL spectrum of (PEA).Snls single crystals shows two emission features centered at ~1.97 eV
(630 nm) and ~1.84 eV (674 nm), shown in Figure 3.3b. Such dual emission features are
previously reported for layered lead and tin halide perovskite single crystals.®® The higher
energy peak (1.97 eV) arises from the excitonic recombination of the free excitons in the
isolated inorganic layers, whereas the lower energy peak (1.84 eV) arises from the interaction
between excitons in the adjacent 2D inorganic layers, mostly dominated at the layer edges of

the crystal.
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Figure 3.3: (a) UV-visible absorption (measured in transmission mode) and (b) PL spectra of
pristine and HFB intercalated (PEA)2Snls. “Nor.” indicates normalized data by making the
maximum absorbance or intensity values of both samples equal to one. HFB intercalation is
accompanied by blue shifts in the absorption and PL spectra.

Similar to the absorbance, both the peaks in the PL spectrum of (PEA).Snls are blue-shifted
upon HFB intercalation (Figure 3.3b). The blue shift in the higher energy emission is expected
as this emission originates from the isolated inorganic layers, which have a slightly higher
bandgap, due to a structural change, compared to the pristine (PEA)2Snls. In a previous report
of HFB intercalated (PEA)2Snls single crystal, the lower energy emission peak was reported to
have almost vanished. However, for the present HFB intercalated (PEA)2Snls, we observed
both the emission peak (Figure 3.3b). This difference is probably due to the difference in the
two samples. In the present case, we observed the presence of some pristine (PEA).Snls
impurity in HFB intercalated samples suggesting the possibility of either incomplete
intercalation or partial de-intercalation. Since the lower energy emission mostly originates from
the layer edges of the crystal, its presence in the HFB intercalated (PEA).Snls indicates

significant absence of HFB from the layer edges of the crystal.

67



Chapter 3:

3.3.3 Temperature dependent photoluminescence: In order to explore the effect of HFB
intercalation on the light emission properties more clearly, we recorded the temperature-
dependent PL in both pristine and HFB intercalated (PEA)2Snls. Figure 3.4a shows the
selective PL spectra of pristine (PEA).Snl4 recorded at different temperatures. Two emission
peaks are observed throughout the temperature range of 300 to 6 K. The higher energy peak
(P1) shows a gradual red-shift upon lowering down the temperature from 300 to 6 K, as is
evident from the PL peak energy vs temperature plot also (Figure 3.4b). The red-shift in the PL
peak energy of the higher energy peak (P1) indicates a decrease in the excitonic bandgap of
(PEA)2Snl4 upon decreasing the temperature. Similar temperature dependence of the bandgap
has been observed in the thin films of pristine (PEA)2Snls, owing to the decrease in the Sn-I
bond lengths due to the lattice compression with the decrease in the temperature.*! Contrarily,
the lower energy peak (P2) initially shows a gradual blue-shift upon lowering the temperature
from 300 to 100 K, below which it remains almost unchanged (Figure 3.4b). The reason for
the blue shift of the lower energy peak (P2), in the temperature range 300 to 100 K, is not clear
yet.

Figure 3.4c shows the PL spectra of HFB intercalated (PEA)2Snls at selected temperatures. The
PL spectral profile of HFB intercalated (PEA)2Snl4 is different from the pristine (PEA)2Snl4 at
cryogenic temperatures. The higher energy peak (P1) in HFB intercalated (PEA)2Snls shows a
gradual red-shift upon decreasing the temperature, similar to the pristine sample (Figure 3.4d).
Such similarity in the temperature dependence of the higher energy peak (P1) in pristine and
HFB intercalated (PEA).Snls supports the assignment that P1 originates from the isolated 2D
layers of the same Sn-l1 framework. The lower energy peak (P2) in HFB intercalated
(PEA)2Snly initially shows a gradual blue-shift, similar to that of the pristine (PEA)2Snla.
However, the blue shift in this peak continues till 150 K only, unlike the pristine (PEA)2Snl4
in which the low energy peak (P2) blue shifts till 100 K. Also, an additional emission peak (P3)
appears in PL spectra of HFB intercalated (PEA)2Snls below 150 K. This new emission peak
probably arises from the pristine impurity present in the sample, as this peak (P3) almost
overlaps with the lower energy peak (P2) of the pristine (PEA)2Snl4, at 6K Figure 3.4a. At
slightly higher temperatures (50 to 150 K), P3 overlaps with the tail of P2 for HFB intercalated
(PEA)2Snl4 sample. Such overlap might be a reason for a small increase in P3 peak energy
from 50 K to 150 K, reported in Figure 3.4d.
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Figure 3.4: (a) Temperature-dependent PL spectra of (b) PL peak energies vs temperature plot
of pristine (PEA)2Snls. (c) Temperature-dependent PL spectra of (d) PL peak energies vs
temperature plot of HFB intercalated (PEA)2Snls. PL spectra in (a) and (c) are shifted vertically
for clarity of presentation.

Figure 3.4 showed PL spectra only at a few temperatures. The spectra measured at a large
number of temperature points can be plotted through the pseudo color maps. The peak energy
vs temperature discussed in Figures 3.4b and 3.4d gets reflected in the color maps. In addition,
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the color map gives information about the change in the intensity with temperature. Figures
3.5a and 3.5b show the PL-temperature pseudo color maps of the pristine and HFB intercalated
(PEA)2Snl4, respectively. The two emission features discussed above are clearly visible in the
color map of the pristine (PEA).Snls throughout the temperature range. The combined
integrated PL intensity of the two emission features increases with the decrease in temperature
but reaches a maximum around 175 K, below which its intensity decreases (blue symbols in
Figure 3.5¢). From 300 K to 175 K, the integrated PL intensity increases due to the quenching
of the non-radiative recombination pathways at lower temperatures. The decrease in the
integrated PL intensity below 175 K is somewhat unusual but has been observed in a previous
report on (PEA)2Snl4 thin film. Such decrease was attributed to the presence of a non-emissive
state with slightly lower energy compared to emissive excitonic states. Excited-state population
transfer from the emissive excitonic state to the non-emissive state reduces the PL intensity.
Above 175 K, the thermal energy is sufficient for the back transfer of the excited state
population from the non-emissive to the emissive state. But below 175 K, the rate of back

transfer decreases with decreasing temperatures, and therefore, decreasing the PL intensity.
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Figure 3.5: PL-temperature pseudo color maps of (a) pristine and (b) HFB intercalated
(PEA)2Snls. (c) Variation of the integrated intensity over the entire energy range of PL
emission for pristine (blue) and HFB intercalated (red) (PEA)2Snls with temperature.

