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Synopsis

Three-dimensional (3D) lead halide perovskites have attracted a lot of attention in the last
decade due to their astonishing semiconducting properties. Recently, lower-dimensional hybrid
perovskites are being widely explored for various optical and optoelectronic applications. The
main focus of this thesis is to explore various types of interactions in lower-dimensional hybrid
perovskites to understand their excitonic properties and introduce some new functionalities.
Two-dimensional (2D) layered hybrid perovskites are Van der Waals solids with a quantum
well structure. These 2D layered hybrid perovskites show some unique properties like quantum
confinement in bulk-sized crystals, very high exciton binding energies and large polaron
formation. However, the band gap and the emission properties of the 2D layered hybrid
perovskite single crystals are not understood properly. In this thesis, the band gap and the
emission properties of 2D layered hybrid perovskite single crystals are explored by using
optical absorption, variable temperature steady-state and time-resolved photoluminescence and
spatially resolved fluorescence microscopy imaging. The 2D inorganic layers in layered hybrid
perovskites are considered electronically isolated. However, the literature studies hint that this
may not be completely true. So we explored the interactions between the 2D inorganic layers
by using experimental methodologies like molecular intercalation and varying interlayer
separation. By using the interactions between the inorganic layers and the organic cations, we
introduced chirality in 2D layered hybrid lead iodide perovskites and studied the effect of the
induced chirality on their excitonic properties. We also explored the interactions between the
organic cations to address one of the major challenges of the lead halide perovskites, which is

their water stability.
Chapter 1: Introduction

This chapter gives an introduction to the various semiconductors and the motivation of the
work done in this thesis. After a brief introduction to semiconductors, lead halide perovskites
are discussed with emphasis on the perovskite structure. The discussion on perovskite structure
leads to 2D layered hybrid perovskites. Layered perovskites are natural quantum wells, so the
guantum well structure is discussed with an emphasis on the qguantum confinement effect. One-
and zero-dimensional (1D and 0D) perovskites are also briefly discussed. Hybrid perovskites
consist of an anionic inorganic framework and organic cations, and this hybrid structure gives
rise to various types of interactions. The interactions present in the lower dimensional
perovskites are briefly discussed. In the end, the scope of the thesis is provided by discussing
some of the important optical properties, ways to introduce new functionalities and possible

ways to address the water instability issue of the lower dimensional hybrid perovskites.
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Synopsis

Chapter 2: Dual Excitonic Emissions in 2D Layered Hybrid Lead Halide Perovskites

2D layered hybrid lead halide perovskites show some surprising properties. This chapter
discusses the unusual band gap and light emission properties in layered hybrid lead halide
perovskite single crystals, like butylammonium lead iodide [(BA)2Pbls]. Room-temperature
optical absorption along with steady-state and time-resolved photoluminescence (PL) reveal
that the (BA)2Pbls single crystals show dual excitonic emissions at room temperature.
Temperature-dependent PL of (BA)2Pbls single crystals shows a reversible transition in the PL
peak energy, around ~250 K, while cooling down the sample from room temperature and
around ~275 K while heating the sample to room temperature. The transition in the PL emission
arises from the reversible structural phase transition, which is confirmed by the variable-
temperature single crystal X-ray diffraction (SCXRD). A structure-band gap relationship is
established in (BA)2Pbls by using the temperature-dependent PL and SXCRD data. Finally, a
series of 2D layered hybrid lead halide perovskite single crystals are synthesized by varying
the A-site organic cations and the halide ions. The single crystals of all these layered hybrid
lead halide perovskites show the dual excitonic emission, irrespective of the organic cations or

the halide ions.
Chapter 3: Interlayer Interactions in 2D Layered Hybrid Perovskites

2D layered hybrid halide perovskite single crystals show dual excitonic emissions. The
appearance of two excitonic emissions from the same single crystal is quite surprising. It seems
as if there are two band gaps, which is not possible. In this chapter, we intend to find the origin
of the two excitonic emissions observed in 2D layered hybrid halide perovskites. We used
spatially resolved fluorescence microscopy imaging to find the spatial distribution of the two
emissions in the (BA)2Pbls single crystal. Both the emissions are present throughout the crystal;
however, the lower energy emission is dominant at the edges of the crystal. The higher energy
emission is assigned to the excitonic transition from the isolated 2D perovskite layers, and the
lower energy emission originates from the interactions between the 2D inorganic layers,
dominant at the layer edges of the crystal. These assignments are verified by experimental
methodologies like molecular intercalation between the 2D perovskites layers and tuning the
interlayer separation. This chapter suggests that the inorganic layers in layered hybrid
perovskites are not completely isolated from each other, as considered previously. The adjacent
inorganic layers interact with each other, and the probability of these interactions is higher at
the layer edges of the crystal.
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Synopsis

Chapter 4: Emission Splitting and Higher Exciton Binding Energies in Chiral Layered
Hybrid R- and S-a-Methylbenzylammonium Lead lodide Perovskites

Layered hybrid perovskites are composed of semiconducting inorganic layers that are separated
from each other by insulating organic cations. This layered architecture gives rise to an
interface between the inorganic layers and the organic cations. The organic-inorganic interfaces
give us an opportunity to introduce some novel functionalities by combining good
semiconducting properties of inorganic sub-lattices with the properties of organic molecules,
like chirality. This chapter explores the effect of induced chirality on the excitonic properties
of layered hybrid R- and S-a-methylbenzylammonium lead iodide [(R- and S-a-MBA)2Pbl4].
We synthesized (Rac-, R- and S-a-MBA)2Pbls (Rac = racemic) perovskites. The SCXRD
shows the chiral structures for (R- and S-a-MBA)2Pbls, which is further confirmed by the
circular dichroism. To see the effect of chirality on the excitonic properties, we studied the
temperature-dependent PL in (Rac-, R- and S-a-MBA),Pbls. The temperature-dependent PL
shows that the induced chirality splits the PL emission in these chiral (R- and S-a-MBA).Pbly
at lower temperatures. Moreover, a higher exciton binding energy is also observed in (R- and
S-a-MBA)2Pbls compared to the achiral (Rac-a-MBA)2Pbla,

Chapter 5: Stabilizing Lower Dimensional Lead Halide Perovskites by Intermolecular

Cation—m Interactions

Lead halide perovskites dissociate in water/moisture quite easily. This makes lead halide
perovskites and their devices quite unstable in ambient conditions. For the purpose of
commercialization, lead halide perovskites need to be completely stabilized in water and moist
conditions. In this chapter, we introduced a strategy to stabilize lower-dimensional hybrid lead
halide perovskites in water by using long-range intermolecular cation-n interactions between
the A-site aromatic organic cations. We chose 4,4’-trimethylenedipyridinium (4,4’-TMDP) and
4,4’-ethylenedipyridinium (4,4’-EDP) cations, capable of showing long-range intermolecular
cation-nt interactions, as the A-site cations. Using 4,4-TMDP and 4,4’-EDP as the A-site
cations, completely water-stable 1D (4,4’-TMDP)Pb.Brs and (4,4’-EDP)Pb2Bre perovskites are
synthesized. The stability of these 1D perovskites in other polar and non-polar solvents is also
verified. These completely water-stable 1D perovskites show a warm white light emission,
suitable for both indoor and outdoor lighting. Finally, a backlit light-emitting diode (LED) is

fabricated from the water stable (4,4’-TMDP)Pb2Brs, which shows a stable white emission.
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Synopsis

Appendix 1: Mn Doping in Centimeter Sized 2D Layered Butylammonium Lead
Bromide, (BA)2PbBr3, Single Crystals

Apart from the four working chapters, this thesis also includes an appendix chapter. The
appendix discusses the doping of Mn?* ions in (BA).PbBr, single crystals. A bright dopant
emission is observed in these Mn-doped (BA).PbBr4 single crystals. This is among the first

reports of Mn-doping in layered perovskite single crystals.
Thesis Summary and Future Outlook

In this section, we have summarized the work presented in this thesis. The relevance of results
presented in this thesis, with the existing literature, is provided. Finally, a future research

outlook is provided based on the compositional flexibility of the hybrid perovskite structure.
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Chapter 1

Introduction

1.1 Semiconductors

Metals conduct electricity, while the insulators don’t. Semiconductors conduct as well as resist
the electrical current. In its pristine form, a semiconductor is an insulator but abruptly changes
to a conductor upon perturbation. The perturbation can be in the form of light irradiation,
electrical bias, or doping. Upon perturbation, the semiconductor becomes highly conducting
and is termed to be in the “on” state. This dual and completely opposite conductivity behavior
makes semiconductors an interesting class of materials. These semiconductors can act as
electrical switches or gates, and hence constitute major components in almost all electronic
applications. The switching from the “off” to “on” state in semiconductors arises due to their
finite band gap and very high carrier mobility (Figure 1.1).
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Figure 1.1: Schematic showing the band diagram of metals, semiconductors and insulators.
VB = Valance band, CB = Conduction band, Eq= Band gap, Es = Fermi level, the energy level
where the probability of finding an electron is half. One way of turning on a semiconductor is
by light irradiation, as shown in the schematic. Same can be done by doping or by applying an
electric bias.

From the band theory of solids, we know that the valance band is completely filled with
electrons and the conduction band is completely empty. In metals, we do not have valance and
conduction bands separated by a band gap. Instead, the band is partially occupied, giving rise
to a sea of free electrons, which conduct the electricity. Insulators have a large band gap, and
their charge carrier mobility is also low. Hence insulators do not conduct electricity.
Semiconductors have a moderate band gap, and in their pristine form, there are no free charge

carriers; hence these do not conduct electricity. However, the band gap in semiconductors is
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usually small, and a minor perturbation can easily create delocalized charge carriers. Due to
their high charge carrier mobility, semiconductors conduct electricity easily in their “on” state.
The electrical conductivity of semiconductors can be increased by multiple orders of magnitude
upon a minor perturbation. Efficient modulation between on- and off-states make

semiconductors a special class of materials for electronic and optoelectronic devices.
1.2 Traditional Semiconductor Materials

When we think of semiconductors, silicon is the first name that comes to our mind. Silicon
shows a very high charge carrier mobility and large diffusion length.12 Also, silicon is highly
abundant in the earth’s crust. This makes silicon the most explored and widely used
semiconducting material. The commercial solar cells are mostly constituted of silicon. Apart
from solar cells, silicon is widely used in electronic components like transistors, diodes, circuit
boards and integrated circuits. However, silicon is an indirect band gap material, which makes
it a poor light absorber and emitter. In silicon solar cells, for efficient light absorption, thick
silicon absorber layers are required. This increases the cost as well as the size and weight of
these solar cells. Also, the poor light emission limits the use of silicon in the lighting and

display technology.

The above-mentioned problems of silicon prompted the researchers to look for direct band gap
semiconductors. Over the course of time, a number of direct band gap semiconductors have
been synthesized, the most common being the gallium arsenide (GaAs), gallium nitride (GaN),
indium phosphide (InP), cadmium sulphide (CdS), cadmium selenide (CdSe), cadmium
telluride (CdTe), indium gallium arsenide (InGaAs), copper indium gallium selenide (CIGS),
etc. These direct band gap semiconductors have been used in various applications ranging from
light harvesting to light emission. For example, GaAs shows the highest solar cell efficiency
of 30.5%2 among the single-junction solar cells, almost touching the Shockley-Queisser limit
of the highest possible efficiency of 33.16%.*

Some of these traditional direct band gap semiconductors show astonishing semiconducting
properties. For example, GaAs, the most widely used direct band gap semiconductor, shows
very high charge carrier mobilities and long diffusion lengths.! However, it has been found that
good semiconducting properties largely depend on the quality of the crystals. Defect states, if
present, quench the charge carriers, thus hugely affecting the semiconducting properties. To
get rid of the defects and to improve the crystallinity, approaches like highly sophisticated
epitaxial growth or high temperature (>1000 °C) synthesis have been followed. Though these
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methods improve the crystal quality, at the same time increase the synthesis and processing
cost hugely. This is one of the main reasons for the GaAs based solar cells not being able to
replace the commercial silicon solar cells. It is to be noted that for the applications where the
cost does not matter, the highly expensive traditional direct band gap semiconductors like GaAs

are the materials of choice; for example, the use of GaAs based solar cells in space missions.
1.3 Lead Halide Perovskites

Recently, lead halide perovskites have emerged as a wonderful class of semiconducting
materials.>'2 These perovskites show amazing optoelectronic and photovoltaic properties like
very high absorption coefficients, long charge carrier diffusion lengths and carrier lifetimes,
small electron and hole effective masses, intense photoluminescence, narrow emission
linewidths, high dielectric constants and strong ferroelectric polarization.>” Due to their
astonishing semiconducting properties, lead halide perovskites have been explored for a wide
range of applications like solar cells, light-emitting diodes (LEDs), photodetectors, sensors,

lasers, photocatalysts, etc.18-2°

The history of lead halide perovskites dates back to the 1890s, and the perovskite structure of
these halide compounds was first time reported by Moller in 1958.21-22 However, the actual
boom of lead halide perovskites started in 2009 when Kojima et al. reported the first perovskite-
based solar cell from methylammonium lead iodide, with an initial power conversion efficiency
(PCE) of 3.8%.2% In a time span of just two years, the reported PCE of the perovskite solar cells
exceeded 10%, which was quite remarkable compared to the traditional solar cell materials.®
From 2012, the research on these perovskite solar cells took the speed, and in less than a decade,
the perovskite solar cells started to compete with the traditional solar cells and surpassing many
of them.® The current PCE of these perovskite solar cells is 25.8%, which is quite comparable
to that of the benchmark single-crystalline silicon solar cells, with a PCE of 26.1%, which took
more than four decades to reach this number.% 242> Apart from solar cells, halide perovskites
have been studied for various other applications like LEDs, photodetectors, sensors, lasers,

photocatalysts, etc.16-1719: 26

One of the interesting features of lead halide perovskites is their band gap and emission color
tunability over the entire visible range (Figure 1.2).2" Lead iodide perovskites show the band
gap in the red region, whereas the lead bromide perovskites absorb and emit in the green region.
The band gap can be further shifted to the blue region by using chloride as the anion. The mixed

halide compositions are also possible, which show the band gap and emission in-between that
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of the pure single halide compositions. For example, CsPbls shows the band gap and emission
in the red region, and CsPbBr3 shows the band gap and emission in the green region, whereas
the CsPbBrxls.x has the band gap in the yellow region and also emit the yellow light. The band
gap tunability in these halide perovskites gives us the advantage to make the LEDs that span
the whole visible region.?® Also, by using the mixture of chloride, bromide and iodide
perovskites as the active layer, pure white LEDs have been fabricated.?® The external quantum
efficiency (EQE) of some of the perovskite-based LEDs has crossed 20%, which is quite

similar to that of the commercial LEDs.%°
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Figure 1.2: (a) Absorption (solid lines) and PL (dashed lines) spectra of colloidal CsPbX3
nanocrystals, showing the bandgap tunability over the entire visible range. (b) Photograph of
the vials containing the colloidal solutions of CsPbX3 under UV light. A bright emission is
observed, which changes systematically from blue to green to red upon changing the halide
composition from pure chloride (CsPbCls) to bromide (CsPbBr3) to pure iodide (CsPbls). The
figures are reprinted from reference 27 with permission. Copyright © 2015, American
Chemical Society.

Semiconducting properties largely depend on the quality of the crystals or films. Highly defect-
free samples are required for good semiconducting properties. Surprisingly, lead halide
perovskites show amazing semiconducting properties irrespective of the presence of defects,
unlike the traditional semiconductors like GaAs or CdSe. This has been attributed to their
defect tolerant band structure.® 3! In these perovskites, both the valance band maximum and
the conduction band minimum are antibonding in nature. The nonbonding defect states are
either shallow or lie within the valance or conduction band and hence do not quench the charge
carriers, thereby making them defect tolerant (Figure 1.3). This defect tolerant nature makes

lead halide perovskites a unique class of materials. The complicated and expensive synthetic

5



Chapter 1

Introduction

methods or high temperatures are not required for making these lead halide perovskites,
contrary to the traditional semiconductors. Very simple solution-processable methods are used
for synthesizing these materials. This solution processibility makes their synthesis and device
fabrication very easy and cost-effective.
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Figure 1.3: Schematic showing defect tolerant band structure of lead halide perovskites in
comparison to the traditional semiconductors. The figure is reprinted from references 31 and
32 with permission. Copyright © 2017, American Association for the Advancement of Science,
and Copyright © 2017, American Chemical Society, respectively.

1.4 Perovskite Structure

Perovskite, in its origin, is a mineral of calcium titanium oxide (CaTiOs3).3® However, instead
of just remaining a mineral name, perovskite has emerged as a trademark crystal structure.
Materials having structure same as that of CaTiO3z are commonly known as perovskites. The
perovskite structure consists of a three-dimensional (3D) network of metal halide or metal
oxide octahedra that are directly connected to each other via corner-sharing (Figure 1.4).3* The
3D octahedral network gives rise to cuboctahedral voids, commonly known as the A site. The
general formula of perovskites is ABX3, where A and B are the cations, and X is an anion. The

stability of the perovskite structure is governed by the Goldschmidt tolerance factor, t =

—TAY"B . here, ra and rg are the ionic radii of the A and B cations, respectively, and rx is the
V2 (rg +71x)

ionic radius of the X anion.®>*® For a stable perovskite structure, the value of “t” should be
around 0.71-1.3% In halide perovskites, based on the size, cations like cesium (Cs*),
methylammonium (CH3sNHz*; MA™) and formamidinium (NH2CHNH_"; FA™) fit in the A-site,
leading to the formation of a stable perovskite structure.?® 3’
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Figure 1.4: Schematic of the 3D perovskite structure showing a coroner shared octahedral
network.

One of the interesting features of the perovskite structure is its structural flexibility. By using
large-sized A-site cations, the 3D perovskites can be reduced down to their lower-dimensional
structures, known as lower-dimensional (2D, 1D and 0D) perovskites or perovskitoids.3®-3® The
inorganic octahedral framework in these lower-dimensional perovskites do not show 3D
connectivity. It is to be mentioned here that the reduction in dimensionality is in terms of
electronic connectivity only.%-% Morphologically, these lower-dimensional perovskites are
still three-dimensional. Unlike 3D perovskites, the chemical compositions of low-dimensional
perovskites are not limited by the Goldschmidt tolerance factor. Consequently, it is possible to
think of a large variety of organic and inorganic sub-lattices. *® The compositional flexibility
of these lower-dimensional perovskites gives us an opportunity to introduce various new
functionalities. Compared to the 3D perovskites, the lower-dimensional perovskites show some
additional interesting properties, like quantum and dielectric confinement in the bulk samples,
high exciton binding energies, exciton self-trapping, large polaron formation, and sharp
absorption and emission features.®-3 However, due to the reduced electronic dimensionality,
the lower dimensional perovskites are expected to show poor charge carrier transport, which

will be detrimental for optoelectronic applications.
1.5 2D Layered Hybrid Perovskites

The 2D layered hybrid perovskites can be obtained by slicing the inorganic layers apart in the
3D perovskites.® 441 This can be done by the A-site cation engineering. If the A-site cation
does not fit in the cuboctahedral void of the 3D perovskite structure, it splits the inorganic
layers apart (Figure 1.5). The splitting of inorganic layers can occur along different
crystallographic directions.®® If the 3D perovskite is sliced along the (100) planes, we get (100)
oriented layered perovskites. Here the 2D layers represent the (100) planes of the crystal, and

the interlayer spacing is simply the distance between the (100) planes. Majority of the layered
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perovskites fall in this category. Based on the number of octahedral inorganics layers that are
directly connected to each other, the layered perovskites are termed as n = 1, 2, 3 (and so on)
systems. Layered perovskites sliced along the (110) and (111) planes also exist, but these

layered hybrid systems are very rare.

(RNH,)AB.X, (n=2) ALAB.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 planes. (a) (100), (b) (110), and (c) (111) oriented layered
perovskites. “n” is the number of octahedral layers directly connected to each other 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 38 with permission. Copyright © 2016,
American Chemical Society.

In 2D layered hybrid perovskites, usually two layers of organic cations are present between the
adjacent inorganic layers, each having their positively charged ammonium ions pointing
towards the adjacent inorganic layers (Figure 1.6a).#? The organic cations are held with the
inorganic layers by strong electrostatic and hydrogen-bonding interactions on both sides,
forming an atomically thin single hybrid perovskite layer.* %3 In a crystal, multiple hybrid
perovskite layers are present and are held together by weak Van der Waals forces, which can
easily be separated apart by mechanical exfoliation.** The adjacent inorganic layers in these
perovskites are not lying exactly on top of each other; rather are shifted to some extent.*?
However, every third layer lies exactly on top of the first layer, thus forming an ABAB type of
layered structure. Due to their similarity with the Ruddlesden-Popper phase, these perovskites

are usually termed as Ruddlesden-Popper layered hybrid perovskites.
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Figure 1.6: (a) Ruddlesden-Popper and (b) Dion-Jacobson type layered hybrid perovskites.

There is another class of layered hybrid perovskites that have a single layer of organic cations
between the inorganic layers (Figure 1.6b).* In these layered systems, the organic cations have
two positively charged ammonium ions on their opposite terminals, which bind with the two
adjacent inorganic layers simultaneously, giving rise to a rigid layered structure. Since the
inorganic layers are directly connected via single A-site bi-cations, every second inorganic
layer lies exactly on top of the first layer, thus forming an AAAA type layered structure.*®
These are termed as Dion-Jacobson layered hybrid perovskites due to their similarity with the
Dion-Jacobson phase. Since no Van-der Waals forces are involved, these perovskites are rigid

and are not easily exfoliated.

1.6 Quantum Confinement and Quantum Well Structure

When a semiconductor absorbs light, electrons are promoted from the valance band to the
conduction band and creating holes in the valance band.*®*® Because of their opposite charge,
the electron and hole are attracted towards each other, leading to the formation of a quasi-
particle known as exciton, an electrostatically bound electron-hole pair separated by some
distance in space. The equilibrium distance between the electron and the hole in an exciton is
known as Bohr exciton radius (r), as shown in Figure 1.7. The Bohr exciton radius in a
semiconductor is analogous to the Bohr radius in the hydrogen atom. Unlike the Bohr radius,
the Bohr exciton radius is not a fixed quantity, and varies from material to material. The Bohr
exciton radius of a semiconductor depends on its dielectric constant and the effective masses

of its electrons and the holes and is given by the equation: rz; = er%ao; here “g,.” is the

dielectric constant of the material, “my” is the rest mass of an electron, “ag” is the Bohr radius

of hydrogen atom (0.053 nm), and “u” is the reduced mass of the exciton, which is given by

the equation; p = Zerh

—— (mg and m,, are the effective masses of an electron and a hole,
e '*h

respectively).47-48
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If the size of the semiconductor is reduced below its Bohr exciton radius, the electron and hole
are forced to come close together, reducing the distance between the electron and hole below
its neutral equilibrium distance. Now, as per the particle in a box model, the energy states are
separated apart and are discretized. This phenomenon is known as the quantum confinement
effect.***#’ In the particle in a box model, the absolute energy “E” and the energy difference
between the n' and (n+1)" states is inversely proportional to the square of the length (L?) of

the box. In a spherical crystal, the diameter of the crystal represents the length of the box.

1
E x =
L2

1
AEn,n+1 = Epy— By I
If we consider the n' and (n+1)" states as the valance and the conduction bands, respectively,
then AEn, n+1 represents the band gap (Eg) of the semiconductor. And with the decrease in the

size of the semiconductor below its Bohr exciton radius, the band gap increases.*’
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Figure 1.7: Schematic demonstrating the quantum confinement in a semiconductor. As the
size of the crystal is reduced below its Bohr exciton radius (1), the band gap increases, and
also the energy levels are discretized.

In 2D layered hybrid perovskites, the inorganic layers are semiconducting in nature, and are
separated from each other by insulating organic layers.®® 4952 The thickness of the

semiconducting inorganic layers is usually smaller than their Bohr exciton radius, whereas their
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later dimensions are very large.*® °* The layered architecture of these semiconducting
inorganic and insulating organic layers gives rise to the quantum well structure, as shown in
Figure 1.8.3% 452 The semiconducting inorganic layers act as the potential wells and the
insulating organic layers act as the potential barriers. The charge carriers created, like electrons,
holes or excitons, gets confined to these semiconducting inorganic layers, giving rise to the
quantum confinement effect.*® > Interestingly, the quantum confinement in these layered
perovskites is independent of the size of the crystal. This gives rise to the nanoscale
phenomenon even in bulk (size greater than the Bohr exciton radius) crystals.>* This is quite
the opposite to the 3D perovskites, where the quantum confinement can be achieved only by

reducing the size of the crystal below its Bohr exciton radius.?” °

Layered Perovskite

(onn1 OWOH)E[V

Quantum Well Structure
Figure 1.8: Crystal structure (top panel) and the schematic representation of the quantum well
structure (bottom panel) of 2D layered perovskites. Eg is the band gap, and AE is the energy
gap between the LUMO and HOMO levels of the organic cations.

Interestingly, the extent of the quantum confinement in layered hybrid perovskites can be
varied by changing the thickness of the semiconducting inorganic well layers.3® 42 This can be
done by changing the number of octahedral layers directly connected to each other. Figure 1.9
shows that the band gap of the layered perovskites decreases as the number of the inorganic
octahedral layers directly connected to each other increase, thus following the quantum
confinement effect.*? In the layered hybrid perovskites, there is a large dielectric contrast
between the repeating inorganic and organic layers.3® ° The inorganic layers have a high
dielectric constant, whereas the organic cations usually have a very low dielectric constant.
Though the excitons are created in the inorganic layer only, the organic layers also affect the

electron-hole interactions by providing a low screening medium to the lines of force between
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the electron and hole in an exciton.>>>* This increases the exciton binding energy and the
excitonic confinement. This additional confinement, which arises due to the dielectric

mismatch between the organic and inorganic layers, is termed as dielectric confinement.3% %
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Figure 1.9: (a) Absorption spectra of (BA)2(MA)n-1Pbnlsn+1 layered perovskites (n = 1-4
systems). The absorption spectrum shown in black corresponds to the 3D perovskite (MAPDI3).
(b) Crystal structures of (BA)2(MA)n-1Pbnlsn+1 layered perovskites (n = 1-3 systems). The figure
is reprinted from reference 42 with permission. Copyright © 2016, American Chemical Society.