The PL-temperature pseudo-color map of HFB intercalated (PEA)2Snls is different from the
pristine (PEA)2Snl4 (Figure 3.5b). Three emission features are observed in the HFB intercalated
(PEA)2Snl4 at the cryogenic temperatures, unlike the pristine (PEA)2Snls. As discussed above,
this third emission feature (P3) probably arises from the pristine impurity present in the
intercalated sample. The combined integrated PL intensity of the HFB intercalated (PEA)2Snls4
is shown in Figure 3.5¢ (red symbols). Initially, the integrated PL intensity increases slightly
with the decrease in temperature from 300 K to 250 K. Below 250 K, the integrated PL intensity

decreases till 150 K, probably again because of the existence of a non-emissive state similar to
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the pristine sample. But compared to the pristine sample (175 K), HFB intercalated (PEA)2Snl4
has an intensity maximum at a higher temperature (250 K), suggesting a higher barrier for back
transfer of excited state population from non-emissive to emissive state. In other words, there
is a possibility of an increased energy gap between emissive and non-emissive states after HFB
intercalation. The increased energy gap will also suppress the non-radiative transfer of the
population from an emissive excitonic state to a non-emissive state at lower energy.
Consequently, the decrease in PL intensity from 250 K to 150 K is significantly smaller
compared to the pristine sample that shows a drastic decrease in the intensity below the
corresponding temperature of maximum intensity (Figure 3.5c). Further decrease in
temperature below 150 K continues suppressing the state filling of the non-emissive state,
along with suppression of other kinds of non-radiative losses. Consequently, PL intensity
increases sharply below 150 K for the HFB intercalated (PEA)2Snla.

3.4 Conclusion:

(PEA)2Snlsand HFB intercalated (PEA).Snls 2D layered hybrid perovskites are prepared. The
HFB intercalation in (PEA).Snls increases the interlayer separation. The HFB intercalation is
also accompanied by a blue shift in the bandgap of the (PEA)2Snls. This blue shift in the
bandgap mainly arises from a minor structural change in the crystal structure of the Sn-1 layers.
To investigate the effect of HFB intercalation on the PL emission properties, we studied PL in
the temperature range of 300 -6 K. The pristine (PEA)2Snl4 showed two excitonic PL peaks
throughout the temperature of 300 to 5 K. The HFB intercalated (PEA)2Snls, showed an
additional third peak (P3) below 150 K, probably because of the presence of pristine sample as
an impurity. The temperature-dependent intensity variation in (PEA).Snls is significantly
affected by the HFB intercalation. The integrated PL intensity of the HFB intercalated
(PEA)2Snls showed a sharp rise below 150 K, whereas that of the pristine (PEA)2Snl4 decreases
at the lower temperatures. The sharp increase in the integrated PL intensity in the HFB
intercalated (PEA).Snls at lower temperatures is probably due to the suppression of non-
emissive state filling. So the HFB intercalation not only changes the bandgap of the (PEA)2Snl4
but also affects the abundance and energy level of non-emissive states, significantly influencing

the PL intensity.
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Abstract:

Butylammonium lead bromide [(BA)2PbBr4] has an atomically thin two dimensional quantum
well structure. So if Mn?* ions are doped into such crystals, then one would expect efficient
energy transfer from the strongly confined exciton to the dopants. Perhaps, the energy transfer
happens yielding Mn?* emission with peak at 2.05 eV (605 nm). But significant excitonic
emission is also observed suggesting that the energy transfer process is not that efficient. Is
there a spatial separation between Mn?* ions and excitons reducing the energy transfer
efficiency? To address the question, here we study single crystals of Mn?*-doped (BA)2PbBra.
The excitons located in the edge and interior of layers of (BA)2PbBrs show different exciton
emissions. This difference allows us to separately probe the interaction of edge-excitons and
interior-excitons with the Mn?* ions, using temperature dependent (7 K to 300 K)
photoluminescence (PL) spectroscopy and spatially resolved PL. We find that the edge-
excitons mainly sensitize the Mn?* ions, because the Mn?* doping is preferred near the layer
edges. Both the poor doping concentration (0.6% Mn?*) and edge-doping lead to large spatial
separation between the interior-excitons and dopant centers, reducing the energy transfer
efficiency. These new insights will be helpful for the better design and application of

luminescent Mn?*-doped 2D layered hybrid perovskites.

Graphical Abstract:
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4.1 Introduction:

Incorporation of Mn?* as dopants into the lattice of quantum-confined semiconductors like
ZnSe, CdSe, and CsPbX3 (X = ClI, Br) nanocrystals leads to interesting optical, optoelectronic,
and magneto-optic properties.’ % Energy transfer from the host exciton to the dopant, leading
to Mn?* d-electron emission, is one of the most studied properties in such samples. The
increased overlap of the host exciton (or charge carriers) and the dopant in quantum-confined
semiconductor significantly enhances the energy/charge transfer efficiency.'? Therefore, it
is natural to dope Mn?* in the two dimensional (2D) layered organic-inorganic hybrid lead
halide perovskites like butylammonium lead bromide [(BA)2PbBrs], with quantum well
structure.’*® The excitons are confined within the atomically thin Pb-Br inorganic layers.
Consequently, one would expect a very efficient energy transfer from the host exciton to the
dopants in Mn?*-doped (BA)2PbBr4. But photoluminescence shows peaks originated from both

the host excitons and the Mn?* ions, suggesting an inefficient energy transfer process. Why so?

To address the question, we look into the relationship between the host’s structure and dopant’s
local structure. A single hybrid layer in (BA)2PbBr4 is shown in Figure 4.1a. Such layers stack
together (Figure 4.1b) through van der Waals interactions forming the extended layered
crystal.1®1° In a typical Pb-Br inorganic layer, Mn?* dopants can have two sites, namely, edge
and interior as denoted by red and yellow colored spheres respectively, in Figure 4.1a. In the
extended van der Waals solid, each of such inorganic layers provide the edge (red) and interior
(yellow) doping sites for Mn?* ions (see Figure 4.1b). It is expected to have breakages in the
layers. Therefore, edge-doping sites are available deep inside the crystal as well. If Mn?* ions
are preferentially doped in the edge-sites, then it might increase the spatial separation between

the host excitons and dopant ions, reducing the energy transfer efficiency.

To elucidate the nature of doping, i.e., edge- vs. interior-site doping, and the corresponding
exciton-dopant interactions, we prepared single crystals of Mn?*-doped (BA):PbBrs, and
studied temperature dependent (7 K — 300 K) photoluminescence (PL) spectroscopy and
spatially resolved PL. Importantly, PL of single crystals can distinguish between the interior-
and edge-excitons,?® as shown by e — h* pairs shown with yellow and red background,
respectively, in Figure 4.1b. And therefore, single crystals are used here to distinguish the
energy transfer processes from the interior- and edge-excitons to the dopant centers. Our results
suggest that the dopant concentration is small (0.6%), along with preferential edge-doping.