1.7 1D and 0D Perovskites

In the previous sections, we saw that, by using large-sized A-site cations, the 3D perovskites
can be reduced down to lower-dimensional 2D layered perovskites.®® However, this is not
always the case. Some of the A-site cations never lead to the formation of 2D layered structures
rather form even lower-dimensional 1D or 0D structures, known as 1D and 0D perovskites,
respectively.>®%° This mostly depends on the shape, size and symmetry of the A-site cations.3®
%8 Linear chain A-site cations mostly form 2D layered perovskites, whereas large bulky and
branched A-site cations usually lead to the formation of 1D or 0D perovskites.*3 61-62 These 1D
and 0D perovskites have a higher degree of quantum and dielectric confinement and show a
band gap higher than the 2D layered counterparts.®

1.8 Interactions in Lower Dimensional Hybrid Perovskites

The 2D layered perovskite structure consists of semiconducting inorganic layers, insulating
organic layers and the interfaces between the organic and inorganic layers.*® % This kind of
layered architecture gives rise to various types of interactions. These include the interactions
between the adjacent inorganic layers, the interactions between the organic and the inorganic
layers, and the interactions among the organic A-site cations.®*® The same is true for 1D and
0D perovskites. These interactions have the potential to affect the physical as well as the

chemical properties of these lower-dimensional hybrid perovskites.

12



Chapter 1

Introduction

1.8.1 Interactions between the inorganic layers in layered hybrid perovskites

In layered hybrid perovskites, because of the quantum well structure, it is considered that the
inorganic layers are electronically isolated from each other, i.e., these layers do not interact
with each other.*® %3 However, the distance between the inorganic layers is of the order of a
nanometer, and at such a small distance, a number of phenomena are possible which keep these
inorganic layers connected.®* These phenomena include Forster resonance energy transfer
(FRET)®® and interlayer exciton formation.®”-%° At the layer edges, the 2D perovskite layers are
quite flexible and can come close to each other quite easily, making the interaction between
them more feasible. The possibility of the electronic connectivity between the adjacent
inorganic layers is supported by a recent conductive atomic force microscopy (c-AFM) study
in (BA)2Pbls (BA = Butylammonium) single crystals, which has shown a significant across-
the-layer electrical conductivity at the layer edges of the crystal (Figure 1.10).”° The magnitude
of the current is directly proportional to the thickness of these edges. This study suggests that

the 2D inorganic layers at the layer edges are indeed electronically connected to each other.
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Figure 1.10: (a) Schematic demonstrating the across-the-layer electrical conductivity in
layered hybrid perovskites. (b) Schematic showing the experimental c-AFM measurement
setup. (c) AFM image showing the terraces and the layer edges on the surface of a (BA)2Pbls
crystal. (d) c-AFM image of the same crystal showing a significant current (red) at the layer
edges of the crystal. Figures b, ¢ and d are reprinted from reference 70 with permission.

Copyright © 2019, The Authors, some rights reserved; exclusive licensee AAAS.
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1.8.2 Interactions between the inorganic framework and organic cations

The valance band maximum and the conduction band minimum in halide perovskites are
constituted of metal and halide orbitals (inorganic framework) only.”*-”® Hence the optical and
optoelectronic properties of these perovskites mostly depend on the metal halide framework
only. However, the A-site cations indirectly affect the band structure and hence the properties
of these layered perovskites.”*" In the 2D layered perovskites, the organic cations are bound
to the inorganic layers by electrostatic and hydrogen-bonding interactions.* 43 6 The
interactions of these organic cations with the inorganic layers modify the structure of the
inorganic layers, which ultimately affects their optical properties. Interestingly, these organic-
inorganic interactions in these layered perovskites give us an opportunity to introduce multiple

functionalities by combining various organic and inorganic properties.®

1.8.3 Interactions between the organic cations

In the crystal structure of lower-dimensional perovskites, the A-site cations are closely packed
in an ordered arrangement.*® %152 The A-site cations, in this closed packed structure, show
some non-covalent (like Van-der Waal’s) interactions among themselves.*® 7®'" These
interactions affect the crystal structure and hence the optical properties of these perovskites. It
is these non-covalent interactions between the A-site organic cations that determine the
structure and the lattice type in which the perovskite crystalizes. For example, (BA)2Pbls
crystallizes in an orthorhombic crystal structure, whereas the (HA):Pbls (HA =
hexylammonium) crystallizes in the monoclinic crystal structure, even though both have the
same ammonium group that interacts with the inorganic lattice.*® The interactions between the
organic cations also dictate the temperature-dependent phase transitions in these lower
dimensional-perovskites.** The simple linear chain A-site cations, like BA* or HA", usually
show Van-der Wall’s type of interactions only.** However, by using some specific A-site
cations, other types of interactions, like intermolecular hydrogen bonding or pi-pi interactions,

can also be introduced.®®

1.9 Water Instability a Major Challenge

Lead halide perovskites have now been established as a wonderful class of semiconducting
materials. Irrespective of their astonishing properties, the lead halide perovskites are still far
from commercialization. The main reasons are the instability of these perovskites in the
ambient conditions (air and moisture)’®8 and the presence of the toxic element lead.3183

When the lead halide perovskites come in contact with water, they dissociate.”®® Even the
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slightest moisture can degrade these perovskites. The water instability of lead halide
perovskites arises from the highly ionic nature of their A-site cations.?4% Lead halide
perovskites are composed of the lead halide framework, which is negatively charged, and the
positively charged A-site cations (like Cs*, MA™, FA", etc.), which counterbalance the negative
charge of the lead halide framework. The lead halide framework in itself is water-insoluble.
However, the A-site cations, because of their ionic nature, are highly soluble in water. Upon
coming in contact with water, the A-site cations, because of their high water solubility, dissolve
in water leading to the dissociation of the perovskite. Figure 1.11 demonstrates the dissociation
of methylammonium lead iodide (MAPDIz3) in the presence of water or moisture to lead iodide

(Pbl) and water-soluble methylammonium iodide (MAI).”®

Two ways have been followed to address the problem of water instability of lead halide
perovskites. One is the encapsulation of the perovskite material or the devices made from it.1?
8789 The encapsulation improves the water stability of the lead halide perovskites to some
extent. However, when the encapsulation layer breaks due to wear and tear, the perovskite
material again comes in contact with the environment, where it can react with the water or
moisture, leading to its degradation. The second way of addressing the issue of water instability
of lead halide perovskites includes the use of long-chain hydrophobic organic A-site cations
like butylammonium (BA; CH3(CH.)sNHs"), phenethylammonium (PEA; CeHs(CH2)2NH3")
ions, etc.*> 991 Because of their large size, these cations do not fit at the A-site and result in
the formations of lower-dimensional perovskites. Due to the hydrophobic nature of the long-
chain A-site cations, these lower-dimensional perovskites show much-improved water stability
compared to the 3D perovskites.*® However, these long-chain organic A-site cations still have
a positively charged ammonium group (-NHs™) group, which can interact with water again,
leading to the dissociation of these perovskites. So the encapsulation and the use of simple

long-chain hydrophobic A-site cations are not permanent solutions.
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Figure 1.11: Schematic showing the dissociation of a 3D perovskite, MAPDIs, in the presence
of water/moisture to Pbl, and water-soluble MAL.
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Water instability of lead halide perovskites is accompanied by another issue, i.e., the lead
toxicity.®8 Lead halide perovskites, upon dissociation in water, release the toxic lead into the
environment. This toxic lead contaminates the groundwater and emerges as a major health
threat. Addressing the water instability issue of lead halide perovskites will automatically
address their lead toxicity issue to some extent. The water-stable lead halide perovskites will
not release any lead into the environment, and hence the lead toxicity will no longer be a major
issue. The other way of addressing this toxicity issue is to look for non-toxic alternatives to
lead. A lot of work is going on in this direction;*>°” however, no major breakthrough has been
achieved yet. Apart from the water instability and the lead toxicity, lead halide perovskites face
some other challenges as well, like thermal instability, phase instability in some compositions,

photo-degradation, and halide exchange and segregation, 2% 98-100

1.10  Scope of this Thesis

As discussed above, the lower-dimensional perovskites show various types of interactions.
These interactions impact the physical as well as the chemical properties of these perovskites.
In this thesis, we explored these interactions in lower-dimensional lead halide perovskite single
crystals to understand their optical properties, introduce new functionalities and address their

water and moisture instability issue.

2D layered hybrid perovskites show some surprising properties, like across-the-layer electrical
conductivity at the layer edges of the crystals. Similarly, compared to the 3D perovskites, the
2D layered hybrid perovskites show unusual optical properties. For example, the absorption
and emission spectra of (BA)2Pbls, a widely explored layered hybrid perovskite, show two
features in the excitonic region, unlike the 3D perovskites which show a single absorption and
emission feature in the excitonic region (Figure 1.12).5% %1 Also, the reported band gap of
(BA)2Pbl, varies from 2.24 eV to 2.43 eV.*> % This difference in the reported band gap of
(BA)2Pbl4 is too large for such a material having a direct band gap with sharp absorption
features. The same is true for other layered hybrid perovskite single crystals as well. Band gap
is one of the most important properties of semiconducting materials, but for the layered hybrid
perovskites, the band gap is not understood completely. As mentioned above, layered hybrid
perovskites show some interesting properties; however, without a proper understanding of their
band gaps and emission behavior, these properties can not be explored to their maximum
potential. So the understanding of the band gap and the emission properties of these layered
hybrid perovskites is of utmost importance.
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Figure 1.12: (a) Absorption and PL spectra of 3D formamidinium lead bromide (FAPbBTr3)
nanocrystals. A single emission peak is observed in the PL spectrum of FAPbBr3 nanocrystals.
(b) PL spectrum of 2D BA2Pbls single crystal, showing two emission peaks. Figure a is
reprinted from reference 101 with permission. Copyright © 2016, American Chemical Society.
Figure b is reprinted from reference 51 with permission. Copyright © 1996, American

Chemical Society.
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In chapter two of this thesis, we synthesized a series of layered hybrid perovskite single crystals
with the motivation of understanding their band gap and emission properties. Surprisingly, all
these layered perovskites showed two emission features in the visible region. By using optical
absorption, temperature-dependent (10 K to 300 K) steady-state and time-resolved
photoluminescence spectroscopy, we showed that both the emission features observed in

layered hybrid perovskite single crystals are excitonic in nature.

The appearance of two excitonic emissions from the same single crystal is quite surprising. It
seems as if there are two band gaps in these layered hybrid perovskite single crystals, which is
quite absurd. In chapter three, we tried to find the origin of the two excitonic emissions
observed in the layered hybrid perovskites. From the spatially resolved fluorescence
microscopy imaging, we found that the higher energy emission is present throughout the
crystal, while the lower-energy emission is mostly dominated at the layer-edges of the crystal.
Further, by using the molecular intercalation and variable interlayer separation, we
demonstrated that the higher energy emission originates from the individual 2D inorganic
quantum well layers, whereas the lower energy emission originates from the possible
interactions between the adjacent inorganic layers, mainly at the layer edges of the crystal. So
the inorganic layers in the layered hybrid perovskites are not completely isolated from each

other.
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In layered hybrid perovskites, an interface is generated between the inorganic and the organic
layers. This organic-inorganic interface can be utilized to introduce some new properties in
these layered hybrid perovskites.®® 192 Some specific properties of organic molecules like
chirality can be combined with the good semiconducting properties of the inorganic lattices to
achieve functionalities like circular dichroism (CD), circularly polarized emission, circularly
polarized second harmonic generation (SHG), circularly polarized photodetectors, chiral
ferroelectricity, spin selectivity, etc.1%? In chapter four of this thesis, we introduced chirality in
the layered hybrid R- and S-a-methylbenzylammonium lead iodide [(R/S-a-MBA).Pbl4] and
explored its effect on their optical properties. The chirality generates an asymmetry in their
crystal structure, which gives rise to the second harmonic generation. Furthermore, the
introduced chirality in (R/S-a-MBA)2Pbls splits their absorption and emission lines, which is
clearly visible at the cryogenic temperatures.

Lead halide perovskites dissociate in the presence of water or moisture, and this limits their
extended characterizations and their device applicability. The water instability of lead halide
perovskites has been attributed to the highly ionic nature of their A-site cations.”8
Encapsulation and the use of hydrophobic A-site cations have been tried, but both these
methods provided a short-term solution only.*> 80 For a permanent solution, we need A-site
cations that are completely water-insoluble once incorporated in the perovskite lattice. In
chapter five of this thesis, we tried to provide a permanent solution to the water instability issue
in the lower dimensional hybrid perovskites. We utilized the intermolecular cation-n
interactions between the A-site cations to generate a long-range cation-n stacking. We chose
the 4,4’-trimethylenedipyridinium (4,4’-TMDP) and 4,4’-ethylenedipyridinium (4,4’-EDP) as
the starting A-site cations because these cations are capable of showing cation-n stacking (see
Figure 1.13).
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Figure 1.13: A long-range cation-rt stacking in 4,4-Dipyridinium ions. The cation-n
interactions between these cations are stronger than their interactions with water. The Figure
is reprinted from reference 65 with permission. Copyright © 2021, John Wiley and Sons.
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Using these cations, we synthesized (4,4’-TMDP)Pb.Bre and (4,4’-EDP)Pb2Brs perovskites.
Interestingly, the 4,4-TMDP and 4,4’-EDP cations in (4,4’-TMDP)Pb2Bre¢ and (4,4’-
EDP)Pb2Brs, respectively, showed a long-range cation-n stacking, extending throughout their
crystals. Also, the cation-n interactions between these cations turned out to be stronger than
cation water interactions, and the resulting (4,4-TMDP)Pb,Brs and (4,4’-EDP)Pb2Bre
perovskite were completely water stable. Furthermore, these water-stable perovskites showed

a stable white light emission.
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Abstract

Two-dimensional (2D) layered hybrid lead halide perovskites exhibit interesting electronic and
optical properties because of their repeating quantum well structure. These materials are now
being explored for various optoelectronic applications, including solar cells and light-emitting
diodes. But still, there are surprises regarding the basic band gap or excitonic absorption and
emission properties of these layered hybrid perovskites. In this chapter, we discuss that the 2D
layered hybrid perovskite single crystals like butylammonium lead iodide [(BA)2Pbls)] show
dual excitonic emissions. A minor structural inhomogeneity between bulk crystal and the layer
edges of the crystal might be responsible for the two different excitonic emissions. To explore
the correlation between crystal structure and excitonic emissions, we have studied single crystal
X-ray diffraction and photoluminescence in (BA)2Pbls single crystals at variable temperatures.
The results show that a small change in tilting of Pb-Is octahedra can distinctly change the band

gap and the excitonic emission energy in these 2D layered hybrid perovskites.
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2.1 Introduction

3D lead-halide perovskites have now been established as an excellent material for solar cells,
light-emitting diodes and other optoelectronic applications.'® 2D layered hybrid lead-halide
perovskites are now being explored for optoelectronic applications.>® 2D layered hybrid
perovskites with general formula (A)2(A’)n-1Pbnlsn+1 (Where A is long-chain organic cation like
CsHgNH3* (BA), and A’ is a smaller cation like CH3sNH3* (MA)) exhibit photovoltaic solar cell
efficiency of 12.5%.%12 In this structure, the corner-shared (Pbls)* octahedra form a layered
semiconducting phase, which are separated by insulating long-chain organic cations (A),
forming a repetition of the quantum well structure. Controlling “n” controls the thickness of
the inorganic layer (well), and variation in the organic spacer controls the thickness of the
barrier in the quantum well structure. Different compositions (by varying n, organic spacer,
metal ion and halide ion) of layered hybrid perovskites have been prepared, and their optical
and optoelectronic properties have been reported.’*'® These layered perovskites provide a

natural multi-quantum well structure and improved moisture stability.

(BA)2Pbls with n =1 is one of the simple and stable 2D layered hybrid perovskite showing rich
excitonic photophysics in the visible region.® Therefore, (BA)2Pbl is a good model system
for understanding the optoelectronic properties of 2D layered hybrid perovskites. In this paper,
we explored the optical properties of (BA)2Pbls single crystals by using optical absorption,
temperature-dependent photoluminescence (10-300 K) spectroscopies. Results suggest that the
(BA)2Pbl4 single crystals show a dual excitonic emission. We also elucidate the structure-
bandgap relationships of the (BA)2Pbls single crystals. Temperature-dependent
photoluminescence (PL) and crystal structure studies suggest that the structural distortions
increase the band gap of (BA)2Pbls at lower temperatures. To generalize this dual excitonic
emission, we studied a series of layered hybrid perovskite single crystals, all of which show

the dual excitonic emission.
2.2 Experimental Section
2.2.1 Chemicals

Lead oxide (Sigma Aldrich, 99.9%), butylamine (Sigma Aldrich, 99.5%), hexylamine (Sigma
Aldrich, 98%), octylamine (Sigma Aldrich, 99.5%), phenethylamine (Sigma Aldrich, 99.9%),
hydriodic acid (Sigma Aldrich, 57% w/w in H20, 99.9%), hydrobromic acid (Sigma Aldrich,
48% wi/w in H20, 99.9%), hypophosphorous acid (Avra, 50% w/w H20), diethyl ether
(Rankem, 99.5%).
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2.2.2 Synthesis of C4H9NHsl, CsH1sNH3sl and CsHisNHsl

924 uL (10 mmol) n-C4H9NH>2, 667 pL (5 mmol) n-CsHizsNH2 and 166 pL (1 mmol) n-
CgH1sNH2 were separately neutralized with 5 mL (38 mmol) 57% w/w HI in an ice bath

resulting in a clear pale yellow solution of C4HoNHsl, CsH13NHzl and CgHisNHal respectively.
2.2.3 Synthesis of 2D (C4H9sNH3)2Pbls or (BA)2Pbls single crystals

(C4HgNHs3)2Pbl., also termed as (BA)2Pbls was prepared following a reported method.?° 2232
mg (10 mmol) PbO was dissolved in a mixture of 10 ml (76 mmol) of 57% w/w aqueous HI
and 1.7 ml (15.5 mmol) 50% aqueous H3PO. by heating to boiling under constant magnetic
stirring, which resulted in a bright yellow solution. To this yellow solution, the freshly prepared
C4HoNHzl solution was added, and the resultant solution was heated to boiling. The stirring
was stopped immediately after boiling, and the solution was allowed to cool to room
temperature naturally. During the cooling process, orange-colored plate-like crystals

crystallized. The crystals were filtered and washed with diethyl ether and dried under vacuum.
2.2.4 Synthesis of 2D (CsH13NH3)2Pbls or (HA)2Pbla single crystals

(CsH13NH3)2Pbls, also termed as (HA)2Pbls was prepared following the same method. 1116
mg (5 mmol) PbO was dissolved in a mixture of 10 ml (76 mmol) of 57% w/w aqueous HI and
1.7 ml (15.5 mmol) 50% aqueous HzPO. by heating to boiling under constant magnetic stirring,
which resulted in a bright yellow solution. To this solution, the freshly prepared CeH1zNH3l
solution was added, and the resultant solution was heated to boiling. The rest of the steps were
the same as that of the (BA)2Pbls.

2.2.5 Synthesis of 2D (CsH1sNH3)2Pbls or (OA)2Pbls single crystals

(CgH15NHz3)2PDbl4, also termed as (OA)2Pbls was prepared following the same method. 232 mg
(2 mmol) PbO was dissolved in a mixture of 10 mL 57% w/w aqueous HI and 1.7 mL 50%
aqueous H3PO2 by heating to boiling under constant stirring. A clear yellow solution was
obtained. To this yellow solution, the freshly prepared CsHisNH3l was added, and the resultant

solution was heated to boiling. The rest of the steps were the same as that of the (BA)2Pbls.
2.2.6 Synthesis of C4HsNH3Br and CsHsNH3Br

924 uL of n-CsHgNH: and 127 uL of CsHgNH2 were separately neutralized with 5 mL (44
mmol) and 2 mL (17.6 mmol) 48% w/w HBr, respectively, in an ice bath resulting in a
transparent solution of C4HgNH3Br and CgHgNH3Br.
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2.2.7 Synthesis of 2D (C4H9NHS3)2PbBrs or (BA)2PbBr4 single crystals

(C4H9NH3)2PbBr3, also termed as (BA)2PbBrs, was prepared by slightly modifying the method
used for the synthesis of (BA)2Pbls. 2232 mg (10 mmol) PbO was dissolved in a mixture of 10
ml (88 mmol) of 48% w/w aqueous HBr and 1.7 ml (15.5 mmol) 50% aqueous H3sPO2 by
heating to boiling under constant magnetic stirring, which resulted in a transparent solution. To
this solution, the freshly prepared C4sHsNH3Br solution was added, and the resultant solution
was heated to boiling. The stirring was stopped immediately after boiling, and the solution was
allowed to cool to room temperature. During the cooling process, transparent plate-like crystals

crystallized. The crystals were filtered and washed with diethyl ether and dried under vacuum.

2.2.8 Synthesis of 2D (CsHoNH3)2PbBra4 or (PEA)2PbBr4 single crystals

(CsHoNHz3)2PbBr34, also termed as (PEA)2PbBr4, was prepared by the same method used for the
synthesis of (BA)2PbBrs4. 223 mg (1 mmol) PbO was dissolved in a mixture of 10 ml (88 mmol)
of 48% w/w aqueous HBr and 1.7 ml (15.5 mmol) 50% aqueous H3PO> by heating to boiling
under constant magnetic stirring, which resulted in a transparent solution. To this solution, the
freshly prepared CsHoNH3Br solution was added, and the resultant solution was heated to

boiling. The rest of the steps were the same as that of the (BA).PbBrs.

2.2.9 Characterization

Single crystal data were collected using a Bruker Smart Apex Duo diffractometer at 100 K,
250 K and 296 K using MoK radiation (A = 0.71073 A). The frames were integrated with the
Bruker SAINT software package using a narrow-frame algorithm. The structures were solved
by direct method and refined by full-matrix least-squares on F? using the SHELXTL software
package. The Pbls framework was refined anisotropically without any constraint on Pb and |
atoms. All organic atoms were refined isotropically, and C—C and C—N bond lengths were

restrained to ideal values.

Scanning electron microscopy (SEM) images were collected using the Zeiss Ultra Plus FESEM
instrument. Differential scanning calorimetry (DSC) measurements were carried on the Mettler
Toledo DSC823 system in the temperature range of -140 to 190 °C in N2 atmosphere with
heating and cooling rates 3 °C/min. About 10 mg of the polycrystalline sample was used for
the measurements. Optical diffuse-reflectance spectra were collected at room temperature
using a Shimadzu UV-3600 plus UV-Vis-NIR spectrophotometer. All the reflectance spectra
were converted to absorbance using Kubelka-Munk transformation. Room temperature (RT)
steady-state photoluminescence (PL) was recorded on FLS 980 (Edinburgh Instruments).
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Fluorescence decays were collected by time-correlated single-photon counting (TCSPC) set-
up from Horiba Jobin Yvon with 405 nm diode laser (IBH, UK, NanoLED-405L) as an
excitation source. The fluorescence signals were collected at a magic angle using an MCP-
PMT (Hamamatsu, Japan) detector. The analysis of lifetime (TCSPC) data was done by IBH
DAS6 analysis software. The PL decay plots were fitted to bi-exponential fits, and the average
lifetime was calculated by the following equation:

= (A; X 1) + (4, X 13)
w (A1 X 1)+ (4; X 19)

Where tav iS the average lifetime, 11, 12 are the two decay components; Ai, Az are their
respective contributions. Low-temperature (up to 10 K) PL measurements were performed on
the homebuilt PL set up consisting of an excitation monochromator (Jobin Yvon Triax 180),
an emission monochromator (Jobin Yvon iHR 320) and a photomultiplier tube (PMT) as the
detector with a xenon lamp (450 W) as the excitation source. The low-temperature PL
measurements were carried out in Prof. Shailaja Mahamuni’s lab at Savitribai Phule Pune
University (SPPU) with the help of Dr. Aparna Shinde (SPPU). Dr. Aparna and | carried out

the low-temperature measurements jointly.

2.3 Results and Discussion
2.3.1 Synthesis and characterization of (BA)2Pbls single crystals

(BA)2Pbls single crystals were prepared following a previously reported method!! (see the
experimental section for details). Figure 2.1a shows the photograph of (BA)2Pbls crystals
prepared using a solution-phase synthesis. The powder X-ray diffraction pattern (PXRD) of
(BA)2Pbl4 in Figure 2.1b shows the peaks at regular intervals, which is the characteristic of
layered single crystals.?® The regular peak pattern corresponds to the 00l planes of the 2D
layered perovskite structure.?’ The first peak gives the interlayer spacing, which is the vertical
distance between the adjacent inorganic layers. The interlayer spacing calculated from the
PXRD pattern comes out to be 13.56 A, which matches very well with the reported interlayer
spacing of the (BA)2Pbls. The layered structure of (BA)2Pbls is further confirmed by the
scanning electron microscopy (SEM) image, shown in Figure 2.1c. Single crystals with length
~6 mm, width ~5 mm and thickness ~0.5 mm were used for measuring optical data. Smaller
sized crystals (~0.5 x 0.4 x 0.2 mm?®) were used for the crystal structure determination. The
single-crystal x-ray diffraction (SCXRD) of (BA)2Pbls is recorded at 100 K, 250 K and 296 K

(RT) and is discussed in detail in section 2.3.3.
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Figure 2.1: (a) Photograph of (BA):Pbls single crystals prepared using a solution-phase
synthesis. (b) PXRD pattern of (BA)2Pbls single crystal showing the peaks corresponding to
the 00I planes. (c) SEM image of a (BA)2Pbls crystal showing a layered architecture.

2.3.2 Optical properties of (BA)2Pblssingle crystals

The schematics in Figure 2.2a show that the PL data were collected by changing the angle
between the excitation source and the single crystal. For brevity, we will call the PL spectra
measured with 45° and 90° angles between the excitation source and sample PL-45° and PL-
90°, respectively. A larger area on the surface of the single crystal is illuminated for PL-45°
compared to PL-90°. Interestingly, the color of PL is different for PL-45° (bright green)
compared to PL-90° (yellow-green mixture). Spectra (Figure 2.2b) of both PL-45° and PL-90°
show two sharp peaks at 2.20 eV (564 nm) and 2.38 eV (521 nm). Similar unusual PL features
of (BA)2Pblswere observed by Mitzi, but the origin of the two PL peaks was not understood.
It is unusual that the PL peak at 2.38 eV is higher in energy compared to the lowest-energy
absorption shown in the UV-visible absorbance spectrum (Figure 2.2c). The corresponding
reflectance spectrum is shown in Figure 2.2d. Furthermore, we tried to measure the absorption
in the transmission mode. Even thinner single crystals do not transmit enough light with energy
higher than the bandgap. But the absorption edge can still be observed from the spectrum
shown in Figure 2.2e. Clearly, both the transmittance and reflectance data suggest strong light
absorption by (BA)2Pbls single crystals at energies below the PL peak at 2.38 eV. Therefore,
2.38 eV emission is not the lowest energy excitonic emission; instead, 2.20 eV emission

appears to be the lowest energy excitonic emission.

Interestingly, Figure 2.2b shows that the intensity ratio between the two PL peaks differs
significantly and reversibly with excitation angle. PL-45° shows higher relative intensity for
the peak at 2.38 eV, compared to PL-90°, which shows higher intensity for the peak at 2.20 eV.
When we detect the emission from the back-side of the crystal after exciting the front-side (see
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the schematic in Figure 2.3a), the relative intensity of 2.38 eV peak further decreases (Figure
2.3b) for the given excitation angle. This decrease in the relative intensity of high energy peak
is expected because of both radiative self-absorption and non-radiative Foster Resonance
Energy Transfer (FRET),? from higher energy (2.38 eV) donors to lower energy (2.20 eV)
acceptors. The extent of both self-absorption and FRET increases as the light emitted from the
front side (excitation point) of the crystal travels through the crystal before it comes out from
the backside. Likewise, in Figure 2.2b, showing front-side emissions, PL-90° emission travels
more inside the crystal, experiencing more self-absorption and FRET, compared to PL-45°.
Therefore, these mechanisms reduce the intensity of the 2.38 eV emission peak for PL-90°
compared to PL-45° The strong self-absorption of the higher energy 2.38 eV peak by the
acceptor lower energy 2.20 eV peak again suggests the presence of strong absorbing states
below the higher energy 2.38 eV peak, confirming that the 2.38 eV peak is not the lowest

energy excitonic emission, rather the peak at 2.2 eV is the lowest energy excitonic emission.
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Figure 2.2: (a) Schematics showing PL emission collected using 45° and 90° angle of
excitation beam on the single crystal. Photographs of (BA)2Pblssingle crystals under UV lamp
with corresponding excitation angles. (b) PL spectra of (BA)2Pbls single crystal with two
different excitation angles. (c) Optical absorption spectrum of (BA):Pbls single crystal
obtained from diffuse reflectance measurements by using the Kubelka-Munk equation. (d)
Diffuse-reflectance spectrum of (BA).Pbls single crystal. (e) UV-Vis absorbance spectrum of
(BA)2Pbl4 single crystal obtained in transmission mode from a thinner crystal.
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Figure 2.3: (a) Schematic showing measuring PL emission from the backside of the crystal,
while excitation is on the front-side of the crystal. The excitation beam is at 45° with the single
crystal. (b) PL spectra of (BA)2Pbls single crystal, collected from the backside of the crystal.

Figure 2.4 shows the PL decay dynamics of the two emission peaks observed in (BA)2Pbl,
single crystal. Interestingly, both the emission peaks show a similar bi-exponential decay
profile. The two components of the bi-exponential decay of 2.20 eV emission are t1 = 402 ps
(18%) and t2 = 130 ps (82%) with an average lifetime of 240 ps. For the 2.38 eV emission the
two components of the bi-exponential decay are t1 = 424 ps (24%) and 12 = 136 (76%), with
average lifetime of 279 ps. The short lifetimes of both the emissions suggest the strong

transition probabilities for both the emission peaks.
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Figure 2.4: Time-resolved PL spectra of (BA)2Pbls single crystal for 2.38 eV (520 nm) and
2.20 eV (564 nm) emission peaks, both showing a bi-exponential decay.

One may assume that in single crystal PL (Figure 2.2b), the 2.38 eV peak originates from
excitonic transition, and the 2.20 eV originates from defects in the crystal. But this possibility

of 2.20 eV emission as a defect-related one can be ruled out based on the following
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observations. Figures 2.2c-e show a strong absorbance corresponding to the 2.20 eV peak. This
is further confirmed by exciting the (BA)2Pbls single crystal even below the higher energy
(2.38 eV) emission. A strong emission at 2.20 eV is observed upon excitation with 2.3 eV (540
nm) and 2.28 eV (545 nm) light, as shown in Figure 2.5. This confirms that the lower energy
(2.20 eV) emission has its own strong absorbing energy states. Moreover, the full width at half
maxima (FWHM) for both the PL peaks at 2.38 and 2.20 eV of the single crystal are 86 meV
(19 nm) and 137 meV (35 nm). The FWHM of the lower energy peak at 2.20 eV is quite
narrow. Also, the lifetime of both the peaks is very short and similar. The narrow FWHM and
short lifetime of the two emission peaks combined with their strong absorbance suggest that
none of the emissions have a defect or trap related origin; rather, both the emissions arise due

to excitonic transitions with strong transition probabilities.??
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Figure 2.5: PL spectra of (BA)2Pbls single crystal recorded using (a) 2.3 eV (540 nm) and (b)
2.28 eV (545 nm) excitation wavelength. Both the excitations are lower in energy compared to
the higher energy (2.38 eV) emission.

2.3.3 Temperature-dependent PL of (BA)2Pblssingle crystals

(BA)2Pbl4 single crystal exhibits two PL-peaks at 2.20 and 2.38 eV at room temperature (RT)
(Figure 2.2b). A transition in PL peak energies is observed below 250 K while cooling down
the sample from RT, as shown in Figure 2.6a. While heating up the sample from 10 K, the PL
energy returns back (reversible transition) to original positions above 275 K (see Figure 2.6b).
The peak energies of the two emission peaks are plotted against measurement temperature in
Figure 2.6¢. A clear hysteresis in the transition temperature is observed between the heating
and cooling cycle. To check whether this reversible transition in PL energy is associated with
structural phase transition, we measured differential scanning calorimetry (DSC). Figure 2.6d

shows that the DSC data also exhibits similar transition temperatures, along with a hysteresis

37



Chapter 2

Dual Excitonic Emissions in 2D Layered Hybrid Lead Halide Perovskites

between the heating and cooling cycles. This agreement in transition temperatures obtained
from DSC and PL data suggests that the change in the structure of the single crystal is
responsible for the change in PL at lower temperatures. Note that the sample exhibits a broad
emission with the peak at ~2.1 eV at lower temperatures. Such broad and Stoke’s shifted
emission from absorption edge has been previously reported as self-trapped emission,?® and

are not important for our present discussion.
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Figure 2.6: PL spectra of (BA)2Pbls single crystal (with ~45° excitation angle) at different
temperatures upon (a) cooling down from RT, (b) heating to RT. At room temperature, Peak 1
(P1) corresponds to 2.38 eV (520 nm) emission, and Peak 2 (P2) corresponds to the 2.20 eV
(564 nm) emission. (c) PL peak energy vs. temperature plot of the two peaks for both heating
and cooling cycle. (d) DSC data of (BA)2Pbls single crystals showing a structural phase
transition. The low-temperature PL measurements were carried out in Prof. Shailaja
Mahamuni’s lab at SPPU with the help of Dr. Aparna Shinde (SPPU).
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2.3.4 Temperature-dependent single crystal XRD of (BA)2Pbla

To understand the low-temperature PL data, we discuss the nature of structural changes by
using single crystal XRD at different temperatures (100 K, 250 K and 296 K (considered here
as RT)). Figure 2.7 and Table 2.1 show the details of experimentally obtained structures. The
structure is orthorhombic with space group Pbca at all three temperatures, similar to prior
reportst 1324, Structural parameters at 100 K and 250 K (obtained by heating from 100 K) are
similar but differ significantly from the 296 K (RT) structure.

100K 250K 296 K

Figure 2.7: Crystal structures of (BA)2Pblsat 100 K, 250 K and 296 K (RT), viewed along the
‘bc” crystallographic plane.

Representative parts of the crystal structure obtained at 100 K and RT are shown in Figure 2.8.
The Pb-ls octahedra are more titled at lower temperature reducing the unit cell volume from
2136.9(7) A3 at RT to 1980.0(4) A® at 100 K. This octahedral tilt can be visualized further in
Figure 2.8b. The “ab” crystal plane (shown by a green dashed line) in Figure 2.8a contains the
Pb atoms. In the absence of octahedral tilting, both Pb and equatorial | atoms would have lied
in the “ab” plane. But because of larger octahedral tilting, the Pb-1-Pb bend out of the “ab”
plane more at 100 K compared to that at RT. This out-of-plane Pb-I1-Pb bending (3), and also
in-plane bending (by projecting the equatorial I atom on “ab” plane) can be calculated

following ref?® and are shown in Figure 2.8b and ¢ and Table 2.2.
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Table 2.1: Crystal data and structure refinement for (BA)2Pbl,

RT (296 K) 250 K 100 K
Chemical formula CsH2412N2Pb CsH2412N2Pb CsH2412N2Pb
Formula weight 863.08 g/mol 863.08 g/mol 863.08 g/mol
Temperature 296(2) K 250(2) K 100(2) K
Wavelength 0.71073 A 0.71073 A 0.71073 A
Crystal system Orthorhombic Orthorhombic Orthorhombic
Space group Pbca Pbca Pbca
Unit cell a=27.682(6) A a=8.494(5) A a=8.416(10) A
dimensions b=8.8767(17) A  b=9.021(6) A b =8.8971(11) A
c= 8.6962(17) A c¢=26.514(16) A c=26.23(4) A
a= PB=y=90° a= PB=y=90° a= PB=y=90°
Volume 2136.9(7) A3 2032.0(2) A3 1980.0(4) A3
z 4 4 4
Density 2.683 g/cm?® 2.822 glcm?® 2.895 g/cm?®
Abs. coefficient 13.658 mm? 14.366 mm™ 14.739 mm™
Theta range 2.73 10 28.35° 2.8510 28.30° 2.88 t0 28.32°
Index ranges -36 <h < 36, -11<h<11, -11<h<11,
-11 <k 11, -11 <k 12, -10<k 11,
-10<1<11 -35<1<35 -34<1<34
Reflections collected 33039 42524 36089
Independent reflections 2662 2523 2458
Coverageof g9 900 99.80% 99.60%
independent reflections
Absorption correction Multi-Scan Multi-scan Multi-scan
Structure solution Direct methods Direct method Direct method
Structure solution SHELXT 2014/5 SHELXT 2014/5 SHELXT 2014/5

program

Refinement method

Refinement program

Function minimized
Data / parameters
Goodness-of-fit on F2

Final R indices; [>20(])

all data

Weighting scheme

Largest diff. peak, hole
R.M.S. deviation

(Sheldrick, 2014)
Full-matrix least-
squares on F?
SHELXL-2016/6
(Sheldrick, 2016)
Z W(F02 - Fc2)2
2662 /72

1.066

R1 =0.0576,
wR2 = 0.1539
R1=0.1494,
wR2 =0.1939

w=1/[6?(F0?)+(0.10
00P)?
P=(Fo?+2F:?)/3
0.814, -1.195 eA3
0.232 eA

(Sheldrick, 2014)
Full-matrix least-
squares on F?
SHELXL-2016/6
(Sheldrick, 2016)
Z W(F02 - Fc2)2
2523172

1.139
R1=0.0611,
wR2 = 0.1551
R1 =0.1045,
wR2 =0.1768

w=1/[c%(Fo?)+(0.10
00P)?]

P:(F02+2Fc2)/3
1.914, -2.184 eA3
0.355 eA™

(Sheldrick, 2014)
Full-matrix least-
squares on F?
SHELXL-2016/6
(Sheldrick, 2016)
Z W(F02 - Fc2)2
2458 1 72

1.365
R1=0.0478,
wR2 =0.1711
R1=0.0631,
wR2 =0.1783

w=1/[6?(F0?)+(0.10
00P)?]
P=(Fo?+2F:2)/3
2.327,-2.916 eA®
0.343 eA
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Figure 2.8: (a) Representative parts of the crystal structures of (BA)2Pbls obtained from single
crystal XRD data. The green dashed horizontal lines represent the side view of the “ab” crystal
plane containing the Pb atoms. (b) Out-of-plane Pb-I-Pb bending (represented by &) in
(BA)2Pbls at 100 K (left) and room temperature (right), respectively. The out-of-plane Pb-I-
Pb bending changes significantly at the phase transition. (c) In-plane Pb-I-Pb bending
(represented by ¢) in (BA)2Pbls at 100 K (left) and room temperature (right). The numbers are
given in Table 2.2.

Now we correlate these structural changes to the increase in bandgap at low-T. The increase in
octahedral tilting at low-T (100 K) decreases both (i) the distance between inorganic layers
from 13.84 A at RT to 13.11 A at 100 K (Figure 2.8a), and (ii) the Pb-1-Pb bond angle (having
a contribution from both in- and out-of-plane bending) from 155° at RT to 148° at 100 K as
shown in Figure 2.9a. A decrease in interlayer spacing increases the band dispersion decreasing
the bandgap.?® For 2D (BA)2Pbl., the valance band maximum (VBM) is known to be formed
by the anti-bonding interaction of Pb 6s-I 5p. As the Pb-1-Pb angle increases, the Pb 6s-1 5p
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orbital overlap (or anti-bonding coupling) decreases, lowering the VBM accompanied by a less
dispersive band.?” Also, dispersion of Pb 6px and 6px-derived band decreases, effectively
raising the conduction band minimum (CBM).?” Prior computational study has shown that
small change in Pb-I-Pb angle (or Sn-1-Sn angle) similar to the change observed in our RT and
100 K structures, can exhibit a few hundred meV changes in bandgap.? 2’ In addition to Pb-I-
Pb bond angles and interlayer spacing, Figure 2.9b shows that the bond length of equatorial
Pb-1 increases at 100 K, which again can lower the VBM increasing the bandgap. We note here
that in our present structure-bandgap discussion, the possible contribution from the difference

in effective dielectric constant between the inorganic and organic layers has not been included.

100 K (a) RT

Figure 2.9: (a) Pb-1-Pb bond angle and (b) Pb-ls octahedra showing Pb-1 bond lengths in
(BA)2Pbls at 100 K and RT.

Table 2.2: Structural parameters of (BA)2Pbls at three different temperatures. Calculations are
done following methodology shown in ref.®

Temperature  Pb-1-Pb bond  In-/out-of-plane Eq./axial Pb-1 Cation
(K) angle (°) bending (°) bond lengths (A)  penetration (A)?
100 148.36 22.79/12.81 3.199, 3.193/3.200 0.57
250 149.58 21.78/12.73 3.213, 3.207/3.188 0.54
RT 154.82 24.85/5.65 3.187, 3.179/3.214 0.61

a Cation penetration is defined by the distance between the planes of the N atoms of the cation
and the planes of the axial | atoms of the perovskite sheet.
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The similar temperature dependence of the two PL emissions across the phase transition
temperature suggests that the two emissions in a (BA)2Pbls single crystal are excitonic in
nature. This is in agreement with the optical absorption, diffused reflectance, steady-state, and

time-resolved photoluminescence discussed in the previous sections.

2.3.5 Extending the dual excitonic emission to other layered perovskites single crystals

So far, we saw that (BA)2PbBrs single crystals show dual excitonic emission. We also
established a structure bandgap relationship using temperature-dependent single crystal XRD
and photoluminescence. If our findings are correct, then we would expect the dual excitonic
emission in other similar layered hybrid perovskite systems as well. So, we extended our study
to a series of layered hybrid perovskite systems. First, we replaced the Organic A-site cation,
i.e., butylammonium (BA) ion, with hexylammonium (HA; C¢H1sNH3s") and octylammonium
(OA; CgHisNH3z") ions, resulting in (HA)2Pbls and (OA)2Pbls. The single crystals of both
(HA)2Pbls and (OA)2Pbls show dual excitonic emission, as shown in Figure 2.10a. We also
replaced iodide ions with bromide ions forming (BA)2PbBr4. This bromide layered perovskite
also showed dual excitonic emission (Figure 2.10b). Lastly, we replaced aliphatic A-site
organic cation with aromatic phenethylammonium ion (PEA, CsHoNH3"). The single crystals
of (PEA)2PbBr4 again showed the dual excitonic emission, shown in Figure (Figure 2.10c). So
similar to (BA)2Pbls, all these layered perovskites single crystals show the dual excitonic

emission irrespective of the A-site organic cations or the halide ions.

(a) (b) (c)
Egi))zzzll“ (BA),PbBr, (PEA),PbBr,
2 4

PL Intensity (a.u.)
PL Intensity (a.u.)
PL Intensity (a.u.)

X .

16 18 20 22 24 2620 22 24 26 2.8 30 32 3420 22 24 26 2.8 30 32 3.4
Energy (eV) Energy (eV) Energy (eV)

Figure 2.10: PL spectra of (a) (HA)2Pbls (red), (OA)2Pbls (blue), (b) (BA)2PbBrs and (c)
(PEA)2PbBr4 single crystals, showing the dual excitonic emission.

Two excitonic emissions, with different origins, in the same single crystal, are possible when
there is some structural inhomogeneity in the single crystal. In literature, it has been observed

that layer edges of 2D layered hybrid perovskite single crystals behave differently compared
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to the terraces/bulk of the crystal.?® There may be some minor structural differences between
the layer edges and the bulk of the crystal. And it may be these structural differences that give
rise to the two distinct excitonic emissions in these 2D layered hybrid perovskites. However,
further theoretical and experimental studies are required for a better understanding.

2.4 Conclusion

Single crystalline (BA)2Pbls is synthesized by employing a solution-processed method. These
single crystals show dual PL emissions and corresponding two absorption features at room
temperature. The time-resolved PL shows very short and similar lifetimes for both the
emissions, suggesting a strong transition probability for both the emissions. To understand the
structure-property relationships, we have measured single crystal XRD and PL data at different
temperatures. A structural phase transition is observed below 250 K while cooling down the
sample from room temperature to 10 K. Both the PL peaks equally blue shift because of the
structural phase transitions. Both the emissions show a similar structural and temperature
dependence. The structure dependence of the two emissions is reversible in nature, though with
hysteresis in transition temperature between the heating and cooling cycle. The temperature-
dependent phase transition is mainly because of a small difference in tilting of Pb-le octahedra,
which in turn changes the band gap, and therefore, excitonic emission energies. All these results
suggest that there are two distinct excitonic absorptions and emissions in 2D layered (BA)2Pbl4
single crystals. To generalize the dual excitonic emission, we synthesized a series of 2D layered
hybrid perovskite single crystals, all of which show the dual excitonic emission.
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Abstract

In layered hybrid perovskites like (BA):Pbls (BA = CsHoNHz), electrons and holes are
considered to be confined in atomically thin two-dimensional (2D) Pb-I inorganic layers. These
inorganic layers are electronically isolated from each other in the third dimension by the
insulating organic layers. Our experimental findings suggest the presence of electronic
interaction between the inorganic layers in some parts of the single crystals. The extent of this
interaction is reversibly tuned by the intercalation of organic and inorganic molecules in the
layered perovskite single crystals. Consequently, optical absorption and emission properties
switch reversibly with intercalation. Furthermore, increasing the distance between inorganic
layers by increasing the length of the organic spacer cations systematically decreases these
electronic interactions. This finding that the parts of the layered hybrid perovskites are not
strictly electronically 2D is critical for understanding the electronic, optical and optoelectronic

properties of these technologically important materials.
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3.1 Introduction

Metal halide perovskites, including the layered hybrid perovskites, are now considered
technologically important optical and optoelectronic materials.'*> One of the simplest
compositions of layered hybrid perovskites is (BA)2Pbls (BA = CsHoNH3").2%° It is considered
that the electron and hole are confined in atomically thin two-dimensional (2D) Pb-I inorganic
layers, which are electronically isolated from each other in the third dimension by the insulating
organic layers.'®2° A millimeter thick single crystal of (BA):Pbls contains millions of
atomically thin Pb-1 semiconducting layers (wells) in a periodic arrangement, separated by
insulating organic layers (barriers), forming a repeating quantum well structure. Typical all-
inorganic quantum wells like AIAs/GaAs/AlAs are well understood,??2 but the hybrid
(BA)2Pbls quantum well is distinctly different from the all-inorganic ones. In AlAs/GaAs, the
electronic properties of individual components AlAs and GaAs are well understood, which are
then extended to understand the interface between the components. But both the components
of (BA):Pbls, namely BA* and (Pbls)®>, do not exist independently. Furthermore, the
interaction between BA* and (Pbl.)? is ionic in nature, unlike the case of AlAs/GaAs interface.
Another important difference is the huge dielectric contrast between the organic and inorganic
parts, unlike the all-inorganic quantum wells. All these complexities make it difficult to
understand the electronic and optical properties of the hybrid layered perovskites, demanding
newer theoretical and experimental approaches to solve the problem.?

There are some peculiarities in the experimentally observed optical and electronic data of these
layered perovskites. For example, a single crystal of (BA)2Pbls and other layered hybrid
perovskite systems exhibit two (band edge) excitonic absorption and emission features, as if
the same crystal has two band gaps!?* Further, Wang et al. found that the edges of (BA)2Pbls
single crystals are significantly more electrically conducting than their terraces.?®> We
hypothesize that some of these unusual experimental observations might arise from possible
electronic interactions between the Pb-1 layers. To verify such possibility, we intercalated
insulating molecules in the single crystals of layered perovskites like (BA)2Pbls, (DA)2Pbls
(DA = decylamine) and (PEA).Snls (PEA = phenylethylammonium). In addition to the
increase in the distance between the Pb-I layers, the molecular intercalation disturbs the
interaction between hydrocarbon tails of organic cations. The photoluminescence (PL) spectra
in a layered perovskite single crystal switch reversibly from dual emission to single emission
upon intercalation. These results, along with the spatially resolved PL spectra, suggest that in

parts of the single crystals, probably at the edges, Pb-I layers interact with each other. Further,
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we tuned the strength of this electronic interaction systematically by changing the chain length

of organic spacer cations.
3.2 Experimental Section
3.2.1 Chemicals

Lead(ll) oxide (Sigma Aldrich, 99.9%), tin(ll) oxide (Sigma Aldrich, 97%), hydriodic acid
(Sigma Aldrich, 57% w/w in H>0, 99.9%), hypophosphorous acid (Avra, 50% w/w H-0),
butylamine (Sigma Aldrich, 99.5%), hexylamine (Sigma Aldrich, 98%), octylamine (Sigma
Aldrich, 98%), decylamine (Sigma Aldrich, 99%), dodecylamine (Sigma Aldrich, 99%),
tetradecylamine (Sigma Aldrich, 95%), hexadecylamine (Sigma Aldrich, 98%),
phenethylamine (Sigma Aldrich, 99.9%) hexafluorobenzene (Sigma Aldrich, 99%), diethyl
ether (Rankem, 99.5%), iodine (Rankem, 99.5%), hexane (Rankem, 99.5%).

3.2.2 Synthesis of butylammonium iodide (CsHoNHsl)

924 uL (10 mmol) butylamine was neutralized with 5 mL (38 mmol) hydriodic acid in an ice

bath resulting in a clear pale yellow solution of C4HoNHGal.
3.2.3 Synthesis of butylammonium lead iodide [(BA)2Pbl4] single crystals

(BA)2Pbl4 single crystals were synthesized by an acid precipitation method following a prior
report.?® 2232 mg (10 mmol) lead(11) oxide was dissolved in a mixture of 10 mL hydriodic acid
and 1.7 mL hypophosphorous acid by heating to boiling under constant magnetic stirring. A
bright yellow solution was obtained, to which a freshly prepared C4HgNHz3l solution was added,
which resulted in an orange precipitate. The solution was again heated until the precipitate got
dissolved completely. The heating was stopped, and the solution was allowed to cool to room
temperature. While cooling, orange-colored sheet-like crystals started to crystalize. The
crystallization completed in ~2 hours. The crystals were filtered and washed with diethyl ether.

3.2.4 Synthesis of hexylammonium lead iodide [(HA)2Pbl4] single crystals

(HA)2Pbl4 single crystals were synthesized by slightly modifying the synthesis method used
for (BA)2Pbls single crystals. 1116 mg (5 mmol) of lead(ll) oxide was dissolved in 20 mL
hydriodic acid by heating to boiling under constant stirring, which resulted in a bright yellow
solution. To this boiling solution, 667 uL (5 mmol) of hexylamine was added, which resulted
in an orange precipitate. The solution was heated until the precipitate dissolved completely.

The rest of the steps are the same as those followed in the synthesis of (BA)2Pblssingle crystals.
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3.2.5 Synthesis of octylammonium lead iodide [(OA)2Pbl4], decylammonium lead iodide
[(DA)2Pbl4], dodecylammonium lead iodide [(DDA)2Pbls], tetradecylammonium lead
iodide [(TDA2Pbl4], and hexadecylammonium lead iodide [(HDA)2Pbl] single crystals

All these layered hybrid lead iodide perovskite single crystals were synthesized by following
the same method as that of (HA)2Pbls. Only the amount of lead(I1) oxide and the corresponding
amine were changed. Briefly, 2.5 mmol each of lead(ll) oxide and octylamine for (OA)2Pblsa,
0.5 mmol of lead(ll) oxide and decylamine for (DA).Pbls, 0.2 mmol of lead(ll) oxide and
dodecylamine for (DDA)2Pbls, 0.1 mmol of lead(11) oxide and tetradecylamine for (TDA)2Pbl4

and 0.1 of lead(Il) oxide and hexadecylamine (HDA).Pbls were used for their syntheses.
3.2.6 Synthesis of phenethylammonium tin iodide [(PEA)2Snl4] single crystals

(PEA)2Snl4 single crystals were synthesized by modifying the synthesis method used for
(HA)2Pbl4 single crystals. In the glove box, 0.6 mmol tin(ll) oxide was taken in a vial and
sealed with a rubber septum. 5 mL hydriodic acid and 3 mL hypophosphorous acid were
injected into this sealed vial by a syringe. The solution was heated to 90°C under constant
stirring. Tin(Il) oxide dissolved, and a dark yellow solution was obtained, to which 1.2 mmol
phenethylamine was injected. The heating was stopped, and the solution was allowed to cool
to room temperature, during which dark brown sheet-like crystals of (PEA)2Snls precipitated

out. The crystals were filtered, dried and stored in an N2 filled glove box for further use.
3.2.7 lodine intercalation in (BA)2Pbls single crystals

(BA)2Pbl4 single crystals were placed in an open Eppendorf tube. This Eppendorf tube was
placed in a glass vial containing molecular iodine crystals. The purpose of the Eppendorf tube
is to prevent direct contact between the (BA)2Pbls4 crystals and iodine crystals. The vial was
closed and kept as such for 2-3 hours. lodine sublimes at room temperature, and the vapors

generated intercalate in the perovskite single crystals.
3.2.8 Hexane intercalation in (DA)2Pblas single crystals

To intercalate hexane, (DA)2Pbls single crystals were dropped in hexane in a closed vial. The
vail was kept as such for 1-2 hours. A color change from dark yellow to light yellow is observed
in the (DA)2Pbls single crystals, which indicates hexane is intercalated in the perovskite

crystals.?’
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3.2.9 Hexafluorobenzene (HFB) insertion in (PEA)2Snls single crystals forming
(PEA)2Snl4:HFB single crystals

HFB was inserted between the (PEA)2Snl4 perovskite layers by following a reported method.?
50 mg (PEA)2Snl4 was dissolved in a mixture of 2 mL methanol and 2 mL HFB. The obtained
dark yellow solution was kept open in a glove box. As the solvent evaporates (PEA)2Snls:HFB,
crystals precipitate out. The crystals were filtered, dried and stored in a glove box for further

use.
3.2.10 Characterization

Single crystal X-ray diffraction (XRD) data were recorded on Bruker Smart Apex Duo
diffractometer at room temperature (298 K) using Mo Ka radiation (A=0.71073 A). Integration
of the frames was done in the Bruker SAINT software package by a narrow-frame algorithm.
The structures were solved by a direct method and refined by full-matrix least-squares on F?
using the SHELXTL software package. The PbXs framework was refined anisotropically
without any constraint, whereas the organic atoms were refined isotropically with constraints
on the C-C and C-N bond lengths. Powder XRD measurements were recorded on Bruker D8
Advance X-ray diffractometer using Cu Ko radiation (1.54 A). Scanning electron microscopy
(SEM) images were collected on the Zeiss Ultra Plus FESEM instrument. UV-Visible
absorbance data were recorded on Cary Series UV-Vis Spectrophotometer (Agilent
Technologies). Optical diffuse-reflectance spectra were collected at room temperature using a
Shimadzu UV-3600 plus UV-VIS-NIR spectrophotometer. The reflectance spectra were
converted to absorbance by using Kubelka-Munk transformation.?® Steady-state

photoluminescence (PL) data were recorded on FLS 980 (Edinburgh Instruments).
3.2.11 Fluorescence microscopy imaging and spatially resolved spectroscopy

PL imaging and spatially resolved emission spectroscopy of (BA)2Pbls single crystals were
performed on a home-built wide-field epi-fluorescence microscopy setup under ambient
conditions (298K). The spatially resolved fluorescence microscopy imaging was carried out in
Prof. Arindam Chowdhury’s lab at the Indian Institute of Technology Bombay (I1ITB), with the
help of Nithin Pathoor (11TB). The details of the experimental setup can be found elsewhere.**-
31 For these measurements, a 405 nm laser (LaserGlow, LRD-0405-PFR) was used to excite
samples placed on an inverted microscope (Nikon Eclipse 2000U), with a 1.49NA 60x oil
immersion objective to illuminate a large circular area (with diameter ~100 um) of the sample.