Consequently, edge- at excitons predominantly sensitize the Mn?* ions leading to Mn?* d-
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electron emission with peak 2.05 eV (605 nm). The interior-excitons, though highly quantum
confined are spatially separated from Mn?* ions, leading to inefficient energy transfer.
Furthermore, low-temperature PL shows that the energy transfer is a thermally activated

process.
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Figure 4.1: Schematic representation of 2D layered hybrid perovskite structure of Mn**-doped
(BA)2PDbBr4. (a) One hybrid layer where the inorganic layer has two kinds of doping sites, edge-
and interior-site denoted by red and yellow colored spheres, respectively. (b) Infinite numbers
(for simplicity only three layers are shown here) of hybrid layers stack/assemble forming an
extended van dar Waals solid. Each layer of the extended solid has both edge- and interior-
sites. Some of the layers are expected to be broken generating the edge-sites deep inside the
crystal as well. The excitons (e"— h* pair) located near the interior- and edge-sites are presented
by yellow and red backgrounds.

4.2 Experimental Section:

4.2.1 Chemicals: Lead oxide (Sigma Aldrich, PbO, 99.9%), butylamine (Sigma Aldrich,
99.5%), hydrobromic acid (Sigma Aldrich, 48% w/w aqueous, 99.9%), hypophosphorus acid
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(Avra, 50% w/w H>0), manganese bromide (Sigma Aldrich, 98%).

4.2.2 Synthesis of butylammonium bromide: Butylammonium bromide solution was
prepared by mixing 468 uL butylamine with 3 mL hydrobromic acid (48% w/w aqueous) in an

ice bath after minor modifications of a reported method.**

4.2.3 Synthesis of Mn?*-doped (BA)2PbBra single crystals: Both the doped and undoped
samples were prepared after minor modifications of the reported'* acid precipitation method.
The only difference between the synthesis of undoped and doped sample is the addition Mn?*
precursor in the synthesis of doped sample. For a typical synthesis of Mn?*-doped (BA)2PbBt3,
PbO (558 mg, 2.5 mmol) and MnBr, (2147.48 mg, 10 mmol) were added in 3.5 mL 48% w/w
aqueous hydrobromic acid. The mixture was then heated at 80 °C to obtain a clear solution.
Thereafter, a solution of 5 mmol butylammonium bromide in 2.5 mL 48% hydrobromic acid
(48% w/w aqueous) was added to the above solution and heated at 100 °C for 10 min. The
reaction temperature was then slowly (~10 °C per hour) decreased to room temperature to grow

the flake-like single crystals with lateral sizes about 6 mm and thickness around 0.2 mm.

4.2.4 Characterization: Single crystal X-ray diffraction (XRD) data were recorded using a
Bruker Smart Apex Duo diffractometer using Mo Ka radiation (A = 0.71073 A). Bruker saint
software package was used for integration by narrow-frame algorithm. Powder X-ray
diffraction (PXRD) data were recorded using Bruker D8 Advance X-ray diffractometer
equipped with Cu Ko radiation (1.54 A). Field emission scanning electron microscopy
(FESEM) measurements were done using Zeiss ultra plus FESEM instrument. Inductively
coupled plasma — optical emission spectroscopy (ICP-OES) measurements were performed

using ARCOS M/s apparatus (Spectro, Germany).

4.2.5 Optical properties: All the spectra were recorded from single crystals. Shimadzu UV-
3600 Plus UV—vis—NIR spectrophotometer is used to measure UV-visible diffuse-reflectance
spectra. The reflectance data were then converted to absorbance spectra following the
Kubelka—Munk transformation.?! Steady-state PL spectra and time-resolved PL decays were
measured using an FLS 980 spectrometer (Edinburgh Instruments). To measure PL decays for
exciton emissions, 340 nm and 405 nm laser were used as the excitation source. Whereas, decay
of Mn?* PL were measured after excitation with microsecond flash lamp. The PL decay for
exciton and Mn?* emissions were fitted by using bi-exponential and mono-exponential decay

equations, respectively. For bi-exponential decay, the average lifetimes were calculated by
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. _YAT}
using tav = S A

where, A is the weight average of lifetime ti. Low temperature PL data were

iTi

collected using the same setup FLS 980 (Edinburgh Instruments), after connecting it with a
closed-cycle He-cryostat (Advanced Research Systems) and a Lakeshore temperature
controller. Single crystals were glued on sapphire by silver paste and mounted in the gold

coated sample holder.

4.2.6 Spatially resolved PL microscopy and spectroscopy: PL imaging and spatially
resolved spectroscopy measurements were carried out using a home built spectrally-resolved
laser epifluorescence microscopic setup, details of which can be found elsewhere.?? In brief,
the crystals were placed on a freshly cleaned coverslip and excited using a 405 nm laser
(LaserGlow, LRD-0405PFR) via an oil immersive objective lens (Nikon TIRF 1.49NA 60X
oil). The emission from samples were collected using same objective lens, passed through
appropriate dichroic and band-pass filters and imaged using a SCMOS camera (Hamamatsu
Orca flash4 V3). For spatially-resolved PL spectroscopy, the emitted light was passed through
a slit and a transmission grating (70 g/mm) placed before the SCMOS detector, which allowed
us to obtain spectrally-resolved images of a vertical strip along each crystal. All PL microscopy

data were analysed using ImageJ and Origin 7.5.
4.3 Results and discussion:

4.3.1 Doping efficacy, structure and morphology: Mn?*-doped (BA)2PbBr; single crystals
were synthesized by following the acid precipitation method reported earlier.!* Elemental
analysis by ICP-OES finds out that only 0.6% Mn?* (with respect to Pb?*) is present in the
product, in spite of using very high (400%) concentration of Mn?* precursor in the reaction
mixture. The poor doping affinity of Mn?* into the lattice of (BA)2PbBrs might be attributed to
the significantly smaller ionic size of Mn?* (0.83 A) in octahedral coordination compared to
that of Pb?* (1.19 A).2® Consequently, a large compressive strain develops upon Mn?* doping.
It is relatively easier for the edge-sites to release such strain by structural reorganization,
however, this process costs much more energy for the interior sites in this 2D crystal. The
growth rate is slow for single crystals, and the lattice strain can be released by ejection of the
dopants towards the layer-edges during the growth process. Therefore, relatively more doping
density of Mn?* is expected at the edge-site of (BA)2PbBrs as compared to the interior sites. In
general, the doping might become more difficult in the single crystals of structurally low-

dimensional hybrid perovskites.
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Table 4.1: Crystallographic data and structure refinement for undoped and Mn?*-doped
(BA)2PbBr4 obtained by analysing single crystal XRD data collected at 298 K.

(BA).PbBr,4 0.6% Mn?*-doped (BA).PbBr,4
CCDC number 2206192 2206193
Chemical formula C8H24BF4N2Pb CgHz4BI’4N2Pb
Formula weight 675.12 g/mol 675.12 g/mol
Temperature 298(2) K 298(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system orthorhombic orthorhombic
Space group Pbca Pbca

Unit cell dimensions

a=8.3137(12)A 0=90°

a=8.314(4) A a=90°

b=82117(12)A B =90°

b=28.2084)A B=90°

c=27.535(4) A y=90°

¢ =27.622(13) A y = 90°

Volume 1879.8(5) A3 1885.0(15) A3

z 4 4

Density (calculated) 2.386 g/lcm?® 2.379 g/cm?