An excitation power density of 0.8W/cm? was used for all the measurements. The luminescence

53



Chapter 3

Interlayer Interactions in 2D Layered Hybrid Perovskites

was collected through the same objective lens, passed through a set of emission filters to
remove residual excitation light, and imaged at 100 ms exposure time using a scientific CMOS
camera (Hamamatsu Orca Flash 4.0 v3). All movies were collected as a sequence of images in
a 16-bit format at 10 Hz and analyzed using ImageJ 1.50 (NIH). Spectrally-resolved PL
microscopy was performed using a combination of a narrow slit and a transmission grating
(Optometrics, 70 grooves/mm) placed in the emission path before the detector.®°-3! Similar
excitation conditions were used here with an exposure time of 200 ms. The spectral images

were processed using ImageJ and analyzed/processed using OriginLab.

3.3 Results and Discussion
3.3.1 Spatially resolved PL in (BA)2Pblssingle crystal

We synthesize (BA)2Pbls single crystals following a reported method (see experimental
section).?® Detailed characterization of (BA)2Pbls single crystals can be found in chapter two
of this thesis. Intriguingly, the PL spectrum of the as-synthesized single crystal shows two
excitonic transitions (Figure 3.1), similar to our earlier report.?* All the PL data presented in
this manuscript are recorded from the front side of the crystal (inset of Figure 3.1), i.e., the
excitation source and the detector are on the same side of the crystal, making a 90° angle with

each other.

Excitation

Detector

Emission

PL Intensity (a.u.)

16 18 20 22 24 26 28
Energy (eV)

Figure 3.1: PL spectrum of a (BA)2Pblssingle crystal. The inset shows the geometry in which
the PL was recorded. The angle between the excitation light and the crystal was adjusted in
such a way that the relative intensity of the two peaks is almost equal.

To verify whether the two emissions arise from diverse spatial locations within a crystal, we
performed energetically resolved PL imaging of (BA)2Pbls single crystals using a home-built

laser epi-fluorescence microscopy setup (details in section 3.2.11). It is worth mentioning that
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the PL imaging measurements were carried out in Prof. Arindam Chowdhury’s lab at IITB,
with the help of Nithin Pathoor (1ITB). (BA)2Pbls crystals can be easily visualized owing to
the intense greenish-yellow hue originating from both the excitonic emissions. The PL image
(Figure 3.2a) over both the emissions show that while the entire crystal is emissive, there is
considerable spatial variation in the intensity. To selectively detect the spatial distribution of
the lower-energy emission, we collected the fluorescence image of the same crystal via a 540
nm (~2.30 eV) long-pass filter (Figure 3.2c). Figure 3.2b shows the PL image for the emission
in the range of 460 to 540 nm (higher energy emission only). These energy-mapped intensity

images hinted at the dominance of the lower energy (yellow) emission near the crystal edges.

30k

(b)  Em. 460-540 nm P‘“’k (c) Em.540-600 nm

20k

N

Ex. 405 nm
Em. 460-660 nm

Figure 3.2: Fluorescence intensity (false color) images of a (BA)2Pbls single crystal in the
wavelength range (a) 460 to 660 nm, (b) 460 nm to 540 nm and (c) 540 to 660 nm. (b) is
calculated by subtracting (c) from the total PL intensity image (a).

PL spectral profiles recorded from several locations of the crystal (Figure 3.3b) reveal a
remarkable spatial variation in the relative intensities of the two transitions. We find that the
relative intensity of the low energy (2.25 eV) emission is much higher near the edges compared
to the interior regions. On the contrary, the high energy (2.38 eV) emission is typically much
more pronounced far away from the crystal boundaries. Such spatial heterogeneity in PL
characteristics is clearly visible in the spectrally-resolved PL image (Figure 3.3c) obtained for
a narrow strip at the bottom of the crystal. The spectral image additionally reveals a rather
gradual variation in the relative intensity of the two excitonic transitions upon progression from
the interior regions to the boundary zones. It is a relevant note that step-like edges are present
throughout the surface of the single crystal, as evident from the field emission scanning electron
microscopy (FESEM) image (Figure 3.3d) and shown schematically in Figure 3.3e. Itis likely
that all these step-like edges contribute significantly to the lower energy transition, and
consequently, the yellow emission is spread over the entire crystal, even at locations far from

the crystal boundaries. It is to be noted here that the edge-state emission from our (BA)2Pbls is
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different than the previously reported® 32 edge-state emissions from layered perovskites like
(CaHaNH3)2(CH3NHs)2Pbslioand (CaHsNHs)2(CH3aNH3)3Pbalis with (n > 2). For samples with
n > 2, the small A-site cations CH3NHs" lead to the formation of 3D perovskite compositions
at the edges. Therefore, for n > 2, the formation of 3D perovskite edge-states gives lower energy
emission with peak energy similar to that of a pure 3D perovskite.*233 In our (BA)2Pbls (n =
1), neither smaller A-site cations are present nor the emission energy of edge states match with

3D perovskites.

PL Intensity (a.u.)

19 20 21 22 23 24 25 26
Energy (eV)

- ~
- A (nm) TSl

520 600 580 560 540 520 500

4 22 23 124
Energy (eV

Figure 3.3: (a) Pseudo-colored PL intensity image generated by the superposition of PL images
(Figure 3.2 b and c) collected at two energies. (b) Spatially resolved PL emission spectra from
the edges (1,4) and the interior regions (2,3) (locations marked in (a)). (c) Spectrally-resolved
PL image of a rectangular strip at the bottom of the crystal (marked using a dotted rectangular
in (a)). Intensity calibration is in counts per second (cps). (b) A representative FESEM image
of the top surface of (BA)2Pbls single crystal. (e) Schematic showing the edges present on the
surface of a layered crystal.

20 2

3.3.2 lodine intercalation in (BA)2Pblssingle crystal

To explore the origin of two excitonic emissions, we exposed the (BA)2Pbls single crystals to
the iodine (l2) vapors, leading to insertion (intercalation) of molecular 1> into the layered
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perovskites. 12 is selected here based on the prior report of successful intercalation of I, into
similar layered perovskite systems.>* The intercalated I, slowly comes out (de-intercalate) from
the perovskite crystals upon removing the 1> atmosphere. This reversibility of the I»
intercalation process is schematically depicted in Figure 3.4a. The intercalation of I, is expected
to increase the distance between Pb-1 layers. Indeed, the powder x-ray diffraction (PXRD)
patterns of (BA)2Pbls single crystal (Figure 3.4b) show a shift in the peaks towards the lower
angles (26 values) upon Iz insertion, which indicates an increase in the interlayer distance.?* 2

Subsequent de-intercalation process reverts the PXRD peaks to the original 26 values.
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Figure 3.4: (a) Schematic showing reversible intercalation of molecular iodine into a
(BA)2Pbl4 single crystal. (b) PXRD patterns of (BA)2Pbls single crystal with and without 1>

intercalation.

The PL spectrum of (BA)2Pbls single crystal (Figure 3.5a) shows dual emission peaks as
discussed above.?* * Interestingly, after I intercalation, the lower energy (2.21 eV) emission
completely disappears without affecting the higher energy (2.38 eV) emission. Subsequently,
during the de-intercalation process, the low energy emission reappears within an hour, as
shown in Figure 3.5b. Upon the progressive release of 12 from the (BA)2Pbls lattice, we
observed a systematic increase in the intensity of low-energy emission with (de-intercalation)
time. The intercalation of I, increases the distance between the inorganic layers (Figure 3.4a),
and further, it is expected to disrupt the interactions between the hydrocarbon tails of BA™ ions,
thereby reducing the structural rigidity across the Pb-I layers. Therefore, the reversible
disappearance and reappearance of the low-energy emission at 2.21 eV with intercalation and
de-intercalation of I, respectively, suggests that the low-energy emission originates from some

electronic interaction between the Pb-I layers.
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Figure 3.5: (a) PL spectra of (BA)2Pbls single crystal with and without 1, intercalation. (b)
Evolution of PL peak during the de-intercalation process of (BA)2Pbla:12.

These results suggest that there are parts in a single crystal of (BA)2Pbls showing the high-
energy PL emission, where Pb-I layers do not interact with each other, as this emission is
independent of the molecular intercalation. In some other parts, Pb-I layers interact with each
other originating the low-energy PL emission. Spatially resolved PL spectra (Figure 3.3)
suggest that the edges of the crystals have more contribution from the low-energy PL emission.
Therefore, the edges of the crystals can be considered as those locations where the Pb-I layers
interact predominantly, introducing the pseudo-3D nature in the system. These results agree
with the recent report that showed edges could conduct electricity, unlike other parts of
(BA)2Pbl single crystal.?® It is to be noted here that electron injection/extraction, required for
any electronic and optoelectronic applications, occurs through these edge states because the
terraces of layered perovskites are insulating. Therefore, not only the optical properties but also
the charge transfer or transport properties need to consider this pseudo-3D electronic nature of

the edge states

3.3.3 Hexane intercalation in (DA)2Pblssingle crystal

Unfortunately, there is an overlap in the optical absorption of intercalated I, with (BA)2Pbls
(Figure 3.6), which complicates the comparison of the absorption spectra before and after the
intercalation process. To compare both absorption and emission spectra before and after the
intercalation process, we searched for a system where there is no overlap in the absorption of
the intercalating molecules with that of the host perovskite. From the literature, we found that
molecular hexane can be intercalated into layered perovskites. However, as hexane is larger

than I, the chain length of organic cations in the hybrid perovskite also has to be longer to
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accommodate hexane.?” Consequently, (DA)-Pbls (DA = decylamine) single crystals are
synthesized and intercalated with hexane. Details of synthesis, characterization and
intercalation methodologies are provided in the experimental section. Schematics in Figure
3.7a depict the reversible hexane intercalation in a (DA)2Pbls single crystal. PXRD patterns
(Figures 3.7b and c) show an increase in interlayer distance after hexane intercalation, and the

interlayer distance comes back to the original value after the de-intercalation of hexane.

(BA),Pbl,
(BA),Pbl,:l,

a/S (a.u.)
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Figure 3.6: (a) UV-visible absorbance spectra of (BA)2Pbls single crystal (black) and iodine
intercalated (BA)2Pbls single crystal (blue) obtained from diffuse reflectance measurements
converted using the Kubelka—Munk function (a/S = (I — R)%2R); a is the absorption
coefficient, and S is the scattering coefficient R is the reflectance.?
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Figure 3.7: (a) Schematic showing reversible intercalation of molecular hexane in (DA)2Pbl4

single crystal. (b) PXRD patterns of (DA).Pbls single crystal (black), hexane intercalated

(DA)2Pbly single crystal (red) and de-intercalated (DA)2Pbls single crystal after 20 minutes

from intercalation (blue). (c) A magnified view of the PXRD peak highlighted in the green box
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PL spectra in Figure 3.8a switch from dual emission for pristine (DA)2Pbls to a single emission
for hexane intercalated (DA)2Pbls. The disappearance of the low-energy emission is also
accompanied by a blue shift in the absorption spectrum of (DA)2Pbls after hexane intercalation,
as shown in Figure 3.8b. The switching of PL from dual to single emission is again reversible
with intercalation/de-intercalation of hexane, as shown in Figure 3.8a. Overall, the reversible
intercalation of I> and hexane into (BA)zPbls and (DA)2Pbls single crystals, respectively,
resulted in similar reversible changes in optical absorption and emission. In both cases,
intercalations reduce (or eliminate) interactions between the Pb-I layers, eliminating the lower

energy emission.

(a) (b)
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Figure 3.8: (a) PL spectra of (DA)2Pbls single crystal before (black), with (red) and after (blue)
hexane intercalation. (b) UV-visible absorption spectra of (DA)2Pbls single crystals before
(black) and with (red) hexane intercalation.

3.3.4 HFB intercalation in (PEA)2Snlssingle crystal

We preferred reversible intercalation in the previous cases for reliable correlation of
intercalation with electronic dimensionality and optical properties. However, this reversible
process has one demerit. Structural analysis of the intercalated crystals using single crystal
XRD is challenging because of the de-intercalation process during the measurement. So, it
remains unclear whether the intercalated molecules are ordered or disordered and how many
molecules are present within the intercalating layers. To address this issue, we made
irreversible intercalation of hexafluorobenzene (HFB) in phenylethylammonium tin iodide
[(PEA)2Snl4], following the work of Mitzi et al.?® The highly electron-deficient HFB strongly
binds with the electron-rich phenyl rings of (PEA)2Snls, providing stability to the intercalated
system that can be termed as (PEA):Snls:HFB. Methodologies for synthesizing and
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intercalating (PEA)2Snls4 single crystals are given in the experimental section. PXRD patterns
provided in Figure 3.9a confirm the intercalation of HFB between the (PEA)2Snls layers.
Figure 3.9b compares the crystal structure of (PEA)2Snls before and after intercalation,
obtained by recording single crystal XRD. Both (PEA)2Snls and (PEA).Snl4:HFB crystalize in
a triclinic lattice with P(-1) space group. The lattice parameters of (PEA).Snl; and
(PEA)2Snl4:HFB are a = 8.6321(16) A, b = 8.6344(16) A, ¢ = 16.358(3) A, a = 94.696(5)°,
=100.426(5)°, y = 90.450(5)° and a = 8.5663(12) A, b = 8.5699(12) A, ¢ = 20.485(3) A, « =
98.638(4)°, f = 93.594(4)°, y = 90.064(4)" respectively (see Table 3.1 for details). The HFB
molecules are sandwiched between the phenyl rings of two phenylethylammonium ions of the

adjacent layers in a regular pattern.
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Figure 3.9: (a) PXRD pattern of (PEA)2Snls single crystals before and after HFB insertion.
The PXRD peaks shift towards the lower angles upon HFB insertion, indicating an increase in
the interlayer distance. (b) Crystal structure of (PEA)2Snls before and after HFB insertion.

Similar to the lead halide systems, (PEA)2Snl4 single crystal also shows a dual emission with
peak energies at 1.98 eV and 1.82 eV, as shown in Figure 3.10a. The energy difference between
the two peaks is nearly similar to that observed in lead halide systems. These results rule out
any significant role of spin-orbit splitting for the occurrence of dual emission since the spin-
orbit coupling is significantly diminished in Sn-halides compared to Pb-halides. Interestingly,
(PEA)2Snl4:HFB shows a single PL emission (Figure 3.10a). Therefore, the switching of dual
PL emissions to a single PL emission after intercalation is a generic observation for all the three
systems, namely, 2 in (BA)2Pbls, hexane in (DA)2Pblsand HFB in (PEA)2Snls. These results
confirm that in all the three pristine layered perovskite single crystals, the lower-energy

emission peaks come from the parts of crystals where Pb-1 or Sn-I layers interact with each
other.
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Figure 3.10: (a) PL and (b) UV-visible absorption spectra of a (PEA).Snl4 single crystal before
(blue) and after (magenta) HFB intercalation.

It is noteworthy here that the single emission peak in (PEA)2Snl4:HFB is slightly blue-shifted
compared to the higher energy emission of (PEA)2Snl4. The absorption spectra (Figure 3.10b)
also show a blue shift upon HFB insertion. The blue-shift in PL and absorbance is because of
some minor structural differences between (PEA)2Snls and (PEA)2Snl4:HFB (see Figure 3.11)
similar to the prior report.?® The average Sn-1-Sn bond angle decreases from ~155.9° to
~152.2°, and the average Sn-l bond length increase from ~3.139 A to ~3.152 A upon HFB
intercalation in (PEA).Snls. Both the decreased bond angles and increased bond lengths

support the observed blue-shift in the PL emission upon HFB intercalation.?*

(PEA),Snl, (a) (PEA),Snl,:HFB

HFB 3
Intercalation k
@

(b)

HFB
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Figure 3.11: Comparison of the (a) Sn-1-Sn bond angles and (b) Sn-I bond lengths in
(PEA)2Snl; and (PEA)2Snls:HFB. Spacer ions and molecules (PEA™ and HFB) have been
removed for clarity.
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Table 3.1: Crystal data and structure refinement for (PEA)2Snlsand (PEA).Snls:HFB

(PEA)2Snly (PEA),Snls:HFB
Chemical formula Ci6H2414N2Sn Co2H24FslsN2Sn
Formula weight 870.66 g/mol 1056.72 g/mol
Temperature 298(2) K 298(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system triclinic triclinic
Space group P-1 P-1

Unit cell dimensions

Volume
Z

Density (calculated)
Absorption coefficient
F(000)

Theta range for data
collection

Index ranges

Reflections collected

Independent
reflections
Coverage

Absorption correction

Structure sol.
technique
Structure sol. program

Refinement method
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3.3.5 Tuning the interlayer separation

To validate our hypothesis of the presence of the interactions between the Pb-1 layers, we also
adopted a different approach where we tuned the strength of interactions between Pb-1 layers
by changing the distance between the Pb-I layers. This can be achieved by changing the chain
length of organic cations R-NHs". As the length of organic cations is systematically increased
from Cs (C4HoNHs" or BA) to Ci6 (C16H3sNH3* or HDA), including only an even number of
carbon atoms, the interlayer distance and barrier width increased systematically, as shown by
the schematics in Figure 3.12a. The systematic shift of PXRD peaks toward the lower 20
values, shown in Figure 3.12b, confirms the increased distance between Pb-I layers with

increasing the C-chain lengths.
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Figure 3.12: (a) Schematic showing an increase in interlayer distance by increasing the chain
length of R-NH3" spacer cation. The colors in the schematic are indicative of the actual colors
of the crystals at room temperature. (b) PXRD patterns of layered lead iodide perovskites with
spacer cation varying from butylammonium (Cs) to hexadecylammonium (Ce).

Both high thickness and high absorption cross-section do not allow light with energy above the
band gap to pass through the single crystals. Consequently, when we measure the UV-visible
absorption spectra of these crystals in transmission mode (Figure 13a), only the lowest energy
absorption edge is observed, beyond which the absorbance saturates for all the samples.
Layered perovskites exist in different phases at different temperatures. It is to be noted here
that the samples C4 to Cyo transform to the low-temperature phase below room temperature,
whereas for C12to C16 Samples, the phase transition happens above the room temperature (310-

340 K).26-38 Sp, at room temperature, C12to C16 samples have a different phase compared to Cs
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to C10 samples. To compare the optical data in the same phase, we recorded the optical data for
samples C4 to C1o at room temperature, whereas for samples C12to C1s, optical data are recorded
at 333-343 K.

Interestingly, Figure 3.13a clearly shows a systematic blue shift in the lowest energy absorption
edge with increasing C-chain length. Figure 3.13b shows two well-separated emissions for
samples with C-chain lengths Cs4 to Ci2. The lower energy emission peak, similar to their
absorption edges, systematically blue-shifts with increasing C-chain length. In contrast, the
higher energy emission at 2.38 eV remains unchanged for all the samples. For a large enough
interlayer distance in the Ci4 system [(C14H20NH3)2Pbl4], the lower energy emission overlaps
with the higher energy emission giving rise to a single but asymmetric and broader emission.
With a further increase in the interlayer spacing in the C1s system [(C1s6H33sNH3)2Pbls], a single
emission peak with narrower spectral width is observed. (The PL spectra of C12 to C16 Samples
recorded at high temperatures are plotted with their room temperature spectra, in Figure 3.14,

for comparison).

(a)

Interlayer Distance
Increasing

Absorbance (Normalised)
PL Intensity (a.u.

19 20 21 22 23 24 25 26 2716 18 20 22 24 26
Energy (eV) Energy (eV)

Figure 3.13: (a) UV-visible absorption spectra in transmission mode and (b) PL spectra of
layered lead iodide perovskites with spacer cation varying from butylammonium (Cs) to
hexadecylammonium (Css). The symbol “*” indicates that the data is recorded after heating the
sample to 333-343 K.

These results corroborate that the higher energy emission at 2.38 eV does not depend on barrier
width (i.e., the C-chain length), similar to the intercalation results in Figures 3.5 and 3.8.
Therefore, this higher energy peak is attributed to individual 2D layers and is independent of

interlayer interaction, whereas the lower energy emission peak depends on barrier width.
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Lower the barrier width, with a shorter carbon chain, the stronger is the interlayer electronic
interaction, and therefore, more is the red-shift compared to the higher energy emission peak.
For samples like C1o, we still observe the signature of small interlayer interactions. The crystal
structure suggests a distance of ~1.7 nm between Pb-I layers.®” This is a large distance for
possible electronic interactions. However, one would expect a structural reorganization at the
edges, probably reducing the Pb-I interlayer distance facilitating the interlayer electronic
interactions.?® 32 This could be a plausible reason behind the higher relative intensity of low-
energy PL near the edges, as shown in Figure 3.3. Further theoretical and experimental studies
are required to understand the structural and compositional characteristics of edges of these

layered perovskites.?’
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Figure 3.14: (a) PL spectra of a C12 [(C12H25NH3)2Pbls] sample, recorded at room temperature
(green) and ~333 K (red). (b) PL spectra of a C14 [(C14H20NH3)2Pbl4] sample, recorded at room
temperature (green) and ~333 K (red). PL spectra of a C16 [(C16H33NHz3)2Pbl4] sample, recorded
at room temperature (green) and ~333 K (red). The PL spectra are redshifted at higher
temperatures (compared to room temperature) due to a structural phase transition.

3.4 Conclusion

Two excitonic emissions from single crystals of layered hybrid lead and tin halide perovskites
are puzzling. Spatially resolved fluorescence microscopy imaging of (BA)2Pblas single crystal
shows that the ratio of the two emission peaks changes at different parts of the crystal, with the
higher relative intensity of lower energy emission near the edges of the crystal. Interestingly,
the intercalation of iodine in (BA)2Pbls and hexane in (DA)2Pbls reversibly switches the PL
from two emission peaks to a single emission peak by disappearing the lower energy PL peak.
Similarly, insertion of HFB in (PEA)2Snls single crystal also eliminates the lower energy PL
peak. Therefore, we assign the lower energy emission peak to the Pb-I interlayer interaction.
Furthermore, we decrease the strength of the interlayer interaction almost continuously by

increasing the chain length (Csto Ci6) of R-NH3* spacer cations. Subsequently, the lower
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energy PL peak systematically blue-shifts with an increasing chain length from C4 to Cy2 and
eventually merges with a high energy peak for Cisand Cie. All these results show that in parts
(particularly edges) of the layered hybrid perovskites crystals, the Pb-I inorganic layers
electronically interact with each other. This finding not only explains the unusual optical
properties of these systems but will also be important to understand and design charge transfer

and charge transport pathways in optoelectronic devices of layered perovskite.

3.5 References

1. Lee, M. M.; Teuscher, J.; Miyasaka, T.; Murakami, T. N.; Snaith, H. J. Efficient Hybrid
Solar Cells Based on Meso-Superstructured Organometal Halide Perovskites. Science 2012,
338, 643-647.

2. Protesescu, L.; Yakunin, S.; Bodnarchuk, M. 1.; Krieg, F.; Caputo, R.; Hendon, C. H.; Yang,
R. X.; Walsh, A.; Kovalenko, M. V. Nanocrystals of Cesium Lead Halide Perovskites (CsPbXs,
X =Cl, Br, and I): Novel Optoelectronic Materials Showing Bright Emission with Wide Color
Gamut. Nano Lett. 2015, 15, 3692-3696.

3. Swarnkar, A.; Chulliyil, R.; Ravi, V. K.; Irfanullah, M.; Chowdhury, A.; Nag, A. Colloidal
CsPbBr3 Perovskite Nanocrystals: Luminescence beyond Traditional Quantum Dots. Angew.
Chem. Int. Ed. 2015, 54, 15424-15428.

4. Das Adhikari, S.; Dutta, S. K.; Dutta, A.; Guria, A. K.; Pradhan, N. Chemically Tailoring
the Dopant Emission in Manganese-Doped CsPbClz Perovskite Nanocrystals. Angew. Chem.
Int. Ed. 2017, 56, 8746-8750.

5. Pal, J.; Manna, S.; Mondal, A.; Das, S.; Adarsh, K. V.; Nag, A. Colloidal Synthesis and
Photophysics of MsShzlg (M=Cs and Rb) Nanocrystals: Lead-Free Perovskites. Angew. Chem.
Int. Ed. 2017, 56, 14187-14191.

6. Akkerman, Q. A.; Raino, G.; Kovalenko, M. V.; Manna, L. Genesis, Challenges and
Opportunities for Colloidal Lead Halide Perovskite Nanocrystals. Nat. Mater. 2018, 17, 394-
405.

7. Zhou, N.; Shen, Y.; Li, L.; Tan, S.; Liu, N.; Zheng, G.; Chen, Q.; Zhou, H. Exploration of
Crystallization Kinetics in Quasi Two-Dimensional Perovskite and High Performance Solar
Cells. J. Am. Chem. Soc. 2018, 140, 459-465.