Absorption coefficient 17.459 mm* 17.412 mm*!

F(000) 1232 1232

Theta range for data collection 2.86 to 25.00° 2.86 t0 25.00°
-9<=h<=8§, -9<=h<=9,

Index ranges -9<=k<=9, -8<=k<=9,
-32<=1<=28 -32<=1<=32

Reflections collected 26784 16273

Independent reflections 1641 [R(int) = 0.0850] 1646 [R(int) = 0.0904]

Covergge of independent 99.90% 99.90%

reflections

Absorption correction Multi-Scan Multi-Scan

Structure solution technique direct methods direct methods

Structure solution proaram SHELXT 2014/5 (Sheldrick, SHELXT 2014/5 (Sheldrick,

prog 2014) 2014)

Refinement method

Full-matrix least-squares on F?

Full-matrix least-squares on F2

Refinement program

SHELXL-2018/3 (Sheldrick,
2018)

SHELXL-2018/3 (Sheldrick,
2018)

Function minimized

¥ w(Fo? - Fc?)?

)y W(F02 - I:(;z)2

Data / restraints / parameters

1641/12/73

1646/0/72

Goodness-of-fit on F2

1.803

1.47

Final R indices; ; I>20(I)

R1=0.0932, wR2 = 0.3983

R1=0.0616, wR2 = 0.2042

All data

R1=0.1147, wR2 = 0.4204

R1=10.0798, wR2 = 0.2155

Weighting scheme

w=1/[6X(F?)+(0.2000P)7]

w=1/[6%(Fo?)+(0.1000P)?]

where P=(F,?+2F?)/3

where P=(F,2+2F?)/3

Largest diff.peak and hole

2.228 and -1.696 eA3

2.177 and -1.887 eA

R.M.S. deviation from mean

0.381 eA*

0.232 eA=
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Figure 4.2: Layered crystal structure of (a) undoped (BA)2PbBrs and (b) doped (BA)2PbBrs
obtained from single crystal XRD data.
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Figure 4.3: Powder XRD patterns of undoped (BA)2PbBrs and Mn?*-doped (BA).PbBr; single
crystals. The data are shifted vertically for a better presentation.

Single crystal XRD data for both undoped and doped samples were measured at 298 K. Refined
structural parameters are shown in Table 4.1. The structures obtained from single crystal XRD
data of undoped and Mn?*-doped samples are shown in Figure 4.2a and Figure 4.2b,
respectively. Both crystals possess orthorhombic structure with Pbca space group, similar to
the earlier report'* of undoped (BA).PbBra. Further, we find that the lattice parameters are

nominally affected upon doping, consistent with the small (0.6%) Mn?* doping obtained from
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ICP-OES data. The powder XRD patterns of both the undoped and doped samples are
compared in Figure 4.3. Both samples show similar (00I) planes in accordance with the periodic
arrangement of hybrid layers in the crystal. The spacing between the two inorganic layers is
estimated as 13.81 A, which agrees with the single crystal XRD data of (BA)2PbBrs. The
FESEM images of undoped (Figure 4.4a) and doped (Figure 4.4b) samples show the layered

morphology attributed to their layered crystal structure.

Figure 4.4: FESEM image of a part of (a) undoped (BA)2PbBr4 and (b) doped (BA)2PbBrs4
crystal showing the layered morphology.

4.3.2 Room temperature PL probing interaction of edge- and interior-exciton with Mn?*

dopants:

Doped

Undoped

o/S (a.u.)

2.0 2j4 2j8 3j2 3j6 4jO 4.4
Energy (eV)

Figure 4.5: Optical absorption spectra obtained after converting the measured diffuse-
reflectance data using the Kubelka—Munk transformation (o/S = (1 — R)? /2R) of undoped and
Mn?*-doped (BA):PbBrs, where a is the absorption coefficient, S is the scattering coefficient
and R is the reflectance. The data are shifted vertically for a better representation.
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Optical absorption of both samples are shown in Figure 4.5. Emission profiles for both samples
have been shown in Figure 4.6a. The undoped sample shows two absorption and emission
features, which has been attributed to excitonic transitions.?% 2* Based on prior literature, we
assign the lower energy emission peak at 2.84 eV (437 nm) to edge-excitons, while the higher
energy transition at 3.01 eV (412 nm) are designated to interior-excitons. Following Mn?*
doping, the excitonic transition energies (spectral peak positions) do not change, however, a
new emission peak appears at 2.05 eV (605 nm), attributed to the spin-forbidden “T1g — ®Asq
d-d transition of Mn?* ions. We note that the Mn?* ions have octahedral coordination in a
centrosymmetric crystal (space group Pbca), which lead us to use “g” in the molecular term
symbols of Mn d-states. We do not observe the corresponding feature in the absorption spectra
likely owing to the spin-forbidden nature of the d-d transition. Therefore, it is reasonable to
conclude that the Mn?* ions get excited to the “Tyg via transferring the excitonic energy from

the host,'® and consequently, a lower energy sensitized emission occurs from the dopant ions.
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Figure 4.6: (a) Photoluminescence (PL) data of undoped and Mn?*-doped (BA).PbBr; single
crystals. (b) PL excitation (PLE) spectra of undoped and Mn?*-doped (BA).PbBrs4 single
crystals at three different emission energies corresponding interior-exciton (3.01 eV), edge-
exciton (2.79 eV) and Mn?* (2.03 eV) emissions. PL and PLE intensities in (a) and (b) are
shifted vertically for a clear presentation. Time-resolved PL decay of (c) edge-exciton, and (d)
interior-exciton for undoped and Mn?*-doped (BA):PbBrs single crystals. IRF refers to
instrument response function.

87



Chapter 4:

Subsequently, we collected PL excitation (PLE) spectra on the crystals to address whether both
the edge- and interior-excitons have the same propensity to sensitize the Mn?* dopants. The
PLE spectra measured for the Mn?* emission at 2.03 eV and for the edge-exciton emission at
2.79 eV, are found to be very similar (Figure 4.6b). This suggests that the excitation mechanism
for both the emissions is likely to be analogous, i.e., originate from the same source. The edge-
excitons are first created by light absorption, a proportion of which emit at 2.85 eV, while the
remaining ones non-radiatively transfers excitation energy to the dopants, thereby leading to
the characteristic Mn?* emission with peak at 2.05 eV. Importantly, the PLE spectra
corresponding to the interior-exciton emission (3.01 eV) is somewhat different from that of
edge excitons and Mn?*-emission. For example, at 3.32 eV, both the Mn?* and edge-exciton
emission has a broad feature, however, the interior-exciton emission has a clear trough, as
shown using a vertical line in Figure 4.6b. The PLE spectra suggest that although the major
pathway of energy transfer to the Mn?* dopant is from the edge-excitons, some of the interior-
excitons can also transfer excitation energy to the Mn?* dopants.