8. Mao, L.; Ke, W.; Pedesseau, L.; Wu, Y.; Katan, C.; Even, J.; Wasielewski, M. R.; Stoumpos,
C. C.; Kanatzidis, M. G. Hybrid Dion—Jacobson 2D Lead lodide Perovskites. J. Am. Chem.
Soc. 2018, 140, 3775-3783.

67



Chapter 3

Interlayer Interactions in 2D Layered Hybrid Perovskites

9. Pal, P.; Saha, S.; Banik, A.; Sarkar, A.; Biswas, K. All-Solid-State Mechanochemical
Synthesis and Post-Synthetic Transformation of Inorganic Perovskite-type Halides. Chem. Eur.
J. 2018, 24, 1811-1815.

10. Katan, C.; Mercier, N.; Even, J. Quantum and Dielectric Confinement Effects in Lower-
Dimensional Hybrid Perovskite Semiconductors. Chem. Rev. 2019, 119, 3140-3192.

11. Li, M.; Zhou, J.; Zhou, G.; Molokeev, M. S.; Zhao, J.; Morad, V.; Kovalenko, M. V.; Xia,
Z. Hybrid Metal Halides with Multiple Photoluminescence Centers. Angew. Chem. Int. Ed.
2019, 58, 18670-18675.

12. Zhou, L.; Liao, J.-F.; Huang, Z.-G.; Wei, J.-H.; Wang, X.-D.; Li, W.-G.; Chen, H.-Y_;
Kuang, D.-B.; Su, C.-Y. A Highly Red-Emissive Lead-Free Indium-Based Perovskite Single
Crystal for Sensitive Water Detection. Angew. Chem. Int. Ed. 2019, 58, 5277-5281.

13. Cao, D. H.; Stoumpos, C. C.; Farha, O. K.; Hupp, J. T.; Kanatzidis, M. G. 2D Homologous
Perovskites as Light-Absorbing Materials for Solar Cell Applications. J. Am. Chem. Soc. 2015,
137, 7843-7850.

14. Peng, W.; Yin, J.; Ho, K.-T.; Ouellette, O.; De Bastiani, M.; Murali, B.; El Tall, O.; Shen,
C.; Miao, X.; Pan, J.; Alarousu, E.; He, J.-H.; Ooi, B. S.; Mohammed, O. F.; Sargent, E.; Bakr,
O. M. Ultralow Self-Doping in Two-dimensional Hybrid Perovskite Single Crystals. Nano
Lett. 2017, 17 (8), 4759-4767.

15. Leng, K.; Abdelwahab, I.; Verzhbitskiy, I.; Telychko, M.; Chu, L.; Fu, W.; Chi, X.; Guo,
N.; Chen, Z.; Chen, Z.; Zhang, C.; Xu, Q.-H.; Lu, J.; Chhowalla, M.; Eda, G.; Loh, K. P.
Molecularly Thin Two-Dimensional Hybrid Perovskites with Tunable Optoelectronic
Properties due to Reversible Surface Relaxation. Nat. Mater. 2018, 17, 908-914.

16. Mitzi, D. B.; Feild, C. A.; Harrison, W. T. A.; Guloy, A. M. Conducting Tin Halides with
a Layered Organic-Based Perovskite Structure. Nature 1994, 369, 467-469.

17. Mitzi, D. B.; Wang, S.; Feild, C. A.; Chess, C. A.; Guloy, A. M. Conducting Layered
Organic-Inorganic Halides Containing <110> Oriented Perovskite Sheets. Science 1995, 267,
1473-1476.

18. Even, J.; Pedesseau, L.; Katan, C. Understanding Quantum Confinement of Charge Carriers
in Layered 2D Hybrid Perovskites. ChemPhysChem 2014, 15, 3733-3741.

19. Zhang, R.; Mao, X.; Yang, Y.; Yang, S.; Zhao, W.; Wumaier, T.; Wei, D.; Deng, W.; Han,
K. Air-Stable, Lead-Free Zero-Dimensional Mixed Bismuth-Antimony Perovskite Single
Crystals with Ultra-broadband Emission. Angew. Chem. Int. Ed. 2019, 58, 2725-2729.

68



Chapter 3

Interlayer Interactions in 2D Layered Hybrid Perovskites

20. Zhou, L.; Liao, J.-F.; Huang, Z.-G.; Wei, J.-H.; Wang, X.-D.; Chen, H.-Y.; Kuang, D.-B.
Intrinsic Self-Trapped Emission in OD Lead-Free (C4H14N2)21n2Brio Single Crystal. Angew.
Chem. Int. Ed. 2019, 58, 15435-15440.

21. Gammon, D.; Shanabrook, B. V.; Katzer, D. S. Interfaces in GaAs/AlAs Quantum Well
structures. Appl. Phys. Lett. 1990, 57, 2710-2712.

22. Livache, C.; Martinez, B.; Goubet, N.; Gréboval, C.; Qu, J.; Chu, A.; Royer, S.; Ithurria,
S.; Silly, M. G.; Dubertret, B.; Lhuillier, E. A Colloidal Quantum Dot Infrared Photodetector
and its Use for Intraband Detection. Nat. Commun. 2019, 10, 2125.

23. Traore, B.; Pedesseau, L.; Assam, L.; Che, X.; Blancon, J.-C.; Tsai, H.; Nie, W.; Stoumpos,
C. C.; Kanatzidis, M. G.; Tretiak, S.; Mohite, A. D.; Even, J.; Kepenekian, M.; Katan, C.
Composite Nature of Layered Hybrid Perovskites: Assessment on Quantum and Dielectric
Confinements and Band Alignment. ACS Nano 2018, 12, 3321-3332.

24. Sheikh, T.; Shinde, A.; Mahamuni, S.; Nag, A. Possible Dual Bandgap in (CsHsNH3)2Pbl4
2D Layered Perovskite: Single-Crystal and Exfoliated Few-Layer. ACS Energy Lett. 2018, 3,
2940-2946.

25. Wang, K.; Wu, C.; Jiang, Y.; Yang, D.; Wang, K.; Priya, S. Distinct Conducting Layer
Edge States in Two-Dimensional (2D) Halide Perovskite. Sci. Adv. 2019, 5, eaau3241.

26. Stoumpos, C. C.; Cao, D. H.; Clark, D. J.; Young, J.; Rondinelli, J. M.; Jang, J. I.; Hupp,
J. T.; Kanatzidis, M. G. Ruddlesden—Popper Hybrid Lead lodide Perovskite 2D Homologous
Semiconductors. Chem. Mater. 2016, 28, 2852-2867.

27. 1., D. Y.; Tamotsu, I.; Yusei, M. In Situ X-Ray Observation on the Intercalation of Weak
Interaction Molecules into Perovskite-Type Layered Crystals (Cg9Hi9NH3)2Pbls and
(C10H21NH3)2CdCls. Bull. Chem. Soc. Jpn. 1986, 59, 563-567.

28. Mitzi, D. B.; Medeiros, D. R.; Malenfant, P. R. L. Intercalated Organic—Inorganic
Perovskites Stabilized by Fluoroaryl-Aryl Interactions. Inorg. Chem. 2002, 41, 2134-2145.
29. Eickhoff, T.; Grosse, P.; Theiss, W. Diffuse Reflectance Spectroscopy of Powders. Vib.
Spectrosc. 1990, 1, 229-233.

30. De, S.; Layek, A.; Raja, A.; Kadir, A.; Gokhale, M. R.; Bhattacharya, A.; Dhar, S;
Chowdhury, A. Two Distinct Origins of Highly Localized Luminescent Centers within
InGaN/GaN Quantum-Well Light-Emitting Diodes. Adv. Funct. Mater. 2011, 21, 3828-3835.
31. Halder, A.; Chulliyil, R.; Subbiah, A. S.; Khan, T.; Chattoraj, S.; Chowdhury, A.; Sarkar,
S. K. Pseudohalide (SCN")-Doped MAPbDI3 Perovskites: A Few Surprises. J. Phys. Chem. Lett.
2015, 6, 3483-3489.

69



Chapter 3

Interlayer Interactions in 2D Layered Hybrid Perovskites

32. Blancon, J.-C.; Tsai, H.; Nie, W.; Stoumpos, C. C.; Pedesseau, L.; Katan, C.; Kepenekian,
M.; Soe, C. M. M.; Appavoo, K.; Sfeir, M. Y.; Tretiak, S.; Ajayan, P. M.; Kanatzidis, M. G.;
Even, J.; Crochet, J. J.; Mohite, A. D. Extremely Efficient Internal Exciton Dissociation
Through Edge States in Layered 2D Perovskites. Science 2017, 355, 1288-1292.

33. NaQuan, L.; Ma, D.; Zhao, Y.; Voznyy, O.; Yuan, H.; Bladt, E.; Pan, J.; Garcia de Arquer,
F. P.; Sabatini, R.; Piontkowski, Z.; Emwas, A.-H.; Todorovi¢, P.; Quintero-Bermudez, R.;
Walters, G.; Fan, J. Z.; Liu, M.; Tan, H.; Saidaminov, M. |.; Gao, L.; Li, Y.; Anjum, D. H.;
Wei, N.; Tang, J.; McCamant, D. W.; Roeffaers, M. B. J.; Bals, S.; Hofkens, J.; Bakr, O. M,;
Lu, Z.-H.; Sargent, E. H. Edge Stabilization in Reduced-Dimensional Perovskites. Nat.
Commun. 2020, 11, 170.

34. Smith, M. D.; Pedesseau, L.; Kepenekian, M.; Smith, I. C.; Katan, C.; Even, J.; Karunadasa,
H. 1. Decreasing the Electronic Confinement in Layered Perovskites Through Intercalation.
Chem. Sci. 2017, 8, 1960-1968.

35. Mitzi, D. B. Synthesis, Crystal Structure, and Optical and Thermal Properties of
(C4HgNHz3)2Ml4 (M = Ge, Sn, Pb). Chem. Mater. 1996, 8, 791-800.

36. Billing, D. G.; Lemmerer, A. Synthesis, Characterization and Phase Transitions in the
Inorganic-Organic Layered Perovskite-Type Hybrids [(CnH2n + 1NH3)2Pbls], n = 4, 5 and 6.
Acta Crystallogr. Sect. B 2007, 63, 735-747.

37. Billing, D. G.; Lemmerer, A. Synthesis, Characterization and Phase Transitions of the
Inorganic-Organic Layered Perovskite-Type Hybrids [(CnH2n+1NH3)2Pbl4] (n = 12, 14, 16 and
18). New J. Chem. 2008, 32, 1736-1746.

38. Lemmerer, A.; Billing, D. G. Synthesis, Characterization and Phase Transitions of the
Inorganic-Organic Layered Perovskite-Type Hybrids [(CnH2n+1NH3)2Pbls], n = 7, 8, 9 and 10.
Dalton Trans. 2012, 41, 1146-1157.

70






Chapter 4

Emission Splitting and Higher Exciton Binding Energies in Chiral Layered
Hybrid R- and S-a-Methylbenzylammonium Lead lodide Perovskites

71



Chapter 4

Emission Splitting and Higher Exciton Binding Energies in Chiral Layered Hybrid R- and
S-a-Methylbenzylammonium Lead lodide Perovskites

Abstract

In layered hybrid lead halide perovskites, the lead and halide orbitals dominate the valance
band maximum and conduction band minimum. Consequently, the optical and optoelectronic
properties of these layered hybrid lead halide perovskites depend mostly on the inorganic sub-
lattices only. However, the organic cations have the potential to modify or impart new
properties by creating distortions or breaking the symmetry of the inorganic sub-lattices.
Recently, chirality has been transferred from the chiral organic cations to the layered hybrid
perovskites. These chiral layered hybrid perovskites show novel properties like circular
dichroism, circularly polarized emission, etc. Here we synthesized chiral layered R- and S-a-
methylbenzylammonium lead iodide [(R- and S-a-MBA)2Pbls]. Single crystal x-ray diffraction
and circular dichroism data confirmed the presence of chirality in the (R- and S-a-MBA)2Pbls.
(Rac-a-MBA)2Pbls (Rac = racemic mixture) is also synthesized for the comparison. The
temperature-dependent (5 to 300K) photoluminescence (PL) showed a significant impact of
chirality on the optical properties of (R- and S-a-MBA).Pbls. The PL emission splits into two
peaks below 100 K in (R- and S-a-MBA):Pbls, compared to the achiral (Rac-a-MBA)2Pbls,
which shows a single PL peak from 5 to 300 K. Moreover, a significantly higher exciton
binding energy is observed in the chiral (R- and S-a-MBA).Pbls compared to the achiral (Rac-
a-MBA).Pbls. So, the induced chirality, in addition to introducing new functionalities, has the

potential to modify the existing properties as well.
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4.1 Introduction

Layered hybrid lead halide perovskites, with formula A2PbXs (A = organic cation like
butylammonium ion (BA), X = CI, Br or I), are now being widely explored for optical and
optoelectronic applications.}'® Unlike 3D perovskites, the 2D layered hybrid perovskites are
not limited by Goldschmidt's tolerance factor.!*'? By using different organic cations, a large
number of compositions of layered hybrid perovskites are possible. The compositional
flexibility of the layered lead halide perovskites gives us an opportunity to combine various
properties of organic molecules with inorganic lattices.®**® Chirality is common in organic
molecules. Chiral molecules are not superimposable on their mirror images. Unlike organic
molecules, inorganic lattices typically do not show chirality. However, recently chirality has
been introduced in the inorganic sub-lattices of layered hybrid perovskites by using chiral
organic cations.*® The induced chirality in these layered hybrid perovskites gives rise to some
novel properties like circular dichroism (CD), circularly polarized emission, circularly

polarized second harmonic generation, chiral ferroelectricity, etc.'31°

Layered perovskites are Van der Waals solids with a repeating quantum well structure.?-22 The
wells are atomically thin inorganic semiconductors, whereas the barriers are layers of assembly
of insulating organic molecules. Due to the atomically thin well layers, the layered perovskites
are considered as electronically 2D.2%-?% 23 Therefore, layered perovskites are often termed as
2D irrespective of their crystal size and shape. Consequently, 2D layered perovskites show
strong quantum confinement independent of the crystal size.?*?® Due to the quantum well
structure, the layered hybrid lead halide perovskites show rich excitonic photophysics.
Properties like very high exciton binding energy, large polaron formation and exciton self-

trapping are very common to the layered hybrid perovskites.?%-3!

It is interesting to see the effect of chirality on the excitonic properties of layered hybrid lead
halide perovskites. In this chapter, we explore the effect of induced chirality on the excitonic
properties of chiral R- and S-a-methylbenzylammonium lead iodide [(R- and S-a-MBA)2Pbl]
by using temperature-dependent (5 to 300 K) photoluminescence (PL). At room temperature,
both (R- and S-a-MBA)2Pbls show sharp excitonic emission features, similar to the (Rac-a-
MBA)2Pbls (Rac = racemic). But at lower temperatures, the PL emission of (R- and S-o-
MBA).Pbl,s differ significantly from that of the (Rac-oa-MBA).Pbls. In (R- and S-o-
MBA).Pbls, the PL peak splits in two peaks below 100 K, while a single peak is observed in
(Rac-a-MBA)2Pblsthroughout the temperature range of 5 to 300 K. Similarly, a higher exciton
binding energy is observed in (R- and S-a-MBA).Pbls compared to the (Rac-a-MBA)2Pbls.
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4.2 Experimental Section
4.2.1 Chemicals

Lead(Il) oxide (Sigma Aldrich, 99.9%), hydriodic acid (Sigma Aldrich, 57% w/w in H20,
99.9%), hypophosphorous acid (Avra, 50% w/w H20), R-(+)-a-methylbenzylamine (Sigma
Aldrich, 99%), S-(-)-a-methylbenzylamine (Sigma Aldrich, 99%), racemic-o-
methylbenzylamine (Sigma Aldrich, 98%), acetonitrile (Sigma Aldrich, 99.8%), diethyl ether
(Rankem, 99.5%).

4.2.2 Synthesis of (Rac-, R- and S-a-MBA)2Pblssingle crystals

(Rac-, R- and S-a-MBA)2Pblssingle crystals were synthesized by an aqueous acid precipitation
method. In three separate vials, 2.5 mmol (558 mg) lead(l1) oxide were dissolved in a mixture
of 10 mL aqueous hydriodic acid (57% w/w in H20) and 2 mL aqueous hypophosphorous acid
(50% w/w H20) by heating to boiling under constant magnetic stirring. Once clear yellow
solutions were obtained, 5 mmol of racemic-a-methylbenzylamine, R-(+)-o-
methylbenzylamine and S-(-)-a-methylbenzylamine were added to these vails, respectively.
The stirring was stopped once clear yellow solutions were obtained. The solutions were
allowed to cool down to room temperature naturally. During the cooling process, orange-
colored crystals of (Rac-, R- and S-a-MBA)2Pbl, started to crystalize. The crystals we filtered,
washed with diethyl ether and dried under vacuum.

PbO upon dissolving in HI gives Pb?* ions. The Rac-, R- and S-a-methylbenzylamine gets
protonated in HI, forming Rac-, R- and S-a-methylbenzylammonium ions (Rac-, R- and S-a-
MBA). Upon cooling, the solution becomes supersaturated with respect to the Pb?* and Rac-,
R- and S-0-MBA ions. The Pb?*, (Rac-, R- and S-a-MBA) and I ions react, and the (Rac-, R-
and S-a-MBA)2Pbls crystallizes. The H3PO; acts as a reducing agent and reduces any I, formed
back to I".

z HI, H,PO
é + PbO ————— (Rac-a-MBA),Pbl,
A\ (Boiling)

Rac-a-methylbenzylamine

e HI, H;PO
6 / Ej + PbO —————  (R/S-0-MBA),Pbl,
A\ (Boiling)

R/S-a-methylbenzylamine
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4.2.3 Preparation of (Rac-, R- and S-a-MBA)2Pbl4 thin films

(Rac-, R- and S-a-MBA)2Pbls4 thin films were prepared on sapphire substrates. First, the
sapphire substrates were washed with water, followed by isopropanol and finally by acetone.
The (Rac-, R- and S-a-MBA)2Pbls single crystals were separately dissolved in 0.5 mL
acetonitrile. These solutions were then spin-coated on the freshly cleaned sapphire substrates
at the spinning rate of 3000 rpm for 20 s. The sapphire substrates were pre-heated at 70 °C

before spin coating.

4.2.4 Characterization

Single crystal X-ray diffraction (XRD) data were collected on Bruker Smart Apex Duo
diffractometer at room temperature (RT) using Mo Ka radiation (A = 0.71073 A). The frames
were integrated with the Bruker SAINT software package by a narrow-frame algorithm. The
structures were solved by a direct method and refined by full-matrix least-squares on F? using
the SHELXTL software package. The PbX4 framework was refined anisotropically without
any constraint. The organic atoms were also refined anisotropically but with constraints on the
C-C and C-N bond lengths.

Powder XRD measurements were carried on Bruker D8 Advance X-ray diffractometer using
Cu Ka radiation (1.54 A). UV-Visible absorbance data were measured on Cary Series UV-Vis
Spectrophotometer (Agilent Technologies). The absorbance spectra were recorded in
transmittance mode. Circular dichroism (CD) measurements were carried at room temperature
on a Jasco J-815 spectropolarimeter. The CD spectra were measured at a scan speed of 50 nm
per minute with 0.5 nm resolution and response time of 1 s. The CD spectra were also recorded

in transmittance mode.

The room temperature steady-state photoluminescence (PL) measurements were carried on
FLS 980 (Edinburgh Instruments). The samples were excited with a 405 nm laser. The
temperature-dependent steady-state PL. measurements were carried on the same instrument.
For the temperature-dependent PL measurements, the sapphire substrates containing the
samples were mounted on a gold-plated sample holder. The sample holder was then mounted
on the cold finger attached to a closed-cycle helium cryostat (Advanced Research Systems).
The cryostat was connected to a temperature controller (Lake Shore Cryotronics) to achieve

the desired temperatures.
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4.3 Results and Discussion
4.3.1 Synthesis and crystal structure of (Rac-, R- and S-a-MBA)2Pblssingle crystals

(Rac-, R- and S-a-MBA)2Pblssingle crystals were synthesized by an aqueous acid precipitation
method. Refer to the experimental section for detailed synthesis. Figure 4.1 shows the crystal
structures of (Rac-, R- and S-a-MBA)2Pbls obtained by solving the single crystal XRD data
recorded at room temperature (296 K). All three samples show a 2D layered hybrid structure.
The (R- and S-a-MBA)2Pbl, crystallize in orthorhombic lattice with lattice parameters a =
8.8203(10) A, b =9.1821(10) A, ¢ = 28.579(3) A, a = p =y =90°and a = 8.8315(13) A, b =
9.1847(13) A, ¢ = 28.569(4) A, a = =y = 90°, respectively. On the contrary the (Rac-o-
MBA),Pbl. crystallizes in a monoclinic lattice with lattice parameters a = 14.660(3) A, b =
9.3799(19) A, ¢ =8.7777(18) A, o = y = 90°, § = 100°. The crystal structure data of all the three
samples (Rac-, R- and S-a-MBA).Pbl4 follow the prior reports very well. 333 See Table 4.1
for detailed crystal structure data and refinement parameters.

(a) (R-a-MBA),PbI, (b) (S-a-MBA),Pbl,  |(c) (Rac-a-MBA),PbI,

Cl—vb

Figure 4.1: Crystal structures of (a) (R-a-MBA)2Pbls, (b) (S-a-MBA)2Pbls and (c) (Rac-a-
MBA)2Pbl4 obtained by solving the single crystal XRD data recorded at room temperature (296
K). The (R- and S-a-MBA)2Pbls have the non-centrosymmetric crystal structure, while the
(Rac-a-MBA)2Pbls has the centrosymmetric crystal structure.
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Table 4.1: Crystal structure and data refinement of (Rac-, R- and S-a-MBA)2Pblsat RT.

(R-0-MBA)2Pbl4

(S-a-MBA)2Pbl4

(Rac-a-MBA)2Pbl4

Chemical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell
dimensions

Volume

z

Density

Abs. coefficient
Theta range
Index ranges

Reflections collected
Independent reflections

Coverage

Absorption correction
Structure solution
Structure solution
program

Refinement method

Refinement program

Function minimized
Data / parameters
Goodness-of-fit on F2

Final R indices; [>20(])

all data

Weighting scheme

Largest diff. peak, hole
R.M.S. deviation

C16H2412N2Pb
959.16 g/mol
296(2) K
0.71073 A
Orthorhombic
P212121
a=8.8203(10) A
b =9.1821(10) A
c=28.579(3) A
a= B=vy=90°
2314.6(5) A3

4

2.753 g/cm?®
12.626 mm™
2.3310 28.29°
-11<h <11,
-10<k 12,
-38<1<38
41748

5682

[R(int) = 0.0635]
99.80%
Multi-Scan
Direct methods
SHELXT 2014/5
(Sheldrick, 2014)
Full-matrix least-
squares on F?
SHELXL-2018/3
(Sheldrick, 2018)
> w(Fo? - F?)?
5682 /173
0.995

R1 =0.0838,
wR2 =0.1785
R1=10.0902,
wR2 =0.1833

w=1/[6?(F0?)+(0.02
000P)2 + 8.000P]
P:(F02+2F02)/3
2.005, -0.531 A
0.092 eA®

C16H2412N2Pb
959.16 g/mol
296(2) K
0.71073 A
Orthorhombic
P212121
a=8.8315(13) A
b=9.1847(13) A
c =28.569(4) A
a= B=vy=90°
2317.4(6) A3

4

2.749 g/cm?®
12.611 mm™
3.50 to 26.37°
-11<h <10,
-11<k 11,
-35<1<35
27087

4706

[R(int) = 0.0708]
99.6%
Multi-scan
Direct method
SHELXT 2014/5
(Sheldrick, 2014)
Full-matrix least-
squares on F?
SHELXL-2018/3
(Sheldrick, 2018)
> w(Fo? - F?)?
4706 /173

0.737
R1=0.0761,
wR2 = 0.1696
R1 =0.0840,
wR2 =0.1758

w=1/[c?(F0?)+(0.05
00P)? + 10.5000P]
P:(F02+2Fc2)/3
1.176, -0.606 eA3
0.064 eA3

C16H2414N2Pb
959.16 g/mol
296(2) K
0.71073 A
Monoclinic
P2i/c
a=14.660(3) A
b =9.3799(19) A
c=8.7777(18) A
A =y=90° B=100°
1189.2(4) A3

2

2.670 g/cm®
12.288 mm™
2.59 t0 25.34°
-19<h <19,
-12<k 12,
-11<1<9
19867

2128

[R(int) = 0.0433]
97.7%
Multi-scan
Direct method
SHELXT 2014/5
(Sheldrick, 2014)
Full-matrix least-
squares on F?
SHELXL-2018/3
(Sheldrick, 2018)
> w(Fo? - F?)?
2128 /96

1.373
R1=0.0764,
wR2 = 0.1575
R1=0.1089,
wR2 =0.1700

w=1/[64(Fo?)+(0.10
00P)?]

P:(F02+2 Fcz)/s
0.085, -0.800 eA3
0.159 eA3

77



Chapter 4

Emission Splitting and Higher Exciton Binding Energies in Chiral Layered Hybrid R- and
S-a-Methylbenzylammonium Lead lodide Perovskites

Interestingly both the (R- and S-a-MBA)2Pbls possess a chiral space group, P2:2:2:, which
suggests the chiral structures for both the samples. So the chiral organic cations (R- and S-a-
MBA) induce chirality in the (R- and S-a-MBA).Pbls. Though the R and S samples have almost
the same lattice parameters, they are not exactly the same. Figures 4.1a and b show that the (R-
and S-a-MBA)2Pbl are the non-superimposable mirror images of each other, similar to prior
reports.*® 1% 3 The (Rac-a-MBA),Pbls possesses a centrosymmetric P2i1/c space group,

suggesting its centrosymmetric crystal structure.

The chiral organic cations, R- and S-a-MBA, break the symmetry of the inorganic (Pb-I)
octahedral framework in (R- and S-a-MBA).Pbls via an asymmetric hydrogen bonding.> 3334
In all the samples (Rac-, R- and S-a-MBA)2Pbls, the Pble octahedra are tilted, resulting in the
deviation of the Pb-1-Pb bond angles from the ideal 180° of undistorted perovskite. In the (Rac-
a-MBA)2Pbls, the octahedral tilting is symmetric, with the Pb-1-Pb bond angles of 155° (Figure
4.2¢). However, the (R- and S-a-MBA)2Pbls show an asymmetric octahedral tilting with two
types of Pb-1-Pb bond angles of 151° and 156° (Figures 4.2a and b). The asymmetric octahedral
tilting with two types of Pb-I1-Pb bond angles indicates an asymmetric or chiral inorganic (Pb-
) lattice in (R- and S-a-MBA).Pbls, compared to the (Rac-a-MBA).Pbls, following the prior

reports.> 33

(a)  (R-a-MBA),Pbl, (b) (S-a-MBA),Pbl, (c) (Rac-a-MBA),Pbl,

b po 4

NSRS ENARINY
l‘ir%rJKJth‘ QWTT*]L*WXT‘ *jk:> ngL*

Figure 4.2: Top view of the 2D Pb-I layers in (a) (R-a-MBA)2Pbls, (b) (S-a-MBA)2Pbls and
(c) (Rac-a-MBA)2Pbls showing Pb-I-Pb bond angles. Two types of Pb-I-Pb bond angles are
present in the chiral (R- and S-a-MBA)2Pbls, whereas a single type of Pb-I-Pb bond angle is
observed in (Rac-a-MBA)Pbls. Figures a-c are obtained by solving the SCXRD data recorded
at RT (296 K).

L 1 1 Rl J

The powder X-ray diffraction (PXRD) patterns of (Rac-, R- and S-a-MBA).Pblssingle crystals
show a regular peak pattern, characteristic of layered single crystals (Figure 4.3).* The PXRD

patterns of (Rac-, R- and S-a-MBA),Pbl, are exactly the same, with peaks overlapping with
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each other. The same PXRD patterns with peaks overlapping with each other suggest the
similar interlayer spacing in all the three samples (Rac-, R- and S-a-MBA)2Pbl, as these regular

peaks in the PXRD pattern correspond to the interlayer spacing.*

(a-MBA),Pbl,

J—— 1
Bl L | L1

o 1

N I B L BN BN BN B BN L B
5 10 15 20 25 30 35 40 45 50 55 60
2Theta (degree)

Figure 4.3: PXRD patterns of (Rac-, R- and S-a-MBA)2Pbls single crystals, showing a regular
peak pattern. The regular peak pattern is the characteristic of layered single crystals.

4.3.2 Chiroptical properties of (Rac-, R- and S-a-MBA)2Pbl4

The crystal structure data showed a chiral structure for (R- and S-a-MBA).Pbls. To further
confirm their chirality, we recorded the circular dichroism (CD) in (R- and S-a-MBA)2Pbla.
Chiral molecules or lattices interact with left and right circularly polarized light differently,
which is characterized by their CD response. Measuring CD on single crystals is extremely
difficult, as the measurements are done in transmittance mode. So instead, we recorded the CD
data on thin films. For the preparation of thin films, (Rac-, R- and S-a-MBA)2Pbls single
crystals were separately dissolved in acetonitrile and spin-coated on sapphire substrates. See
the experimental section for details of thin-film preparation. Figure 4.4 shows the photographs
of the as-prepared thin films of (Rac-, R- and S-o-MBA).Pbls. The thin films were
characterized by PXRD. The PXRD patterns of as-prepared thin films match very well with
that of the single crystals (Figure 4.4), with no extra peaks, confirming the formation of phase
pure (Rac-, R- and S-a-MBA)2Pbl4 on the sapphire substrates.
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Figure 4.4: PXRD patterns of as-prepared (a) Rac-, (b) R- and (c) S- (a-MBA)2Pbl4 thin films
overlapped with that of the (Rac-, R- and S-a-MBA).Pbls single crystals. Top panel shows the
optical photographs of the blank glass substrates and the as-prepared (Rac-, R- and S-a-
MBA)2Pbl4 thin films (yellow color).

Figure 4.5a shows the CD spectra of (Rac-, R- and S-oa-MBA)2Pbls. Both (R- and S-a-
MBA)2Pbls show distinct features in their CD spectra, with opposite signs, which confirm their
chiral structures. Expectedly, the (Rac-a-MBA)zPbls, which has a centrosymmetric crystal
structure, does not show any CD response. Interestingly, the CD spectra of (R- and S-a-
MBA)2Pbls show a derivative-like response, around 498 nm (excitonic region), with both
positive and negative responses. The organic cations (R- and S-a-MBA) do not absorb in this
region, suggesting that the CD signals, in Figure 4.5a, originate from the inorganic sub-lattice.®*
A similar kind of derivative-like CD response has been previously reported as well.34% This
kind of CD response has been attributed to the excitonic splitting in the chiral environment due
to the lifting of spin degeneracy.®*3" The peak splitting energies in the CD spectra are around
~60 meV. The UV-visible absorption spectra (Figure 4.5b) of (Rac-, R- and S-a-MBA).Pbl4
show strong excitonic features with peaks centered at 498 nm (2.49 eV). The absorption spectra
of all the samples are exactly the same, suggesting no change in the band gap due to the induced
chirality. Interestingly, the excitonic peak energy (2.49 eV; 498 nm) in the absorption spectrum
of (R- and S-a-MBA)2Pbls match exactly with the crossover energy in their CD spectra.

However, unlike CD, no splitting is observed in their excitonic absorption peaks.
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Figure 4.5: (a) CD and (b) Normalized UV-visible absorption spectra of (Rac-, R- and S-a-
MBA)2Pbls. Both the CD and absorption spectra were recorded in transmittance mode.

The (Rac-, R- and S-a-MBA).Pbls show light emission at room temperature (RT), with peaks
centered at 512 nm (Figure 4.6). The PL peaks in (Rac-, R- and S-a-MBA).Pbls show a similar
Stokes shift of 14 nm (68 meV) from the excitonic absorption peaks. These small Stokes shifts
in the PL peaks in (Rac-, R- and S-a-MBA)2Pbls indicate that the emissions are excitonic in
origin. It is noteworthy that the PL spectral profile in all three samples is asymmetric, with a
tail on the longer wavelength side. Such a tail is often observed in the PL spectra of layered
perovskite thin films and is attributed to the presence of some shallow trap states or possible

lower energy excitonic emission. 3

(Rac-a-MBA),Pbl,
(R-a-MBA),Pbl,
(S-a-MBA),Pbl,

PL Intensity (a.u.)

v, __

450 500 550 600 650 700
Wavelength (nm)

Figure 4.6: Room temperature PL spectra of (Rac-, R- and S-a-MBA).Pbls, showing excitonic
emission with peaks centered at 512 nm (~2.42 eV).
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4.3.3 Temperature-dependent PL in (Rac-, R- and S-a-MBA)2Pbl4

The CD spectra of (R- and S-a-MBA)2Pbls in Figure 4.5a showed distinct CD features. In
contrast, (Rac-a-MBA)2Pbls shows a featureless CD spectrum. However, no difference in room
temperature optical absorption and PL was observed in the chiral (R- and S-a-MBA)2Pbl4 and
achiral (Rac-a-MBA)2Pbls. The optical absorption and emission features hugely depend on the
temperature, and at lower temperatures, the excitonic absorption and emission features become
sharper. If the induced chirality has any effect on the excitonic properties, it should be visible
at lower temperatures. So, we recorded the PL from all the three samples, i.e. (Rac-, R- and S-
a-MBA).Pbls at 5 K. Figure 4.7 shows the PL spectra of (Rac-, R- and S-a-MBA).Pbl4
recorded at 5 K. Interestingly, a significant difference in the PL emission from the chiral (R
and S) and achiral (Rac) samples is observed at 5 K. Two sharp peaks, centered at 507 nm
(2.46 eV) and 495 nm (2.51 eV), are observed in the PL spectra of (R- and S-a-MBA)2Pbly,
whereas a single sharp peak centered at 510 nm (~2.43 eV) is observed in the PL spectrum of
(Rac-a-MBA)2Pbls. Similar results have previously been observed in (Rac-, R- and S-a-
MBA)2Pbl, at 77 K.22 However, the relative intensities of the higher energy peaks in (R- and
S-a-MBA)2Pbls were much lower, unlike our results, probably due to the sample
inhomogeneity or the temperature difference. It is to be noted that no discussion has been made
on the appearance of the new higher energy peak previously. The splitting of the PL emission
in chiral (R- and S-a-MBA)2Pbls probably arises due to the lifting of the spin degeneracy in
the chiral environment, as is also suggested by the room temperature CD data.®® The PL peak
splitting energies in (R- and S-a-MBA).Pbl4 are around ~50 meV, which matches well with

the peak splitting energy observed in CD spectra.

(Rac-a-MBA),Pbl, | (R-a-MBA),Pbl, (S-a-MBA),Pbl,

PL Intensity (a.u.)

460 480 500 520 540 460 480 500 520 540 460 480 500 520 540
Wavelength (nm)
Figure 4.7: PL spectra of (Rac-, R- and S-a-MBA)2Pbls, recorded at 5 K. The PL emission

splits into two peaks for (R- and S-a-MBA)2Pbla.
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To further explore the effect of induced chirality on the emission properties, we recorded the
temperature-dependent PL (300 to 5 K) in (Rac-, R- and S-a-MBA).Pbls. The PL spectra
recorded at different temperatures are plotted as pseudo color maps. Figures 4.8a-c show the
PL-temperature pseudo color maps of (Rac-, R- and S-a-MBA)2Pbls. Due to the sharp rise in
PL intensity with decreasing temperature, the color maps shown in Figures 4.8a-c do not show
much visible intensity till 225 K. To make the PL emission visible throughout the temperature
range (300 to 5 K), normalized PL-temperature color maps are plotted in Figures 4.8d-f. A
single peak is observed till 150 K in the PL spectra of (R- and S-a-MBA).Pbls. But below 150
K, the PL emission starts to split into two peaks, and the splitting becomes more prominent at
further lower temperatures. On the other hand, a single PL peak is observed in (Rac-a-
MBA)2Pbl4 throughout the temperature range of 300 to 5 K.
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Figure 4.8: Pseudo color maps of temperature-dependent PL spectra of (a) (R-a-MBA)2Pbla,
(b) (S-a-MBA)2Pblsand (c) (Rac-a-MBA)2Pbl4 thin films. Pseudo color maps of temperature-
dependent PL spectra with normalized PL intensity for (d) (R-a-MBA)2Pbls, (e) (S-a-

MBA).Pblsand (f) (Rac-a-MBA)2Pbls. The maximum PL intensity in d-f is normalized to one
at each of the temperatures.

Figure 4.8 shows that the emission intensity in (Rac-, R- and S-a-MBA)2Pbls increases sharply

with the decrease in temperature. Also, the emission shows a slight blue shift in all three

83



Chapter 4

Emission Splitting and Higher Exciton Binding Energies in Chiral Layered Hybrid R- and
S-a-Methylbenzylammonium Lead lodide Perovskites

samples upon decreasing the temperature. The PL peak energy and integrated PL intensity are
plotted against temperature in Figure 4.9. In all three samples, the PL peak energies do not
show any sharp transition, indicating that the (Rac-, R- and S-a-MBA)2Pbls do not undergo
any structural phase transition upon lowering down the temperature (Figure 4.9a). The PL
peaks in (Rac-, R- and S-a-MBA)2Pbls show blue shifts of 63, 55 and 67 meV, respectively,
upon decreasing the temperature from 300 to 5 K, indicating similar extents of increase in their
band gaps. A similar increase in the band gap with the decrease in the temperature has been
reported in other layered perovskites as well and has been attributed to the decrease in the Pb-
I-Pb bond angles with the decreasing temperature.?>2® So overall, the chirality does not affect
the temperature dependence of the band gap in (Rac-, R- and S-a-MBA),Pbls. Similarly, the
integrated PL intensity in (Rac-, R- and S-a-MBA)2Pbls increases initially upon decreasing the
temperature from 300 to 100 K due to the suppression of the thermally activated exciton
dissociation and the non-radiative decay pathways (Figure 4.9b). Below 100 K, the integrated
PL intensity reverses its trend, probably due to the trapping of the carriers by the non-emissive
states, as reported previously.>**° Above 100 K, the thermal energy is sufficient to de-trap the

carriers.

2.44 4
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Figure 4.9: (a) Variation of the PL peak energy of the main peak (which is observed throughout
the temperature range of 300 to 5 K in all three samples) with temperature in (Rac-, R- and S-
a-MBA)2Pbls. (b) Variation of the integrated PL intensity with temperature in (Rac-, R- and
S-a-MBA),Pbls. For (R- and S-a-MBA)2Pbls, integration is done over both the PL peaks. In
all the panels, symbols are the experimental data, and the lines are just a guide to the eye.
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Though the temperature evolution of integrated PL intensity in (Rac-, R- and S-a-MBA).Pbl4
is similar, there is a small difference in the intensity trend between the chiral (R- and S-a-
MBA)2Pbls and achiral (Rac-a-MBA).Pbls. This difference in the integrated PL intensity may
be due to a slight difference in the exciton binding energies (E») of the chiral (R and S) and
achiral (Rac) samples. To see whether there is actually any difference in the exciton binding
energies of the chiral (R and S) and achiral (Rac) samples, we calculated their exciton binding
energies from their integrated PL intensities by using equation 1, which describes the evolution

of PL intensity with temperature.

0
I(T) = T o"Ep/tkpD) ()

Here I(T) is the PL intensity at temperature T, lo is the PL intensity at 0 K, A is the pre-
exponential factor, Ep is the exciton binding energy, and kg is the Boltzmann constant. The
integrated PL intensity in all the three samples follows the above equation till 100 K only, and
also below 100 K the (R- and S-a-MBA)2Pblsshow two PL peaks while the (Rac-a-MBA)2Pbl4
shows only one PL peak. So, for the correct comparison, the experimental data is fitted till 100
K only. Figure 4.10 indeed shows that the exciton binding energies of the (R- and S-o-
MBA).Pbl, are different from that of the (Rac-a-MBA)2Pbls. (R- and S-a-MBA).Pbls show an
exciton binding energy of about ~129 and ~125 meV, respectively, which is about 35-40 meV
higher than that of the (Rac-a-MBA)2Pbls, which shows the exciton binding energy of 90 meV
only. So the induced chirality in (R- and S-a-MBA)2Pbls indeed affects their excitonic
properties, which is reflected in the form of PL peak splitting and higher exciton binding

energies.
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Figure 4.10: Integrated PL intensity vs. inverse of temperature (1/T) plots for exciton binding
determination of (a) (Rac-a-MBA)2Pbls, (b) (R-a-MBA)2Pblsand (c) (S-a-MBA)2Pbla.
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4.4 Conclusion

We used chiral R- and S- a-MBA as the organic A-site cations to synthesize (R- and S-o-
MBA).Pbl4 layered hybrid perovskites. Single crystal XRD data show the chiral structures for
both (R- and S-a-MBA)2Pbls, indicating the introduction of chirality in these layered hybrid
perovskites. The induced chirality is further confirmed by their CD data which show distinct
signals with opposite signs for (R- and S-a-MBA)2Pbls. For comparison, (Rac-a-MBA)2Pbl4
was also synthesized, which has a centrosymmetric crystal structure and consequently does not
show any CD response. The CD spectra of (R- and S-a-MBA),Pbls shows a bi-polar derivative
kind or response, suggesting the splitting of the excitonic states in the chiral environment. To
further understand the effect of chirality on the excitonic properties, we recorded the
temperature-dependent PL in (Rac-, R- and S-a-MBA)2Pbls. PL peak splitting is observed in
chiral (R- and S-a-MBA)2Pbls below 100 K, whereas a single PL peak is retained throughout
the temperature range of 300 to 5 K in (Rac-a-MBA)2Pbls. The PL peak splitting in (R- and S-
a-MBA)2Pbl4 further supports the excitonic splitting as suggested by the CD data. Moreover,
the induced chirality affects the excitonic binding energy as well. The chiral (R- and S-o-
MBA)2Pbls show significantly higher exciton binding energy compared to the achiral (Rac-o-
MBA),Pbls. The introduction of chirality in (R- and S-a-MBA)2Pbls creates an asymmetry in
the crystal structure of the inorganic (Pb-1) layers, which ultimately modifies the excitonic
properties like PL emission and exciton binding energy.
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Abstract

Optoelectronically active hybrid lead halide perovskites dissociate in water. To prevent this
dissociation, here, we introduce long-range intermolecular cation-n interactions between A-
site cations of hybrid perovskites. An aromatic diamine like 4,4'-trimethylenedipyridine, if
protonated, can show a long-range cation-rn stacking, and therefore, serves as our A-site cation.
Consequently, 4,4'-trimethylenedipyridinium lead bromide [(4,4-TMDP)Pb2Brs], a one-
dimensional hybrid perovskite, remains completely stable after continuous water treatment for
six months. Mechanistic insights about the cation-n interactions are obtained by single-crystal
X-ray diffraction and nuclear magnetic resonance spectroscopy. The concept of long-range
cation-z interaction is further extended to another A-site cation 4,4’-ethylenedipyridinium ion
(4,4’-EDP), forming water-stable (4,4-EDP)Pb2Brs perovskite. These water-stable perovskites
are then used to fabricate white light-emitting diode. Note that the achieved water stability is
the intrinsic stability of perovskite composition, unlike the prior approach of encapsulating the
unstable perovskite material (or device) by water-resistant materials. The introduced cation-n
interactions can be a breakthrough strategy in designing many more compositions of water-
stable low-dimensional hybrid perovskites.

Graphical Abstract

Lead Halide Perovskite

Interaction
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5.1 Introduction

The universal solvent water, which is polar in nature, dissolves the ionic compounds. For
example, inorganic alkali metal salts and organic ammonium salts are highly soluble in water.
Metal halide perovskites have generic formula like ABXs or A2BXs (B =Pb, Sn & X =ClI, Br
or 1), with A-site cations as organic ammonium ions (e.g., CHsNH3*, CH3CH2CH2CH2NH3")
or alkali metal ions (e.g., Cs*, Rb*).11! Such water-soluble A-site cations make metal halide
perovskites unstable in water and moisture.*?’ In addition, the water solubility of hybrid lead
perovskites brings in the concern of contaminating groundwater with toxic lead compounds.®-
23 S0, the true potential of the optical and optoelectronic properties of these perovskites can
only be realized by making them water-stable.

In recent times, multiple strategies have been developed to either encapsulate perovskite solar
cell devices or encapsulate the material itself with different water-resistant materials.?**° But
damage or leakage of the encapsulation layer brings back the concern of water instability and
contamination of the groundwater. So, improving the intrinsic water-stability of hybrid lead
halide perovskite still remains a fundamental materials chemistry challenge. To be more
precise, the primary question is how to suppress the water solubility of A-site cation. Thinking
about this question brought our attention to the cation-n interactions. It is well established that
alkali metal ions and ammonium ions strongly interact with the n-electron cloud present in the
aromatic systems.3132 These interactions are mostly dominated by the electrostatic attraction
between the cation and the m-electron cloud, although the possible contributions from other
non-covalent interactions cannot be ignored.>*3 Interestingly, the cation-n interactions are
stronger than the typical cation-water interactions.®*3* This possibility prompted us to design
an A-site cation for halide perovskites that has strong intermolecular ammonium cation-nt
interactions. The strong cation-z interactions in these A-site cations will result in a giant

polymer kind of network, thus making them insoluble in water.

Herein, we establish this idea of utilizing the cation-r interactions in hybrid halide perovskites
to turn them completely stable in water for more than six months. We choose the A-site cation
4 4'-trimethylenedipyridinium ion (4,4’-TMDP) as it has both m-electron cloud and two
ammonium ions (Figure 5.1). The ammonium ions in 4,4’-TMDP being positively charged can
interact strongly with the n-electron cloud on the adjacent 4,4’-TMDP ions, giving rise to a
long-range cation-= stacking. So, we synthesized (4,4'-TMDP)Pb2Brs, a one-dimensional (1D)
perovskite showing strong cation-z interactions. As a proof of generalization, we synthesized

another 1D perovskite system (4,4’-EDP)Pb2Brs, where 4,4'-EDP is 4,4'-ethylenedipyridinium
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ion. Both of these 1D hybrid perovskite systems are stable in water and other polar solvents
because of the strong cation-r interactions between the A-site cations resulting in a polymer
kind of network. Interestingly, these hybrid perovskite systems yield stable phosphor-
converted white light-emitting diodes (LEDS).

Long-Range Cation-1 Interactions Dominate

9
/
|
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Figure 5.1: Figure 1: Schematics of 4,4'-Dipyridinium ions having both the cation and the n-
electron cloud. Intermolecular cation-r interactions between the positively charged ammonium
ions and the m-electron cloud, giving rise to a long-range cation-n stacking. The cation-nt
interactions, which are extended over the entire crystal, are likely to dominate over the
interaction of individual organic cations with water molecules. Two cations of this family,
namely, 4.,4'-trimethylenedipyridinium ion (4,4-TMDP) with n = 2, and 44'-
ethylenedipyridinium ion (4,4’-EDP) with n = 1, are used here as A-site cations of hybrid halide
perovskites.

5.2 Experimental Section
5.2.1 Chemicals

Lead(Il) oxide (Sigma Aldrich, 99.9%), hydrobromic acid (Sigma Aldrich, 48% w/w in H20,
99.9%), hypophosphorous acid (Avra, 50% w/w H>0), 4,4'-trimethylenedipyridine (Sigma
Aldrich, 98%), 4,4'-ethylenedipyridine (Sigma Aldrich, 99%), acetone (Rankem, 99.5%),
hexane (Rankem, 99.5%), acetonitrile (Rankem, 99.5%), dimethylformamide (Rankem,
99.5%), deuterated chloroform (Sigma Aldrich, 99%), and distilled water (Milli-Q).

5.2.2 Synthesis of (4,4’-TMDP)Pb2Brs single crystals

(4,4’-TMDP)Ph2Brs single crystals were synthesized by an acid precipitation method. 0.5 mmol
(111.6 mgq) lead(IT) oxide and 0.5 mmol (99.1 mg) 4,4'-trimethylenedipyridine were dissolved
in a mixture of 15 mL hydrobromic acid and 2 mL hypophosphorous acid at 120 °C under
constant magnetic stirring. Once a clear transparent solution was obtained, the heating and

stirring were stopped, and the solution was allowed to cool to room temperature naturally. The
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solution was kept overnight as such without disturbing. During this process, transparent needle-
shaped crystals of (4,4’-TMDP)Pb.Bre precipitated out. The crystals were filtered and washed

with acetone.
5.2.3 Synthesis of (4,4’-EDP)Pb2Brs single crystals

(4,4-EDP)Pb2Brs single crystals were synthesized by the same method used for the synthesis
of (4,4’-TMDP)Pb2Brs single crystals. Instead of 4,4'-trimethylenedipyridine, 0.5 mmol (92.1

mg) of 4,4'-ethylenedipyridine was used. The rest of the steps were the same.
5.2.4 Synthesis of (4,4’-TMDP)Br2

(4,4'-TMDP)Br. single crystals were synthesized by dissolving the 100 mg of 4,4'-
trimethylenedipyridine in 5 mL hydrobromic acid followed by slow evaporation of excess
hydrobromic acid at 60 °C. During the evaporation process, needle-shaped crystals of (4,4'-
TMDP)Br; precipitated out. The (4,4-TMDP)Br; crystals were filtered and washed with

acetone.
5.2.5 Characterization

Single-crystal X-ray diffraction (XRD) measurements were carried on Bruker Smart Apex Duo
diffractometer at room temperature (298 K) using Mo Ka radiation (A=0.71073 A). The frames
were integrated with the Bruker SAINT software package by a narrow-frame algorithm. The
structures were solved by a direct method and refined by full-matrix least-squares on F2 using
the SHELXTL software package. Powder XRD measurements were carried on Bruker D8
Advance X-ray diffractometer using Cu Ko radiation (1.54 A). Optical diffused-reflectance
measurements were carried on Shimadzu UV-3600 plus UV-Vis-NIR spectrophotometer. The
reflectance data were converted to absorbance by using Kubelka-Munk transformation.®
Steady-state photoluminescence (PL) measurements were carried on FLS 980 (Edinburgh
Instruments). Time-resolved PL decays were recorded in the same instrument using a
microsecond flash lamp as the excitation source. The PL decay plots were fitted to bi-
exponential fits, and the average lifetime was calculated by the following equation:
_ W x D+ U x 1)
fav = (A4 X 1)+ (4; X 79)

Where tav is the average lifetime, 11, 12 are the two decay components; Ai, A are their

respective contributions. Temperature-dependent PL measurements were performed on the

FLS980 (Edinburgh Instruments). The substrate containing the sample was mounted on a gold-
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plated sample holder attached to a closed cycle He cryostat (Advanced Research Systems) with
a temperature controller (Lake Shore Cryotronics) to achieve the desired temperatures. The
absolute PL quantum yields (QY) were determined by Quanta Phi connected with Horiba Jobin

Yvon Fluromax-4 spectrofluorometer.
5.2.6 NMR spectroscopy

The solid-state *H and 3C NMR experiments were carried at room temperature on a Bruker
Advance 111 HD spectrometer operating at 11.7 Tesla. A 3.2 mm probe was used in all the
experiments. All the spectra were recorded at 12 kHz magic angle spinning, except (4,4’-
TMDP)Br, the spectra of which were recorded at 8 kHz magic angle spinning. 3C spectra
were recorded via cross-polarization (CP) from *H. The solution *H and *3C NMR spectra of
the neutral molecules were recorded at room temperature on a Bruker Advance Il HD
spectrometer operating at 9.4 Tesla. Deuterated chloroform (CDCls) was used as the solvent.
All the NMR spectra were processed using TopSpin 3.6 software.

5.2.7 Water stability tests of (4,4’-TMDP)Pb2Brs and (4,4’-EDP)Pb2Brs single crystals

The as-synthesized (4,4’-TMDP)Pb2Brs and (4,4’-EDP)Pb2Brs single crystals were immersed
in distilled water in separate vails. Photographs of the same crystals immersed in water were
taken after illuminating with a 365 nm UV light. The crystals showed a bright white light
emission. Then the vails were stored safely in the ambient conditions. At regular intervals, over
a period of six months, the emission of the samples was recorded both under a UV lamp and in
a spectrophotometer. The absorbance and PXRD data of these crystals were also checked

during this period of time.
5.2.8 White LED fabrication of (4,4’-TMDP)Pb2Brs

(4,4'-TMDP)Pb2Brs was ground with acetone till a fine dispersion was obtained. 50 pL of this
fine dispersion was drop cast on a commercial UV-LED emitting 360-380 nm light. Upon
drying, a fine coating of (4,4-TMDP)Pb2Brs was obtained on the surface of the LED. A
variable bias ranging from 3.2 to 3.6 V was applied to the UV LED coated with our sample,
achieving white light of varying intensity.