To better understand the modes of excitation energy transfer from host to Mn?* ions, time-
resolved PL decay were recorded of both the excitonic emissions for the doped as well as
undoped samples. It is evident from the PL decay data (Figure 4.6¢c-d) that both the excitonic
emissions decay faster following Mn?* doping. Interestingly, compared to interior-exciton
emission (Figure 4.6d), doping impacts the radiative decay of edge-exciton emission more
severely (Figure 4.6¢). The biexponential fits to the PL decay profiles reveals that for the
undoped sample, the edge-excitons (at 2.85 eV) have an average lifetime of 5.1 ns (Figure
4.6¢), with the fast component of 1.3 ns (70 % contribution) and a slow component of 6.0 ns
(30 %). Identical analyses on the Mn?*-doped samples show that the average lifetime of the
edge-excitons drastically reduces to 2.7 ns with faster and slower lifetimes of 1.1 ns (86%) and
4.8 ns (14%). The faster lifetime typically has contributions from non-radiative decay
processes. Our observation that the contribution of faster lifetime increases significantly in the
Mn?* doped samples is consistent with additional energy transfer pathways from the edge-
excitons to the Mn?* jons. We find that the interior-excitons (Aem @ 3.04 €V) in the undoped
sample decays with average PL lifetime of 5.6 ns (Figure 4.6d), with fast and slow lifetime
components of 2.8 ns (86%) and 10.4 ns (14%), respectively. Further, the average lifetime for
these excitons in the doped samples decrease slightly to 3.7 ns, with corresponding fast and
slow components of 2.0 ns (93 %) and 9.0 ns (7 %). This decrease in PL lifetime after Mn?*

doping can be rationalized either by direct sensitization of Mn?* dopants from interior-excitons,
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or via increased non-radiative energy transfer from the interior to edge excitons upon Mn?*
doping. Nonetheless, the overall decrease in average PL lifetime of interior-excitons upon Mn?*
doping is considerably less with respect to that for the edge-excitons. This suggests enhanced
efficiency of excitation energy transfer from the edge-excitons to Mn?* dopants as compared
to that for the interior excitons.

4.3.3 Spatially resolved PL spectroscopy: To gain more insights, we employ spatially
resolved PL imaging and spectroscopy using a home built wide-field epi-fluorescence
microscopy setup.?? The PL image of a part of a single crystal of Mn?*-doped (BA)2PbBr;4
excited with a 405 nm (3.06 eV) laser is shown in Figure 4.7a. A clear heterogeneity in emission
intensity at the edge and the interior regions of the crystal is observed. However, the emission
from different locations of a single crystal needs to be spectrally resolved to interpret the origin
of the observed heterogeneity. Large-sized layered crystal allows us to perform the spatially
resolved spectroscopic measurements from multiple diffraction limited nano-domains (~250
nm FWHM) at the edge and the interior regions of the crystal. Emission spectra at three
different locations, two from the interior and one at the edge (marked as 1, 2, and 3 in Figure
4.7a) of the crystal, are shown in Figure 4.7b. The Mn?* emission peak around 605 nm could
be clearly observed in all the three locations. Both the spectral shape and transition energy of
Mn?* emission remain similar for all dopant locations, indicating similar octahedral ligand field
splitting for all the Mn2* dopants. This similarity of [MnBre]* octahedron in the interior and
layer edge will also make it difficult to distinguish the two kinds of Mn?* dopants using

characterization techniques such as electron paramagnetic resonance spectroscopy.4
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Figure 4.7: (a) Pseudo colored PL intensity image of a Mn?*-doped (BA)2PbBr. single crystal.

(b) Spatially resolved PL emission spectra of the regions 1, 2, and 3. Locations (1, 2, and 3)
are marked in the figure (a).
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We note that the blue edge of the excitonic peak from the host is partially obscured owing to
the scattering of the 405 nm laser excitation by the large crystal. The peak at 3.02 eV (410 nm)
observed in Figure 4.7b has a large contribution from the scattered excitation light, which
partially overlaps with excitonic emissions. We were able to minimize the scattering by using
an emission filter and decreasing the laser excitation power resulting in minimal change in
scattering intensity at different locations. In order to compare the relative intensity of Mn?*
emission at the edge and interior of the crystal, we normalized the emission spectra with the
scattering peak intensity at 3.02 eV (410 nm). To ensure that such normalization does not affect
the Mn?* emission, PL spectroscopic measurements were performed on both Mn?*-doped and
undoped (BA)2PbBr4 single crystals which revealed similar scattering intensity ratio between
the interior and edges for both (see Figure 4.8). Interestingly, for more than 20 doped crystals
investigated, we consistently find that the Mn?* PL centered around 605 nm has more dominant
emissivity at the edges compared to the interior regions. Thus, the spatially resolved PL spectra
further supports our inference that Mn?* emission preferentially originates from layer/crystal
edges of Mn?*-doped (BA)-PbBr4single crystals.

a) b)

Count
Count

06 07 08 09 10 11 12 13 06 07 08 09 10 11 12 1.3
I/E intensity ratio I/E intensity ratio

Figure 4.8: Distribution of scattering intensity ratio (intensity at the interior (I)/edge(E)) for
(a) undoped and (b) Mn?*-doped (BA)2PbBr; crystals.

PLE (Figure 4.6b), PL decay (Figure 4.6¢-d) and spatially resolved PL (Figure 4.7) data suggest
that the Mn?* emission originates preferentially from the Mn?* dopants located near the layer
edges. These findings, along with poor 0.6% doping (in spite of adding 400% Mn?* precursor
in the reaction mixture), indicate that the doping preferentially happens near the layer edges.
The efficiency of energy transfer process from the exciton to dopant decreases sharply with
increasing distance between them.! Therefore, the energy transfer efficiency from the interior-

exciton (yellow background of Figure 4.1b) to Mn?* jons is lesser compared to the edge-exciton
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(red background of Figure 4.1b). However, the presence of a smaller fraction of dopants in the
interior cannot be ruled out, and efficient energy transfer is possible from interior-excitons
located near the interior-dopant ions as well. Further, we note that the exciton diffusion length
is quite large (=40 nm) for similar 2D layered perovskites.?>% So, there is a possibility of
interior-exciton diffuse through the layer to reach closer to an Mn?* ions near layer edges,
leading to the energy transfer and subsequent Mn?* emission. Overall, our results suggest that,
in spite of high quantum confinement of exciton (Bohr radius ~ 1 nm)?’ in such 2D layered
hybrid perovskites, the exciton-dopant distance is large because of the small dopant
concentration and inhomogeneous doping. Consequently, the energy transfer efficiency
(particularly from interior excitons) is nominal, yielding a significant exciton emissivity in the
PL spectrum of Mn?*-doped samples. We note here that recent reports suggest that doping
lanthanide ions in such layered 2D perovskites is also very difficult along with inefficient host-