5.2.9 CIE (International Commission on Illumination), correlated color temperature
(CCT) and color-rendering index (CRI) calculation

The CIE chromaticity coordinates, the CCT and CRI values were determined by using the
ColorCalculator by OSRAM Sylvania, Inc.%
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5.3 Results and Discussion
5.3.1 Synthesis and structure showing cation-z stacking

The n-m interactions in aromatic systems are well established.®*® However, the 4,4'-
trimethylenedipyridine, an aromatic system, does not show such n-r self-stacking in its neutral
form. Interestingly, the two amine groups in 4,4'-trimethylenedipyridine can be protonated.
The ammonium ions in protonated 4,4'-TMDP being positively charged can interact with the
n-electron cloud of the adjacent 4,4’-TMDP ions via cation-z interactions shown in Figure 5.1.
The cation-r stacked 4,4'-TMDP network can further bind with the lead halide octahedral
network electrostatically, leading to the formation of a hybrid organic-inorganic perovskite
system. Following this approach, we synthesized (4,4’-TMDP)Pb.Brs perovskite single crystals
by an acid precipitation method. Briefly, lead oxide and 4,4'-trimethylenedipyridine were
dissolved in aqueous hydrobromic acid upon heating to boiling, leading to a clear transparent
solution. The subsequent cooling of this solution to room temperature yielded transparent
needle-shaped (4,4’-TMDP)Pb.Brg crystals. Room temperature single-crystal X-ray diffraction
(SCXRD) data confirm that (4,4'-TMDP)Pb2Brs crystalizes in a 1D structure with space group
C2/c. The monoclinic lattice has lattice parameters a = 23.327(5) A, b = 4.4450(9) A, ¢ =
21.832(4) A; a = y = 90° and S = 102.733(9)° (see Table 5.1 for details). The powder X-ray
diffraction (PXRD) pattern of (4,4’-TMDP)Pb2Bre matches well with the simulated one
obtained from the SCXRD data, indicating a phase-pure sample (Figure 5.2).

Experimental

Intensity (a.u.)
——

L
r "

Simulated
LI L L L L L L L

6 8 10 12 14 16 18 20 22 24 26 28 30
2Theta (Degree)

Figure 5.2: Comparison of the experimental and simulated PXRD patterns of (4,4’-
TMDP)PDb2Bres. The simulated patterns are obtained from our single-crystal XRD data. For the
sake of presentation, the intensity of the simulated pattern has been inverted, showing that both
the patterns are a mirror image of each other.
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Table 5.1: Crystal structure and data refinement of (4,4'-TMDP)Pb2Brs at room temperature

(RT)

(4,4’-TMDP)Pb2Brs RT

CCDC Number 2087690

Chemical formula C13H16BrsN2Pby

Formula weight 1094.12 g/mol

Temperature 296(2) K

Wavelength 0.71073 A

Crystal system monoclinic

Space group C2/c

Unit cell dimensions a=23.327(5 A o =90°
b = 4.4450(9) A B =102.733(9)°
c=21.832(4) A y=90°

Volume
z
Density (calculated)

Absorption coefficient

F(000)

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Coverage of independent reflections
Absorption correction

Structure solution technique
Structure solution program

Refinement method
Refinement program
Function minimized

Data / restraints / parameters
Goodness-of-fit on F2

A/Gmax
Final R indices
Weighting scheme

Largest diff. peak and hole
R.M.S. deviation from mean

2208.1(7) A3
4
3.291 g/cm?®

26.085 mm*

1928

2.891t0 24.71°

-26<=h<=26, -5<=k<=5, -25<=I<=25
15813

1876 [R(int) = 0.0923]

99.70%

Multi-Scan

direct methods

SHELXT 2014/5 (Sheldrick, 2014)

Full-matrix least-squares on F2
SHELXL-2017/1 (Sheldrick, 2017)
Z W(F02 - Fc2)2

1876/0/ 107

0.875

0.001

1791 data; I>26(I) R1=10.0422, wR2 = 0.0986
all data

w=1/[6%(Fo?)+(0.0100P)?+4.6000P]
where P=(Fo?+2F¢?)/3

0.266 and -0.249 eA-3

0.051 eA
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The crystal structure of (4,4'-TMDP)Pb2Brs perovskite consists of a dimeric Pb-Br octahedral
network, separated by 4,4-TMDP cations, along the “ac” crystal plane, as shown in the left
panel of Figure 5.3. A 1D network of the Pb-Br octahedral dimers can be observed along the
“bc” crystal plane (right panel in Figure 5.3). Interestingly, the 4,4-TMDP cations are arranged
in such a way that the ammonium ions on one 4,4’-TMDP cation are exactly on top of the n-
electron rings of the adjacent 4,4’-TMDP cation. This arrangement gives rise to a long-range
cation-z stacking along the “b” crystallographic direction. The distance between the positively
charged ammonium ion and the center of the z-electron ring is 3.8 A. This is the optimal

distance, where the cation-r interactions are expected to be the strongest.31-32 343

Pb

.
c

z®

Figure 5.3: Crystal structure of (4,4’-TMDP)Pb.Brs showing cation-r stacking: The left panel
depicts the crystal structure viewed along the “ac” crystallographic plane, showing edge shared
Pb-Br octahedral dimers separated by 4,4’-TMDP cations. The right panel depicts the cation-n
stacking (shown by dashed black lines) between the 4,4-TMDP cations along the “b”
crystallographic direction and the 1D network of Pb-Br octahedral dimers.

5.3.2 Nuclear magnetic resonance (NMR) spectroscopy probing the cation-x interactions

The crystal structure of (4,4-TMDP)Pb2Bres obtained from the SCXRD shows a long-range
cation-n stacking along the “b” crystallographic direction. Furthermore, to confirm
intermolecular cation-rn interactions using another independent experimental technique, we
employed nuclear magnetic resonance (NMR) spectroscopy. Figure 5.4a shows the 4,4'-
trimethylenedipyridine molecule indicating five different types of NMR active carbon nuclei
(C1, C2, C3, C4, and C5). The solution-state 3C NMR spectrum (green) of the neutral 4,4'-
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trimethylenedipyridine molecule shows five peaks corresponding to the five types of carbon
atoms (Figure 5.4b). The peaks between chemical shift (8) = 20 and 40 ppm correspond to the
aliphatic carbons (C4-C5), and those between () = 120 and 160 ppm correspond to the
aromatic carbons (C1 to C3). The solid-state 3C NMR spectrum (blue) of the neutral molecule
matches well with its solution-state spectrum, with minor differences arising from the solid-
state sample anisotropy, dipolar couplings and restricted molecular motions.*® Importantly,
upon protonation of the 4,4'-trimethylenedipyridine molecule and its incorporation in the 1D
perovskite lattice, the peaks corresponding to the aromatic carbon atoms in its solid-state **C
NMR spectrum (red) completely change (Figure 5.4b). The peaks corresponding to the C1 and
C2 are shifted towards higher ppm values (downfield). In contrast, the peak corresponding to
the C3 is shifted towards lower ppm values (upfield). These changes in the 3C NMR spectrum
indicate a drastic change in the electronic environment around these aromatic carbon atoms of

4,4'-TMDP cation upon its incorporation in the hybrid perovskite lattice.

(b) *Spining side bands

(4,4'-TMDP)Br,

\
A

C1

4,4’-Trimethylenedipyridine

]
1
Molecule
*
1 Cl C2 Molecule Chloroforn&4
c3 (Solution) | c5

180 160 140 120 100 80 60 40 20 C
8 “C (ppm)

Figure 5.4: (a) 4,4'-trimethylenedipyridine molecule showing the numbering of the different

types of carbon atoms from C1 to C5. (c) Solid-state 3C NMR spectra of the neutral 4,4'-

trimethylenedipyridine molecule (blue), the 4,4’-TMDP cation (magenta) in the form of (4,4'-

TMDP)Br; and the (4,4-TMDP)Pb2Brs perovskite (red). The spectrum shown in green

correspond to the solution-state 3C NMR of the neutral 4,4'-trimethylenedipyridine molecule

recorded in deuterated chloroform (CDCls). The peaks marked with “*” correspond to spinning
sidebands.
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The change in the electronic environment can be because of the cation-r interactions between
the adjacent 4,4'-TMDP cations. In perovskite lattice, the C1 and C2 carbon atoms of one cation
are just below the positively charged ammonium ion of the other cation (see Figure 5.1).
Consequently, due to the cation-r interactions, the electron density around these carbon atoms
reduces (deshielded), shifting the **C NMR peaks to higher ppm values (downfield). On the
other hand, the C3 carbon atom of one cation is just below the m-electron cloud of the other
cation. So, its electron density increases (shielded), shifting its 3C NMR peak to lower ppm
values (upfield) compared to the un-stacked neutral molecule.

The other possibilities, such as the interaction of 4,4-TMDP ions with inorganic Pb-Br
framework (see Figure 5.3), might also influence the NMR spectrum. To have more insights,
we have also prepared single crystals of (4,4'-TMDP)BTr». The (4,4-TMDP)Br; crystalizes in a
triclinic lattice with space group P-1. Refer to Table 5.2 for crystal structure data parameters.
SCXRD data suggest that (4,4'-TMDP)Br also has cation-n stacking (Figure 5.5), but it does
not have the Pb-Br framework. Interestingly, the solid-state 3C NMR spectrum (magenta) of
the (4,4’-TMDP)Br, (without Pb-Br framework) also shows similar changes as that of the (4,4'-
TMDP)Ph2Brs perovskite. This similarity suggests that the cation-n interaction is the primary
reason for the changes observed in the 3C NMR spectrum. The aliphatic carbon atoms in (4,4'-
TMDP)Pb2Brs perovskite remain exclusive of cation-m interactions; hence their 3C NMR

peaks do not show much changes due to cation-zn interactions.

Single-Crystal XRD

Figure 5.5: Crystal structure of (4,4’-TMDP)Br. obtained from single-crystal XRD data. The
left panel depicts the crystal structure viewed along the “ac” crystallographic plane. The right
panel depicts cation-n stacking (shown by dashed black lines) between the 4,4’-TMDP cations
along the “b” crystallographic direction.
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Table 5.2: Crystal structure and data refinement of (4,4’-TMDP)Br; at room temperature (RT

(4,4’-EDP)Pb2Brs RT

CCDC Number 2087691

Chemical formula C12H14BrsN2Pb;

Formula weight 1080.09 g/mol

Temperature 296(2) K

Wavelength 0.71073 A

Crystal system triclinic

Space group P-1

Unit cell dimensions a=4.292(2) A o =72.218(13)°

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

Coverage of independent
reflections
Absorption correction

Structure solution technique
Structure solution program
Refinement method
Refinement program
Function minimized

Data / restraints / parameters
Goodness-of-fit on F?
A/Gmax

Final R indices

Weighting scheme

Largest diff. peak and hole
R.M.S. deviation from mean

b=10.767(5) A
c=11.919(6) A
516.7(4) A3

1

3.472 g/cm®
27.870 mm*
474

1.82 to 28.50°
-5<=h<=5, -14<=k<=12, -16<=I<=15
5980

2546 [R(int) = 0.0638]

97.20%

B =80.322(13)°
v =89.025(14)°

Multi-Scan
direct methods
SHELXT 2014/5 (Sheldrick, 2014)
Full-matrix least-squares on F2
SHELXL-2018/3 (Sheldrick, 2018)
> w(Fo? - F?)?
2590/12/103
1.251

0.002

1880 data; I>20(I)

w=1/[6%(Fo?)+(0.1000P)?]
where P=(Fo?+2F¢?)/3
2.307 and -1.246 eA®
0.123 A
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Similar to the *C NMR, the *H NMR spectra (Figure 5.6) of 4,4-TMDP ions also show

stacking-related changes upon protonation and its incorporation in the 1D perovskite lattice.

The solid-state *H NMR spectrum of the neutral 4,4'-trimethylenedipyridine molecule shows
four peaks corresponding to the four types of hydrogen atoms present. The peaks in the solid-
state spectrum of the neutral molecule are broad and are at higher chemical shifts compared to
its solution-state NMR spectra. Such changes in the solid-state *H NMR are expected due to
the dipolar couplings, sample anisotropy and the restricted molecular motions.*® A drastic
change in the *H NMR peaks is observed upon cation-r stacking in (4,4’-EDP)Pb,Brs. A broad
single peak, instead of four peaks, is observed in the 'H NMR of (4,4'-EDP)Pb.Brs. This
suggests a change in the electronic environment of the hydrogen atoms. The solid-state *H
NMR spectrum (magenta) of the (4,4'-TMDP)Br, (without Pb-Br framework) also shows a
single peak similar to that of (4,4-TMDP)Phb,Bre perovskite. This similarity rules out the
possible influence of the Pb-Br framework in the 'H NMR data (4,4-TMDP)Pb2Brs, again
suggesting that the cation-n interaction is the primary reason for single-peak in *H NMR

spectrum.

(b) (4,4-TMDP)Br,
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Figure 5.6: (a) 4,4'-trimethylenedipyridine molecule showing the numbering of the different
types of carbon atoms from C1 to C5. Accordingly, the hydrogen atoms can also be numbered
as H1, H2, H4 and H5. The C3 is a tertiary carbon; hence there is no H3 atom present. (b)
Solid-state *H NMR spectra of the neutral 4,4'-trimethylenedipyridine molecule (blue), the
4,4'-TMDP cation (magenta) in the form of (4,4’-TMDP)Br, and the (4,4-TMDP)Pb2Brs
perovskite (red). The spectra shown in green correspond to the solution-state NMR of the
neutral 4,4’-TMDP molecule recorded in deuterated chloroform (CDCl5).
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5.3.3 Optical characterization of (4,4’-TMDP)Pb2Brs

After synthesizing and establishing the intermolecular cation-n interactions in 1D (4,4'-
TMDP)Pb2Brs, we discuss its optical properties. Figure 5.7a shows that (4,4’-TMDP)Pb2Brs
has a sharp absorption edge (red spectrum) at 380 nm, indicating a direct bandgap. Upon
exciting with 360 nm light, (4,4'-TMDP)Pb2Brs shows broad photoluminescence (PL, blue
spectrum) spanning over the entire visible range (400 to 800 nm), with a full width at half-
maximum (FWHM) of 227 nm. The broad emission has the CIE (International Commission on
[llumination) chromaticity coordinates of (0.37, 0.39) corresponding to white light emission,
as shown in Figure 5.7b. The correlated color temperature (CCT) comes out to be 4362 K with
a color-rendering index (CRI) value of 86, corresponding to the warm white light, which is
suitable for both indoor and outdoor lighting.** The PL quantum vyield (QY) of (4,4'-
TMDP)Pb2Brs comes out to be 3.7%, which needs to be improved for real-life applications.

0.9
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Figure 5.7: (a) UV-visible absorption (red) and PL (blue) spectra of (4,4'-TMDP)Pb2Bre. The
absorbance data was obtained from diffuse reflectance data by using the Kubelka—Munk
function [a/S = (1 — R)%2R]; a is the absorption coefficient, S is the scattering coefficient, and
R is the reflectance. (b) CIE diagram depicting the white color of the light emission.

The PL decay lifetime of the broad emission is long, with an average lifetime of 6.3
milliseconds, as shown in Figure 5.8a. The two components of the bi-exponential decay are t1
= 1.2 ms (88%) and 12 = 10.5 (12%). Broad PL with such a long lifetime and large Stokes shift
compared to the absorption edge is very much prevalent in the lower dimensional perovskites
and is termed as self-trapped excitonic (STE) emission.*>* To further elucidate the origin of
this broad emission, we recorded the temperature-dependent PL of (4,4’-TMDP)Pb2Bre. Figure
5.8b shows the color map of temperature-dependent PL. The PL peak position (solid white line
in Figure 5.8b) largely remains unchanged at ~580 nm in the temperature range 300-200 K.

Further decrease in temperature till 5 K shows a gradual blue-shift to 508 nm.
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Figure 5.8: (a) PL decay dynamics of the (4,4'-TMDP)Pb.Brs for emission peak at 580 hm
upon excitation with 360 nm light, showing a millisecond long lifetime. (b) Pseudo-color map
showing temperature-dependent PL spectra of (4,4'-TMDP)Pb2Brs. The solid white line traces
the PL peak position at different temperatures. (c) Temperature evolution of the intensity (red)
and full width at half maximum (FWHM, blue) of the PL peak of (4,4'-TMDP)Pb2Brs. The
colored spheres are the experimental data, and the solid lines are just guide to the eye, indicating
the trend. (d) PL decay dynamics of the (4,4'-TMDP)Pb2Brs for emission peak at 580 nm at
varying temperatures.

The PL intensity increases slightly till 125 K, below which a sharp increase in PL intensity is
observed, as shown by the red spectrum in Figure 5.8c. The increase in the PL intensity with
decreasing temperature is due to the suppression of the thermally activated non-radiative
recombination pathways. Also, the FWHM decreases with decreasing the temperature (blue
spectrum in Figure 5.8c). But still, at 5 K, the PL is broad with a large Stokes shift compared
to the absorption edge, suggesting STE as the origin of this PL.***6 The possibility of emission
from a permanent defect site is less in such single crystals but cannot be ruled out completely.*’
The PL decay lifetime of the broad emission increases continuously from 300 K to 5 K, as
shown in Figure 5.8d, again suggesting the suppression of the thermally activated non-radiative

recombination pathways.

104



Chapter 5

Stabilizing Lower Dimensional Lead Halide Perovskites by Intermolecular Cation-z
Interactions

5.3.4 Water stability of (4,4’-TMDP)Pb2Brs

After the optical characterization, we now discuss the water stability of (4,4’-TMDP)Pb.Brs.
Are the concerted intermolecular cation-z interactions between 4,4-TMDP ions stronger than
their interactions with water? If so, then (4,4-TMDP)Pb2Brs should be completely stable in
water. To check that, we immersed the (4,4-TMDP)Pb2Brs crystals in distilled water and
studied their water stability over a period of six months. Figure 5.9a compares the photographs
of (4,4'-TMDP)Ph,Brs crystals, showing white light emission, in water under a 365 nm UV

lamp on days 1, 90 and 180. The white light emission looks amazingly stable even on day 180.

(a) In Water Under 365 nm UV Light

(b) Fresh
After 180 Days in Water

Day 1 Day 90 Day 180

Stable White Emission

Ty

PL Intensity (a.u.)

400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fresh (d) After 180 Days in Water
After 180 Days in Water

~E 5
=11 < _ALL_A___)J
8 I — et
% 2 | T |
3 c

g

£

: : I— Fresh
200 250 300 350 400 450 500 550 600 6 8 10 12 14 16 18 20 22 24 26 28 30
Wavelength (nm) 2Theta (Degree)

Figure 5.9: (a) Photographs of (4,4-TMDP)Pb,Brs crystals in water under 365 nm UV light
on day 1, day 90 and day 180 of water treatment. Stable white light emission is observed
throughout the months-long water treatment. Comparison of the (b) PL, (c) absorption spectra
and (d) PXRD patterns of (4,4'-TMDP)Pb2Brs before (red) and after (green) 180 days of water
treatment. The PL, absorbance spectra and the PXRD patterns remain unchanged over this
months-long water treatment. For the sake of presentation, the intensity of the PXRD pattern
of the fresh sample has been inverted, showing that both the patterns are a mirror image of each
other.
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The PL spectra of a freshly prepared sample and that of the same sample after keeping it in
water for six months (180 days) show no change (Figure 5.9b). Likewise, optical absorption
(Figure 5.9c) and PXRD (Figure 5.9d) data show that there is no change in the phase of the
(4,4'-TMDP)Pb2Bre crystals upon water treatment over this long period of time. So the (4,4'-
TMDP)Pb2Brg is completely stable in water for over six months (limited by the duration of our
study). To verify whether any Pb-salt got dissolved in water or not during the six months of
water treatment, we separated the water from the crystals. No salt precipitation was observed
after the complete evaporation of decanted water. This result suggests insignificant lead
leaching into the water from (4,4’-TMDP)Pb2Brs.

We further confirmed the stability of the (4,4’-TMDP)Pb2Brs crystals in other polar and non-
polar solvents, as shown in Figure 5.10. Therefore, our material design approach, utilizing
concerted cation-n interactions, allowed us to develop a hybrid lead halide perovskite system
that is perfectly insoluble in water and other polar and non-polar solvents. Such water stability
of hybrid perovskites is critical not only for their stable optical and optoelectronic applications

but also for reducing the chances of Pb-toxicity in the groundwater.

Under 365 nm UV Light After 30 Days

Hexane Acetone DMF Methanol

Figure 5.10: (a) Photographs of (4,4’-TMDP)Pb.Brs crystals in different solvents under UV
light on day 30 showing a stable white emission.

5.3.5 Application in white-LED

We apply the water-stable (4,4’-TMDP)Pb2Brs perovskite for fabricating phosphor-converted
white LED. A white-LED was fabricated by coating the (4,4’-TMDP)Pb2Brs on a commercial
UV-LED (360 to 380 nm), shown in the inset of Figure 5.11a. The LED was operated under a
varying applied bias. The device starts emitting white light starting from 3.2 V applied bias.
The intensity of emitting light increases rapidly with increasing applied bias to 3.6 V. The

corresponding emission spectra are shown in Figure 5.11a. In addition to white light, a very

106



Chapter 5

Stabilizing Lower Dimensional Lead Halide Perovskites by Intermolecular Cation-z
Interactions

small emission contribution extends to the near-infrared (NIR) region. Figure 5.11b shows the
emission spectra of the same white-LED at different intervals of time during its continuous
operation of more than 24 hours. The integrated intensity of the emission spectra shown in
Figure 5.11b is provided in Figure 5.11c. The emission intensity of the LED initially decreases
slightly, probably due to a slight increase in the LED temperature. But the LED intensity then
remains constant throughout the operation, indicating the thermal stability of the (4,4'-
TMDP)Pb2Brs under continuous operation. It is to be noted that the limited charge transport of

such a hybrid 1D structure will be detrimental for the electroluminescence-based LEDs.
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Figure 5.11: (a) Emission spectra of the white-LED, fabricated from (4,4’-TMDP)Pb2Brs, upon
applying a variable bias ranging from 3.2 to 3.6 volts. The inset shows the photograph of the
fabricated LED showing white light emission with 3.5 V applied bias. (b) Emission spectra of
the same white-LED at different intervals of time during its continuous operation. The LED
was kept switched on throughout the measurement. (c) The integrated emission intensity of the
white-LED at different intervals of time during its operation. The red spheres are experimental
data, and the solid black lines are just guide to the eye indicating the trend. The LED was
operated under low voltage (3.2 V) to prevent any damage to the UV-LED itself.

5.3.6 Extending the cation-x interactions to other hybrid perovskite systems

So far, we have demonstrated the intermolecular cation-r interactions of A-site cation 4,4'-
TMDP when incorporated in (4,4'-TMDP)Pb2Brs. Now we extend the cation-z interaction to
another A-site cation, namely 4,4’-EDP, forming (4,4'-EDP)Pb.Bre 1D perovskite. Figure 5.12
shows the crystal structure of (4,4'-EDP)Pb2Bre. The crystal structure of (4,4-EDP)Pb2Brs
consists of edge shared Pb-Br octahedral dimers, separated by 4,4'-EDP cations, along the “bc”
crystallographic plane. A 1D network of Pb-Br octahedral dimers is observed along “a”
crystallographic direction. Refer to Table 5.3 for crystal structure data parameters. The 4,4'-
EDP cations in (4,4'-EDP)Pb2Brs show a long-range intermolecular cation-n stacking, similar
to the previously discussed (4,4’-TMDP)Pb2Bre.
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Table 5.3: Crystal structure and data refinement of (4,4’-EDP)Pb2Brs at room temperature (RT)

(4,4’-EDP)Pb2Brs RT

CCDC Number 2087691

Chemical formula C12H14BrsN2Pb;

Formula weight 1080.09 g/mol

Temperature 296(2) K

Wavelength 0.71073 A

Crystal system triclinic

Space group P-1

Unit cell dimensions a=4.292(2) A o=72.218(13)°

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Theta range for data collection
Index ranges

Reflections collected

Independent reflections
Coverage of independent
reflections

Absorption correction

Structure solution technique
Structure solution program
Refinement method
Refinement program
Function minimized

Data / restraints / parameters
Goodness-of-fit on F2
A/Gmax

Final R indices

Weighting scheme

Largest diff. peak and hole
R.M.S. deviation from mean

b=10.767(5) A
c=11.919(6) A
516.7(4) A3

1

3.472 g/cm®
27.870 mm*
474

1.82 to 28.50°
-5<=h<=5, -14<=k<=12, -16<=I<=15
5980

2546 [R(int) =0.0638]
97.20%

B =80.322(13)°
v =89.025(14)°

Multi-Scan
direct methods
SHELXT 2014/5 (Sheldrick, 2014)
Full-matrix least-squares on F2
SHELXL-2018/3 (Sheldrick, 2018)
> w(Fo? - Fe?)?
2590/12/103
1.251

0.002

1880 data; I>20(I)

w=1/[62(Fo?)+(0.1000P)?]
where P=(Fo?+2F)/3
2.307 and -1.246 eA®
0.123 eA
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R1=0.0751, wR2 =0.1961
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Single-Crystal XRD
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Figure 5.12: Crystal structure of (4,4"-EDP)Pb2Bre obtained from single-crystal XRD data. The
left panel depicts the crystal structure viewed along the “bc” crystallographic plane, showing
edge shared Pb-Br octahedral dimers separated by 4,4'-EDP cations. The right panel depicts
the cation-n stacking (shown by dashed black lines) between the 4,4’-EDP cations along the
“a” crystallographic direction and the 1D network of Pb-Br octahedral dimers.

The (4,4-EDP)Pb2Brs show a broad PL emission at room temperature, as shown in Figure
5.13a, similar to the (4,4’-TMDP)Pb2Brs. The corresponding CIE diagram, shown in the inset
of Figure 5.13a, shows the chromaticity coordinates of (0.36, 0.39), with a CCT of 4643 K and
a CRI value of 84, which correspond to the warm white light. The PLQY of this broad emission
comes out to be 4%. Figure 5.13b shows the PL decay dynamics of the broad emission in (4,4'-

EDP)Pb2Bre. A bi-exponential decay with a millisecond long PL lifetime is observed.
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Figure 5.13: (a) PL spectrum of (4,4’-EDP)Pb2Brs. Inset shows the CIE diagram depicting the
white color of the light emission in (4,4'-EDP)Pb2Bre. (b) PL decay dynamics of the (4,4'-
EDP)Pb2Bres for emission peak at 600 nm upon excitation with 360 nm light, showing a bi-
exponential decay with millisecond long lifetime.
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Importantly, (4,4-EDP)Pb2Bre crystals, when immersed in water, show a stable white emission
over a period of six-month-long water treatment (inset of Figure 5.14a). The PL spectral profile
also doesn’t change during this month-long water treatment (Figure 5.14a), indicating the long-
term water stability of (4,4'-EDP)Pb.Brs. The absorption spectra (Figure 5.14b) and the PXRD
patterns (Figure 5.14c of (4,4-EDP)Pb2Brs also remain unchanged during this months-long
water treatment, confirming the phase stability of this 1D perovskite. Overall the optical
properties and the intrinsic water stability of (4,4-EDP)Pb2Brs are similar to (4,4'-
TMDP)PDb2Brg as the A-site cations in the two systems differ just by a -CH>- unit.