to-dopant energy transfer.28-2°

4.3.4 Low temperature PL: To gain further insights about the energy transfer processes, we
performed temperature dependent PL measurements in the range of 7 K to 300 K. The single
crystal XRD data of (BA)2PbBrs measured at 100 K (see Table 4.2) shows that the crystal
structure remains unchanged compared to the data that measured at room temperature (298 K).
The temperature dependent PL spectra of (BA):PbBrs shown in Figure 4.9a, and the
corresponding pseudocolor map in Figure 4.9b also do not show any sudden change, indicating
absence of a temperature dependent structural phase transition. Similar changes in the excitonic
emission with temperature have been reported earlier for such 2D layered perovskites, and is
therefore not discussed here in detail.*>3! Instead, we mainly focus on the excitation and
emission processes of Mn?* d-electrons in Mn?*-doped (BA).PbBrs. While there are a few
recent reports of low-temperature PL study of Mn?*-doped in 2D layered perovskites down to
77 K322 there are no reports on PL spectral and PL lifetime measurements on such systems
down to 7 K. More importantly, we emphasize that the Mn?* dopants near the layer edges
predominantly contribute to the observed Mn?*-emission, and therefore we probe the

temperature dependence of Mn?*-emission arising from such edge-dopant sites.

Mn?*-doped (BA).PbBr4 show the additional Mn?* emission peak around 2.0 eV in the entire
temperature range (7 K to 300 K), as evident from the pseudocolor map shown in Figure 4.10a.
The corresponding PL spectra at a few representative temperatures between 7 and 300 K are
shown in Figure 4.10b. We find that the Mn?* emission peak systematically red-shift with
decreasing temperature (2.05 eV at 300 K to 1.99 eV at 7 K). The red-shift of Mn?" PL with
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decreasing temperature is consistent with the previous reports, and is attributed to an increase
in crystal field splitting of “T1q state due to compression of host lattice at lower temperatures,
and may also be a consequence of depopulation of vibronic hot band.34%® Figure 4.11 reveals
that the spectral width of the Mn?* emission decreases with the lowering of temperature owing

to suppression of lattice vibrations.
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Figure 4.9: (a) Temperature dependent PL spectra of undoped (BA)2PbBr4 single crystals. (b)
Pseudocolor emission intensity map of undoped (BA)2PbBr4 single crystals.
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Figure 4.10: (a) Temperature dependent PL spectra of Mn?*-doped (BA)2PbBr; single crystals.
(b) Pseudocolor emission intensity map of Mn?*-doped (BA)2PbBr, single crystals.
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Table 4.2: Crystallographic data and structure refinement for undoped and Mn?*-doped
(BA)2PbBr4 obtained by analysing single crystal XRD data collected at 100 K.

(BA)2PbBr,4 0.6% Mn?*-doped (BA).PbBr,4
CCDC number 2206190 2206191
Chemical formula CsH24BrsN2Pb CsH24BrsN2Pb
Formula weight 675.12 g/mol 675.12 g/mol
Temperature 100(2) K 100(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system orthorhombic orthorhombic
Space group Pbca Pbca

Unit cell dimensions

a = 8.2800(15) A ¢=90°

a=8.2391(16) A o=90°

b =8.1615(14) A p=90°

b=8.1223(16) A B=90°

¢ =27.499(5) A y =90°

c=27.427(6) A y=90°

Volume 1858.3(6) A 1835.4(6) A
Z 4 4
Density (calculated) 2.413 g/lcm?® 2.443 glcm?®
Absorption coefficient | 17.661 mm* 17.881 mm!
F(000) 1232 1232
Thetarange fordata | 15 o5 350 2.88 t0 28.40°
collection
-9<=h<=9, -8<=h<=11,
Index ranges -9<=k<=9, -10<=k<=10,
-33<=I<=33 -36<=1<=36
Reflections collected | 32397 29821

:gﬁz‘gtelg‘:g”t 1684 [R(int) = 0.0649] 2293 [R(int) = 0.0563]
Coverage of

independent 99.60% 99.40%

reflections

Absorption correction | Multi-Scan Multi-Scan

Structure solution
technique

direct methods

direct methods

Structure solution
program

SHELXT 2014/5 (Sheldrick, 2014)

SHELXT 2014/5 (Sheldrick, 2014)

Refinement method

Full-matrix least-squares on F?

Full-matrix least-squares on F?

Refinement program

SHELXL-2018/3 (Sheldrick, 2018)

SHELXL-2018/3 (Sheldrick, 2018)

Function minimized

T w(Fo? - Fc?)?

2 W(F02 = Fc2)2

Data / restraints /
parameters

1684/0/75

2293/0/ 74

Goodness-of-fit on F2

1.372

0.874

Final R indices; ;
I>26(I)

R1=0.0576, wR2 = 0.1377

R1=10.0589, wR2 = 0.1784

All data

R1=0.0629, wR2 = 0.1398

R1 =0.0658, wR2 = 0.1845

Weighting scheme

w=1/[6%(F,?)+(0.0200P)?+10.0000P]

w=1/[6%(F,?)+(0.1000P)?+20.0000P]

where P=(F,?+2F?)/3

where P=(Fo2+2F?)/3

Largest diff.peak and
hole

0.967 and -0.996 eA-3

0.582 and -0.994 eA

R.M.S. deviation from
mean

0.126 A

0.143 eA
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Figure 4.11: Full width at half maximum (FWHM) of Mn?* emission in the temperature
range of 7 K to 300 K.
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Figure 4.12: (a) PL decay dynamics (emission at 2.05 eV) of Mn?*-doped (BA).PbBr4
measured at three different temperatures. (b) PL decay dynamics (emission at 2.05 eV) of
Mn?*-doped (BA).PbBrs measured at different temperatures. Excitation at 3.44 eV (360 nm).

(c) Temperature dependent integrated PL intensity and lifetime of Mn?* emission arising from
Mn?*-doped (BA)2PbBr4 single crystals.

Figure 4.12a and Figure 4.12b show the lifetimes of Mn?* emission at different temperatures,
which are all quasi-single exponential in nature. At 300 K, the lifetime for Mn?* emission is
found to be 0.639 ms; such a long lifetime is attributed to the spin- and parity-forbidden T4

— 5A14 d-d transition of Mn2* ions. Upon lowering of the temperature, the PL lifetime
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systematically increases from ~0.64 ms (at 300 K) to ~1.65 ms at 7 K (Figure 4.12a). Such
increase in PL lifetimes likely owes to the suppression of non-radiative relaxation processes as
the temperature is lowered, which should therefore be associated with an increase in emission
intensity. While we do observe an increase in the emissivity from 300 K to 250 K, intriguingly,
upon further lowering of temperature, we find Mn?*-emission intensity decreases continuously
down to ~25 K and then increases slightly at 7 K (Figure 4.12c). This unusual trend illustrated
that correlation of the dopant emission intensity with its lifetime is not straightforward, and
perhaps, some other processes are operational within the range of 25-250 K. We note that the
PL lifetime is solely governed by the relaxation process of T4 state, while the emission
intensity depends both on the excitation processes populating the “Ti4 state, as well as on
subsequent relaxation processes. Therefore, it is reasonable to infer that the decrease in
emission intensity below 250 K owes to a suppression of the excitation process which populates

the 4T14 (Mn?") state.

Host* + Mn?2* Host + Mn2+*
Exciton
Interior T AE ot
Edge = T o 29
S = CTS? :
EY
1|1S 1] & —
s 1S s E
|2 1|3 8 19
H|{g 1| < N ©
1 o 1] o© ~
'V 'v‘\j \ 4
Ground =i L

Host + Mn#* (°A )

Figure 4.13: Schematics of excitation and emission processes in Mn**-doped (BA).PbBr.
single crystals. Ground state represents the total energy of the host and Mn?* in %A 4.3” Excited
states (host* + Mn?") represent host with an exciton (either interior or edge) and Mn?" in A ,.
Another set of excited states (host + Mn?"*) represent host along with Mn?" in T or *T,.
Both the interior-exciton (blue arrows) and edge-excitons (green arrows) are responsible for
light absorption (upward arrow) and emission (downward arrow). Energy transfer from edge-
excitons to Mn?* ions is more efficient, and therefore, indicated by the thicker blue colored
curved arrow. Whereas the lower efficacy of energy transfer process from interior-exciton is
shown by a thinner curved arrow. “AE” indicates the thermal activation energy required for the
energy transfer. The exited state of Mn** ion then relaxes back to the ground state by emitting
2.05 eV light (red colored downward arrow). Black colored broken arrow indicate possible
non-radiative relaxation processes from *T2, to*T1,. Transient charge transfer states (CTS) like
Mn** (or other trap states) might mediate the energy transfer process.
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The decrease in PL intensity below 250 K further suggests that the energy transfer from host
excitons to Mn2* dopant ions is a thermally activated process. Figure 4.13 schematically depicts
the excitation and emission processes of Mn?*-doped (BA):PbBrs. The host absorbs the
incident photons generating both interior- and edge-excitons. A sub-population of those
excitons radiatively recombine at slightly different energies, and the remaining ones transfer
their energy to sensitize Mn?* dopants which eventually emit at 2.05 eV (605 nm). Our results
depicted in Figure 4.6-4.7 suggest that the edge-exciton is relatively more efficient in
transferring the energy to Mn?* ions as compared to the interior-excitons. Further, the low-
temperature PL data (Figure 4.9-4.12) suggest that the energy transfer is a thermally activated
process, as indicated by the energy barrier “AE” depicted in Figure 4.13. Prior reports suggest
that the energy transfer process in Mn?* 11-VI semiconductor nanocrystals and Mn?* doped in
CsPbXs (X: Cl, Br) perovskite nanocrystals and bulk samples proceed via transient charge
transfer states (CTS) like Mn®* or shallow traps. Such a situation might occur in our samples
as well, however, at this stage we do not have sufficient experimental evidence to conclusively
comment whether transient CTS and/or traps mediate the host to dopant energy transfer
process.>®41 However, it is likely that the energy transfer process involves excitation of higher
energy levels of Mn?* ions (such as “Tzg) eventually yielding PL emission owing to “T1g to 6Asg

transition.
4.4 Conclusion:

We prepared single crystals of Mn**-doped (BA).PbBr4 2D layered hybrid perovskites. In spite
of using 400% Mn?" in the reaction mixture with respect to Pb*" ions, doping is found to be
difficult, yielding only 0.6% Mn?" in the product. Single crystal XRD data of the undoped and
Mn?*-doped samples are very similar without any noticeable change in the lattice parameters.
The single crystals show two kinds of excitonic PL emissions with transitions at 2.84 eV and
3.01 eV, characteristic of edge-excitons and interior-excitons, respectively. PL excitation
spectra, time-resolve PL decay and spatially resolved PL spectral measurements reveal that,
the edge-excitons more efficiently sensitize the Mn?* dopants as compared to the interior-
excitons, resulting in Mn?* emission at 2.05 eV. Our results suggest that the doping in the
interior of the 2D inorganic layers is rather challenging; instead, the Mn?* jons are
preferentially located near the layer edges. Owing to lack of proximity between the interior-
exciton and Mn?* ions, the efficacy of host-to-dopant energy transfer process is low. Perhaps,

smaller (~ a few tens of nanometers) crystals of 2D hybrid perovskite can enhance the
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proximity between excitons and Mn?* ions without altering the excitonic confinement (Bohr
radius ~ 1 nm), and can thereby facilitate efficient energy transfer from hosts to dopants.
Furthermore, the temperature (7 K to 300 K) dependent PL data show that the energy transfer
is a thermally activated process, and might involve shallow traps or charge transfer states. The
insights provided here on Mn?* doping in the interior- vs. edge- sites of 2D hybrid perovskite,
and the corresponding host-to-dopant energy processes, should aid future development of this

class of material as functional luminescent and optoelectronic material.
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5.1 Thesis summary:

Two-dimensional (2D) layered hybrid perovskites with generic formula A2MXa, where A:
organic ammonium ion; M: Pb, Sn; and X: I, Br exhibit interesting quantum well structure.'2
The atomically thin inorganic M-X layers act as a semiconducting well and insulating organic
(A) layers act as barrier. The electron, hole and exciton remain confined in the inorganic layer.
Consequently, the inorganic part predominantly determines the optoelectronic properties. In
difference, the present thesis is focused on developing in new optoelectronic properties by
rationally designing the organic sublattice. Though the quantum well structure is still retained
with exciton in the inorganic layer, still a smart choice of organic cation can induce interesting

changes in the optoelectronic properties.

Essentially, the main focus of the thesis remained in molecular design of organic-inorganic
interface, by controlling different non-covalent interactions at the interface. Single crystal X-
ray diffraction measurements at different temperatures provides insights on different structural
aspects including the non-covalent interactions at the interface. Complementary spectroscopic
techniques, such as temperature-dependent photoluminescence (PL), optical absorption, and
circular dichroism (CD), are employed to investigate the influence of interface design on
optical properties. The chemical composition-structure-property correlation is studied in this
thesis emphasizing how molecular engineering of the organic sublattice can drive emergent

optoelectronic properties in 2D hybrid perovskites.

Chapter 2, we explored chirality induction in the inorganic sublattice through interface
engineering by employing (R/S)-1-iodopropan-2-ammonium (IdPA), a chiral ammonium ion.
We designed two new chiral 2D hybrid perovskites that exhibit a unique helical or handedness
property. The 2D chiral hybrid ((R/S)-1dPA)2Pbls consists of two conformers of (R/S)-IdPA in
both gauche- and anti-conformer forms. These conformers interact with the inorganic sublattice
through asymmetric electrostatic interactions, asymmetric hydrogen bonding interactions, and
asymmetric non-covalent halogen bonding interactions. Notably, these interactions are
stronger for the anti-conformer than for the gauche-conformer. As a result, the repetitive
arrangement of anti- and gauche- conformers induces helical chirality in the system. We have
observed a connection between the conformers and the helical chirality, suggesting that the
conformers may play a role in inducing the helical chirality by tuning the organic-inorganic

interface.
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In Chapter 3, we have modified the interface through intercalation by inserting organic
molecules in the organic sublattice. We intercalated hexafluorobenzene (HFB) into
phenethylammonium tin iodide [(PEA)2Snls]. The HFB molecules fit between the two phenyl
rings, resulting in stable n-n stacking.® This n-w stacking leads to a stable intercalated product.
Following intercalation, the band gap shifts to a higher energy compared to the pristine sample.
Additionally, the non-emissive state is suppressed in the intercalated product, which influences

the emission properties by modifying the organic part of the interface.

In Chapter 4, we doped with Mn?* ions in butylammonium lead bromide [(BA):PbBri] 2D
hybrid perovskites and probed the nature of spatially resolved exciton-dopant interactions. In
this kind of 2D hybrid perovskite single crystals, there are two types of excitons with respect
to their spatial distribution: edge excitons and interior excitons.* The energy transfer from
excitons to the dopant site is dependent on the distance between them. Consequently, the
location of the dopant affects the photo-physics of nearby excitons. This allows us to infer the
position of the dopant by monitoring the photo-physical properties of the host excitons. Our
findings suggest that the Mn?" ions are preferentially located at the edges of the crystal.
Consequently, edge excitons can easily transfer their energy to the dopant site compared to the
interior excitons. The 2D hybrid structure and the large size mismatch between the Mn?* ion

(0.89 A) and Pb** ion (1.19 A) ® are the probable reasons for this preferential edge doping.
5.2 Future outlook:
5.2.1 Origin of helical chirality of 2D hybrid perovskites:

We have observed that different orientation of ammonium ion leads to asymmetric hydrogen
bonding in organic-inorganic interfaces in chapter 2.5 In this thesis, we have taken a different
approach in chapter 2 to achieve the same asymmetric hydrogen bonding by utilizing the
conformers of ammonium ion instead of different orientations. Consequently, we have found
that the conformers induce helical chirality in the 2D chiral hybrid perovskite system. We aim
to explore how different conformers induce this helical chirality. Chiral induction from organic
to inorganic structures occurs through various well-known mechanisms. One such mechanism
is the discrete dipole approximation.? In this approximation, the polarizability of a chiral
molecule interacts with the polarizability of an achiral molecule, resulting in a net dipole that
combines both the dipoles (induced by polarizability) of the chiral and achiral molecules.
Therefore, the dipolar interaction between the chiral and achiral dipoles is responsible for
chirality induction. An increase in the dipolar interaction between the chiral organic and achiral
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inorganic components leads to a shift in the bandgap toward higher energy levels. Additionally,
as the dipole interaction increases, the dielectric confinement also increases. This increased

screening of the dipole enhances exciton confinement, which ultimately raises the bandgap.

Net dipole . ;I_H
t NH; s 4
| 3 H H 3" H
H3C H H3C H
- H I v
Gauche Anti Net dipole

Figure 5.1: schematic of anti and gauche conformers of (R/S)-IdPA cation. The net dipole
moment direction has been given besides each molecule.

We have previously reported an example of helical chirality in the compound ((R/S)-
IdPA)2Pbls. In this hybrid system, the arrangements of the anti and gauche conformers of
(R/S)-I1dPA induce a rare form of helical chirality. The periodic arrangement of the dipoles
associated with these conformers must be considered in relation to the (R/S)-IdPA
arrangement. The net dipole moment of the gauche conformers points towards the inorganic
component along the -NHj3 direction, while the net dipole moment of the anti-conformer points
along the -1 bond, which is oriented in the opposite direction relative to the inorganic sub-
lattices (see Figure 5.1). Consequently, the alternating arrangements of the gauche and anti-
conformers create a pattern of reverse dipoles. Without the influence of the conformers, this

reversal of the dipole moment does not occur, which may result in a non-helical structure.

To demonstrate that the dipole reflects chirality, we need to add one extra carbon chain to the
IdPA molecule to create its perovskite structure. If this modification leads to the formation of
a 2D chiral hybrid perovskite without any conformer effects, we would not expect any changes
in the band gap due to the additional carbon chain. However, if we observe an increase in the
band gap solely due to orientation effects, it suggests that the reversal of the dipole moment in
the organic moiety may play a crucial role in inducing helical chirality. We predict this because

an increase in dipolar interactions is likely to result in an increased band gap.
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LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY
NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY
LIMITED REMEDY PROVIDED HEREIN.

¢ Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision,
and the legality, validity and enforceability of the remaining provisions of this
Agreement shall not be affected or impaired thereby.

e The failure of either party to enforce any term or condition of this Agreement shall
not constitute a waiver of either party's right to enforce each and every term and
condition of this Agreement. No breach under this agreement shall be deemed
waived or excused by either party unless such waiver or consent is in writing signed
by the party granting such waiver or consent. The waiver by or consent of a party to
a breach of any provision of this Agreement shall not operate or be construed as a
waiver of or consent to any other or subsequent breach by such other party.

e This Agreement may not be assigned (including by operation of law or otherwise)
by you without WILEY's prior written consent.

e Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

e These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you
and WILEY concerning this licensing transaction and (in the absence of fraud)
supersedes all prior agreements and representations of the parties, oral or written.
This Agreement may not be amended except in writing signed by both parties. This
Agreement shall be binding upon and inure to the benefit of the parties' successors,
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legal representatives, and authorized assigns.

¢ In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and
conditions, these terms and conditions shall prevail.

e WILEY expressly reserves all rights not specifically granted in the combination of
(1) the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.

e This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

e This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules.
Any legal action, suit or proceeding arising out of or relating to these Terms and
Conditions or the breach thereof shall be instituted in a court of competent
jurisdiction in New York County in the State of New York in the United States of
America and each party hereby consents and submits to the personal jurisdiction of
such court, waives any objection to venue in such court and consents to service of
process by registered or certified mail, return receipt requested, at the last known
address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY)
License only, the subscription journals and a few of the Open Access Journals offer a
choice of Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-
ND) permits use, distribution and reproduction in any medium, provided the original work
is properly cited, is not used for commercial purposes and no modifications or adaptations
are made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.
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Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com.
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