(a) Fresh (b)

Fresh (c)
After 180 days in water

After 180 Days in Water
| After 180 Days in Water l

Fresh

' 8 In Water Under"
e U\P‘.lgh!_ =
Day1 Day 180

« &

400 500 600 700 800200 300 400 500 600 5 10 15 20 25 30
Wavelength (nm) Wavelength (nm) 2Theta (Degree)

Figure 5.14: (a) PL spectra of freshly prepared (4,4’-EDP)Pb.Brs and after keeping it in water
for 180 days. Inset shows the photographs of (4,4-TMDP)Pb2Bre crystals in water under 365
nm UV light on day 1 and day 180 of water treatment. Comparison of the (b) absorption spectra
and (c) PXRD patterns of (4,4’-EDP)Pb2Bre before and after the 180 days of water treatment.

/S (a.uv.)

w““
ooooo‘wms
Intensity (a.u.)

PL Intensity (a.u.)

These results give us the hope that the introduced idea of cation-n interactions can possibly be
extended to many other A-site cations. Unfortunately, the 3D perovskite structure of ABXs
systems will not allow such concerted cation-n interaction. Therefore the intrinsic water
stability of 3D perovskites is unlikely to be improved by the cation-n interactions. Importantly,
for the low dimensional (0D, 1D, 2D) hybrid perovskites, a careful design of A-site cation
might lead to the concerted long-range cation-n interactions. Such interactions might lead to

intrinsic water stability to a large number of hybrid metal perovskites in the future.
5.4 Conclusion

We prepared (4,4-TMDP)Pb2Brs and (4,4'-EDP)Pb2Brs 1D hybrid perovskites, which are
insoluble in water, and other polar and non-polar solvents. Consequently, the structure and
optical properties of these perovskites remain unchanged even after continuous water treatment
for six months. Such intrinsic water stability of hybrid lead halide perovskites is unique, and it

stems from our conceptually new approach of intermolecular cation-rt interactions among the
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A-site organic cations. Long-range concerted cation-r interactions between adjacent 4,4'-
TMDP ions in single crystals of (4,4'-TMDP)Pb2Bre have been established using SCXRD and
NMR spectroscopy. Similar is the case with (4,4’-EDP)Pb2Bres 1D perovskites. Both samples
emit white light because of STE. LED prepared by coating (4,4’-TMDP)Pb2Brs on a UV
backlight emit warm white light suitable for lighting applications by applying a small bias just
above 3.2 V. Overall, the introduction of cation-m interactions among the A-site cations
combines the interesting optical and optoelectronic properties of hybrid halide perovskites with
their extraordinary intrinsic water-stability, without requiring any encapsulation of the material
or the device. We are hopeful that the idea can be extended to a large variety of 0D, 1D, and

2D hybrid perovskites in future.
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The work presented in this chapter is published in the journal of physical chemistry C with the
following details:

Sheikh, T.; Nag, A. Mn Doping in Centimeter-Sized Layered 2D Butylammonium Lead
Bromide (BA2PbBr4) Single Crystals and Their Optical Properties J. Phys. Chem. C 2019, 123,
9420-9427.

Copyright permission has been taken for the whole article from the American Chemical
Society.
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Abstract

Layered lead halide perovskites such as butylammonium lead bromide [(BA).PbBr4] possess a
multiple quantum well structure, which is expected to enhance the interaction between the
excitons and Mn dopants. Therefore, doping Mn in large single crystals of layered perovskites
may induce interesting magneto-optic and magneto-electric properties, with minimal
contributions from the detrimental grain boundary effects. Furthermore, these single crystals
show stark differences in excitonic absorption and emission (dual emission) compared to the
measurements done on the ensemble of corresponding micro-crystals. Therefore, exploring the
exciton-Mn interactions by performing measurements on one large crystal is important. Here,
we report the one-pot synthesis of centimeter-sized Mn-doped (BA)2PbBr; single crystals to
study the exciton-Mn interaction measured on a single crystal. Mn-doped (BA)2PbBr. single
crystal shows dual excitonic emission, and both the excitonic features transfer their energies
non-radiatively to Mn dopants, yielding Mn d-d emission with quantum yield ~26%.
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Al.1 Introduction

Intentional incorporation of impurity, termed as doping, has been a widely explored strategy
for introducing new functionalities in semiconductors. For example, doping Mn in
semiconductor nanocrystals introduces interesting optical and magneto-optic properties.’®
Subsequently, defect tolerant lead halide perovskite nanocrystals were doped with Mn to
improve optical properties and thermodynamic stability of the host.>*® CsPbXs (X = Cl, Br, )
perovskites nanocrystals with a 3D network of (PbXg)* have been extensively studied as host
materials. However, Mn-doping has remained less explored in layered lead halide perovskites
with a 2D network of (PbX4)?1%2 In these prior reports, the optical properties were measured
on films (ensemble) or dispersion (solution) of microcrystals of Mn-doped 2D layered lead
halide perovskites.?®2?° In the present manuscript, we have synthesized centimeter-sized Mn-
doped butylammonium lead bromide [(BA)2PbBrs] crystals to study the optical properties of
one single crystal.

(BA)2PbBr4 forms a multiple quantum well structure, where the 2D semiconducting inorganic
Pb-Br layers are separated by the insulating organic layers.?:2® This quantum well structure
results in the confinement of charge carriers in the atomically thin 2D Pb-Br individual layers,
in spite of the centimeter scale large size of the crystal.?” Because of this quantum confinement,
the exciton (or charge carriers) in the host interacts more strongly with the dopant in Mn-doped
(BA)2PbBr4.2® This enhanced interaction is expected to give rise to interesting magneto-optic
and magneto-transport properties since Mn?* ions also have magnetic moments with five
unpaired electrons.?®2° Typically, the quantum confinement of charge carriers is achieved by
reducing the crystallite size of semiconductor nanocrystals (quantum dots).?8-% In such small
nanocrystals, the detrimental surface defects or grain boundaries often trap the charge carriers.
In this regard, the big single crystals of Mn-doped (BA)2PbBr4 have a unique advantage, where
stronger quantum confinement is achieved because of the layered structure, and there will be

no grain boundary effect for the charge transport along the layers.3!3°

Fundamental optical properties such as absorption and emission of light by a single crystal of
layered perovskite, like (BA).PbBr4, differ from that of an ensemble of micro and nano crystals.
For example, a single crystal of layered perovskite shows dual band gap with two excitonic
emissions, which often gets blurred in an ensemble measurement.® Therefore, making a
centimeter-scale large single crystal of Mn-doped (BA)2PbBrs allows us to study how the

different excitonic states of the host interact with Mn dopant.
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Here, we report Mn-doping in centimeter-sized 2D layered (BA).PbBr4 single crystals by a
one-pot solution process synthesis. The as-synthesized (BA)2PbBrs single crystals show an
intense down-converted Mn d-d emission at room temperature. Photoluminescence (PL)
lifetime data suggest that both the excitonic states of the dual bandgap semiconductor host
transfer their energies to Mn, giving rise to the Mn emission. The Mn emission in a (BA)2PbBr,
single crystal shows unusual excitation dependence. Intense Mn emission is observed when
excited with light having energy nearly equal to the lowest energy excitonic gap, but the

intensity drops sharply with a slight increase in excitation energy above the excitonic gap.
Al.2 Experimental Section
Al1.2.1 Synthesis of CaHoNH3Br

C4HoNH3Br was prepared by neutralizing 924 pL of n-C4H9oNH2 with 5 mL (44 mmol) 48%

w/w HBr in an ice bath, resulting in a transparent solution.
Al.2.2 Synthesis of (BA)2PbBr4 single crystals

(BA)2PbBr4 single crystals were synthesized by modifying the acid precipitation method
reported for the synthesis of (BA)2Pbl4.3” 1116 mg (5 mmol) of lead oxide was dissolved in 5
mL (44 mmol) of 48% w/w aqueous HBr by heating to 80 °C under constant magnetic stirring,
resulting in a clear transparent solution. To this solution, a freshly prepared CsHyNHsBr
solution was added. The resultant solution was heated at 100 °C for about 5 to 10 minutes. The
stirring was stopped, and the solution was allowed to cool to room temperature, during which
crystals of (BA)2PbBrs precipitated out. Finally, the crystals were filtered and washed with

acetone several times.
Al.2.3 Synthesis of Mn-doped (BA)2PbBr4 single crystals

We developed the synthesis of Mn-doped (BA)2PbBr4 single crystals by modifying the above-
mentioned acid precipitation method used for the synthesis of undoped samples. 1116 mg (5
mmol) of lead oxide and manganese bromide (5 mmol, 10 mmol, 20 mmol, 40 mmol or 50
mmol) were dissolved in 5 mL (44 mmol) of 48% w/w aqueous HBr by heating it to 80 °C.
under constant magnetic stirring, resulting in clear transparent solutions. To these solutions,
the freshly prepared C4HoNH3Br solution was added. The resultant solutions were heated at
100 °C for about 5 to 10 minutes. The rest of the steps were the same as that of the undoped
(BA)2PbBr4 single crystal synthesis.

119



Appendix 1

Mn Doping in Centimeter Sized 2D Layered Butylammonium Lead Bromide, (BA)2PbBr,
Single Crystals

Al.2.4 Characterization

Single crystal X-ray diffraction (XRD) data were obtained using a Bruker Smart Apex Duo
diffractometer at room temperature (298 K) using Mo Ka radiation (A =0.71073 A). Integration
of the frames was done in the Bruker SAINT software package by a narrow-frame algorithm.
The structure was solved by a direct method and refined by full-matrix least-squares on F? using
the SHELXTL software package. The PbBrs framework was refined anisotropically without any
constraint, whereas the organic atoms were refined isotropically with constraints on the C-C and
C-N bond lengths. Powder XRD measurements were carried on Bruker D8 Advance X-ray
diffractometer using Cu Ko radiation (1.54 A). Scanning electron microscopy (SEM)
measurements were performed using the Zeiss Ultra Plus FESEM instrument. X-band electron
paramagnetic resonance (EPR) measurements were carried out using the JEOL JES-FA200 ESR
spectrometer. Inductively coupled plasma optical emission spectroscopy (ICP-OES)
measurements were carried on ARCOS M/s. Spectro, Germany. Atomic force microscopy
(AFM) images were recorded by using the Keysight atomic force microscope (model: AFM
5500) by using the tapping mode technique.

The spectra presented here are collected from one single crystal. Optical diffuse-reflectance
measurements were performed on Shimadzu UV-3600 plus UV-Vis-NIR spectrophotometer at
room temperature. The corresponding absorbance spectra were obtained from the reflectance
data using Kubelka-Munk transformation.®® The absorbance spectra in transmittance mode were
recorded on Cary Series UV-Vis Spectrophotometer. Steady-state and time-resolved PL
measurements were carried on FLS 980 (Edinburgh Instruments). Excitonic PL decays were
recorded using a 405 nm picosecond pulsed laser source, whereas Mn emission decays were
recorded using a microsecond flash lamp as the excitation source. Absolute PL quantum yields
(QY) were measured from the films by using Quanta Phi connected with Horiba Jobin Yvon
Fluromax-4 spectrofluorometer. Single crystals were ground into powders to make films for the

measurements of PL QY.
Al.3 Results and Discussion

We have synthesized centimeter-sized layered 2D Mn-doped (BA)2PbBrs single crystals by
slow cooling of the aqueous hydrobromic acid solution of lead oxide, manganese bromide, and
butylammonium bromide. Optical images of the as-synthesized single crystals are shown in

Figure Al.1a under UV and visible light. Bright orange emission can be seen under UV light,
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corresponding to Mn d-d emission. The lateral dimension of the single crystal flakes is close
to a centimeter, with thickness approaching a millimeter. SEM image in Figure Al.1b shows
the layered architecture of Mn-doped (BA)2PbBr4 crystals. The presence of Mn in these single
crystals was confirmed by ICP-OES. For Mn/Pb precursor ratio of 1:1, 2:1, 4:1, 8:1, and 10:1,
ICP-OES shows 0.03, 0.06, 0.22, 0.38 and 1.08% Mn (compared to Pb) respectively in the
product. Clearly, Mn-doping is not favored in the (BA).PbBr; single crystals in our reaction
conditions, and only very small fractions of the Mn precursor are found in the final isolated
product. Similar difficulty in doping was also reported by Dutta et al. 2° Hereafter, in this
manuscript, we mention the dopant concentration as % of Mn compared to Pb obtained by ICP-

OES measurements in the product crystals.
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Figure Al1.1: (a) Optical images of 1.08% Mn-doped (BA)2PbBrs single crystals under UV
and visible light. (b) SEM image of 1.08% Mn-doped (BA)2PbBr4 single crystal showing a
layered architecture. (c) Crystal structure of 1.08% Mn-doped (BA)2PbBr4 obtained by solving
single crystal XRD data, recorded at room temperature (298 K). (d) Powder XRD patterns of
Mn-doped (BA)2PbBr4 single crystals having varying Mn concentrations. The peaks observed
in the layered 2D materials correspond to the interlayer spacing, which does not change with a
small amount of Mn incorporation.

Crystal structures of both undoped and Mn-doped (BA)2PbBr4 are determined by single crystal
XRD at room temperature. Figure Al.1c shows the crystal structure of 1.08% Mn-doped
(BA)2PbBrs which crystallizes in the orthorhombic phase with space group Pbca having lattice
parameters a = 8.308(7) A, b = 8.182 (7) A, ¢ = 27.62(2) A, and a = # = y = 90°. Similar

results are obtained for undoped (BA).PbBrs, which also crystallizes in orthorhombic phase
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with space group Pbca and lattice parameters a = 8.322(8) A, b = 8.184 (9) A, ¢ = 27.66(3) A
and « = f = y = 90°. The similarity in the crystal structure of undoped and Mn-doped
(BA)2PbBr4 is shown in Table A1.1. A comparison of powder XRD patterns of Mn-doped
(BA)2PbBr4 single crystals with that of the undoped sample is shown in Figure Al.2c. All the
powder XRD patterns show a regular peak pattern, which is characteristic of layered
materials.3%-3" This similarity is expected as the powder XRD peaks observed in 2D layered
single crystals correspond to their interlayer spacing that will not change with the small amount

of Mn doping.

Now to understand the local coordination around Mn in (BA).PbBrs single crystals, we
measured EPR. Figure Al.2 shows the room temperature X-band EPR spectra of Mn-doped
(BA)2PbBr4 single crystals at varying Mn concentrations. The EPR spectra showing sharp six-
fold hyperfine splitting pattern confirms the presence of isolated Mn?* ions.!® 12 3% The
hyperfine splitting energy is around 9.6 mT (96 Gauss), which indicates the presence of Mn?*
ions in the octahedral coordination environment.?° Therefore, the Mn?* ions indeed replace the
Pb?* ions in the lattice of (BA).PbBr; single crystals. The 1.08% Mn-doped sample doesn’t
show hyperfine splitting due to the Mn-Mn interactions at higher Mn-concentration. The lattice
incorporation of Mn?* ions does not significantly change the XRD data discussed above,

probably because of the small number of dopants.

/\n R Mn =0.22 %
/‘Aﬂﬂﬂ,‘ Mn = 0.06 %
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Figure A1.2: X-band EPR spectra of Mn-doped (BA)2PbBrs single crystals of varying Mn

concentrations.
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122



Appendix 1

Mn Doping in Centimeter Sized 2D Layered Butylammonium Lead Bromide, (BA)2PbBr,

Single Crystals

Table Al1.1: Crystal data and structure refinement of undoped and 1.08% Mn-doped

Independent reflections
Coverage of independent reflection

Absorption correction
Structure solution technique

Structure solution program
Refinement method

Refinement program

Function minimized

Data / restraints / parameters
Goodness-of-fit on F?
A/Gmax

Final R indices; [>20(1)

all data

Weighting scheme

Largest diff. peak and hole
R.M.S. deviation from mean

2375 [R(int) = 0.1025]
99.00%

Multi-Scan
Direct methods
SHELXT 2014/5
(Sheldrick, 2014)
Full-matrix least-
squares on F2
SHELXL-2016/6
(Sheldrick, 2016)
> W(F02 - Fc2)2
2375/9/72
2.029

0.359

R1 =0.0975,
wR2 = 0.3054
R1=0.1368,
wR2 =0.3191
Wzl/[GZ(Foz)'l'
(0.1000P)?]
where P=(Fo?+2F¢?)/3
2.787 and -2.830 eA®
0.399 eA®

(BA)2PbBr4.
Undoped 1.08 % Mn-doped
Chemical formula CsH24BrsN2Pb CsH24BrsN2Pb
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=8.322(8) A a=8.308(7) A
b =8.184(9) A b=8.182(7) A
c=27.66(3) A c=27.62(2) A
a=pB=y=90° a=pB=y=90°
Volume 1884.(4) A® 1877.(3) A®
z 4 4
Density (calculated) 2.253 g/cm® 2.246 g/cm®
Absorption coefficient 17.417 mm? 17.482 mm?
F(000) 1136 1184
Theta range for data collection 1.47 to 28.57° 1.48 to 28.68°
Index ranges -11<=h<=10, -11<=h<=12,
-11 <=k < =10, -11<=k<=11,
-36<=1<=236 -36<=1<=36
Reflections collected 24655 25294

2371 [R(int) = 0.2615]
98.10%

Multi-Scan
Direct methods
SHELXT 2014/5
(Sheldrick, 2014)
Full-matrix least-
squares on F2
SHELXL-2016/6
(Sheldrick, 2016)
> W(Fo2 - Fcz)2
2371/10/72
1.865

0.437
R1=0.1199,
wR2 =0.3173
R1=0.1578,
wR2 =0.3361
W:l/[GZ(F02)+
(0.1000P)?]
where P=(Fo?+2F¢?)/3
2.924 and -3.347 eA®
0.588 eA3
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After characterizing the samples, we now discuss the PL spectra obtained from single crystals
of Mn-doped (BA)2PbBrs. PL spectra of undoped and 0.38% Mn-doped (BA)2PbBrs single
crystals are compared in Figure Al.3a. The undoped samples show two sharp peaks at 410 nm
and 436 nm, similar to the prior report.®® The 0.38% Mn-doped (BA)2PbBr4 single crystal
shows a new strong emission centered at 606 nm, along with the suppressed excitonic
emissions. This strong emission at 606 nm in Mn-doped (BA)2PbBr4 single crystal arises from
Mn d-d de-excitation through the spin-forbidden *T1 — ®A; transition.*® The absorbance spectra
of Mn-doped (BA)2PbBr;4 single crystal show no absorption corresponding to this 606 nm
emission (Figure A1.3b). Only absorption corresponding to excitonic emission is observed.
This suggests that the 606 nm emission arises through the host absorption only, which is further
confirmed by the PL excitation (PLE) spectrum shown in Figure A1.3b. There is no intensity

in the PLE spectrum for 606 nm emission below the host bandgap.

— Undoped (a) —— Absorbance (b)
— 0.38 % Mn — PLE 606 nm

PL Intensity (a.u.)
PLE Intensity (a.u.)
a/S (a.u.)

L

—

400 450 500 550 600 650 700 750 250 300 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)
Figure A1.3: (a) Normalized PL spectra of undoped and 0.38% Mn-doped (BA)2PbBr. single
crystals. (b) UV-visible absorbance spectrum (red) obtained from diffuse reflectance
measurements converted using the Kubelka—Munk function (o/S = (1 — R)%2R) and PL
excitation (606 nm emission) spectrum (blue) of 0.38% Mn-doped (BA)2PbBr4 single crystal.

The 606 nm Mn d-d emission in Mn-doped (BA)2PbBr; single crystal shows a long lifetime
of the order of hundreds of microseconds, as shown in Figure Al.4. This long lifetime arises
because of the spin-forbidden nature of the Mn d-d (*T1 — ®As) transition. The PL, PLE, and
absorbance spectra together confirm that there is an energy transfer process from (BA)2PbBr4
host to Mn dopants leading to the 606 nm emission. Also, upon Mn doping, both the excitonic
emissions got suppressed, indicating exciton to dopant energy transfer for both the excitonic

emissions of the host.
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Figure Al.4: PL decay profile for Mn emission from 0.38% Mn-doped (BA)2PbBrs4 single
crystal.

The Mn emission increases sharply with the increase in dopant concentration in (BA).PbBra
single crystals, as shown in Figure Al.4a. A similar trend has been previously observed for
(BA)2PbBr4 powders®® and also for other hosts as well,*> 4142 which is because of the increase
in the emitting Mn dopant centers. In contrast, the excitonic emissions show a reverse trend,
i.e.,, the intensity of the excitonic emission decreases with an increase in the dopant
concentration (Figure Al.5a). This decrease in excitonic emission is rather expected since a
part of the excitons transfer their energy to Mn?* non-radiatively and is in good agreement with
many previous reports of Mn-doped in Pb-halide perovskite hosts.!? 1% 4346 However, there is
another set of reports which shows that the intensity of the excitonic emission increases with
the increase in dopant concentration in perovskite NCs.1% 4749 This increase in the intensity of
excitonic emission with doping has been attributed to both the defect passivation on the surface
of nanocrystals by the dopant precursors, and/or improving the structural parameters of the host
by the incorporation of Mn in the lattice.'” 3% 478 Distinguishing out surface effect vs. lattice
effect is difficult in nanocrystals owing to their large surface to volume ratio. But our large
single crystals are nearly defect-free systems with minimal contribution from the surface.
Hence, these single crystals are ideal systems to study the effect of Mn doping on the intensity
of the excitonic emissions. Our study of Mn doping in (BA)2PbBr4 single crystals clearly shows
that the intensity of excitonic emissions systematically decreases with an increase in Mn
concentration. This trend unambiguously shows that in the absence of the role of surface

defects, the exciton-Mn interaction reduces the intensity of the excitonic emission.
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Figure Al.5: (a) PL spectra of Mn-doped (BA):PbBrs single crystals with varying Mn

concentrations. (b) PL QY of excitonic (combining both excitonic peaks) and Mn emission in

powdered (BA)PbBrs with increasing Mn concentrations. The inset represents the CIE

diagram showing the color of the emission light with varying Mn concentrations upon 340 nm

excitation. PL decay dynamics of (c) 410 nm and (d) 436 nm excitonic emissions in

(BA)2PbBr4 single crystals with varying Mn concentrations.

Figure A1.5b shows the PL QY of Mn emission and excitonic emissions at different Mn
concentrations. Due to instrumental limitations, we could not measure the PL QY of the single
crystals. Instead, the measurements were done on ground powdered samples after drop-casting
into films. Expectedly, the PL QY of Mn emission in these powdered Mn-doped (BA).PbBr4
increases with an increase in Mn concentration and reaches a value of 26% for 1.08% Mn
concentration, whereas the PL QY of the excitonic emission decreases systematically with the
increasing Mn-concentrations. The colour of the emission changes systematically from blue to
deep orange with the increase in Mn concentration, as shown in the inset of Figure A1.5b. This
change in chromaticity of the overall light emission is because of the systematic change in the
intensity ratio of excitonic emission and Mn emission. The average lifetimes of PL decay of
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both the excitonic emissions decrease with the increase in Mn concentration, as shown in
Figures Al1.5c and d. This systematic decrease in PL decay lifetime is because of the additional
faster nonradiative transfer of excitonic energy of the host to the dopant states. Interestingly,
both the excitonic peaks show a similar decrease in lifetimes, suggesting the interaction of Mn
with both excitonic states. Note that such information of nature of both excitonic states of Mn-
doped (BA)2PbBr; is obtained only when the measurements are done on a centimeter scale
single crystal, and the information gets blurred when the PL measurements are carried out on

an ensemble of micro or nano crystals.

Al.4 Conclusion

Flakes of Mn-doped (BA)2PbBr4single crystals with lateral dimensions about a centimeter and
thickness close to a millimeter are synthesized. The presence of Mn in the host lattice of
(BA)2PbBr4is confirmed by PL, EPR, and ICP-OES measurements. The incorporation of Mn
has no noticeable effect on the crystal structure of layered (BA)2PbBrs perovskite. The
formation of centimeter-sized crystals allowed us to study the optical properties of a single
crystal, unlike prior reports where optical properties of Mn-doped perovskites are recorded on
ensembles, either in the form of films or dispersion micro and nano crystals. The single crystals
exhibit two excitonic peaks, and both the excitons transfer energy to Mn dopants leading to a
strong (PL QY ~26%) Mn emission centered at 606 nm. The Mn emission shows a long lifetime
of the order of hundreds of microseconds due to the spin-forbidden nature of the Mn d-d (*T1
— 8A) transition. The chromaticity of the overall emitted light changes systematically by
varying the ratio of excitonic emission (blue) and Mn emission (orange-red) for varying
concentrations of Mn dopants. This reported synthesis of centimeter-sized Mn-doped
(BA)2PbBr4single crystals with strong exciton-Mn interactions is expected to yield interesting

magneto-optic and magneto-transport properties in the future.
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Thesis Summary

Lower dimensional hybrid perovskites consist of negatively charged inorganic sub-lattices and
positively charged organic cations.® This hybrid structure gives rise to various types of
interactions. This thesis explores the interactions in lower-dimensional hybrid halide
perovskites to understand their optical properties and address their water instability issue. Two
dimensional (2D) layered hybrid perovskites, which have the electronic dimensionality
reduced to atomic level in one direction, possess a quantum well structure.? The intrinsic
quantum well structure of the 2D layered hybrid perovskites gives rise to the quantum
confinement in the bulk-sized crystals.® Due to the quantum confinement effect, the layered
hybrid perovskites show sharp excitonic absorption and emission features.

A major portion of this thesis focused on understanding the anomalous band gap and the
emission properties of the 2D layered hybrid perovskite single crystals. By employing various
experimental techniques like optical absorption, temperature-dependent steady-state PL, and
time-resolved PL, it is shown that the 2D layered hybrid perovskite single crystals exhibit two
excitonic emissions. The higher energy excitonic emission arises from the isolated 2D
inorganic layers. By using spatially resolved fluorescence microscopy imaging, we showed
that the lower energy emission originates mostly from the layer edges of the crystal. By
employing experimental methodologies like molecular intercalation and tuning interlayer
separation, we showed that the 2D inorganic layers in layered hybrid perovskites interact with
each other, mostly at the layer edges of the crystal. It is these interlayer interactions that give
rise to the second excitonic emission in these layered hybrid perovskites.

The hybrid structure of 2D layered perovskites gives an opportunity to combine the properties
characteristic of organic molecules, like chirality, with the properties of inorganic sub-lattices.
Chapter four of this thesis explored the effect of induced chirality on the excitonic properties
of 2D layered hybrid lead iodide perovskites. By wusing chiral R- and S-a-
methylbenzylammonium (R- and S-a-MBA) ions, chiral layered hybrid (R- and S-a-
MBA)2Pblsare synthesized. By employing the low-temperature PL, it is shown that the induced
chirality splits the PL peaks in these chiral (R- and S-a-MBA)2Pbls. Moreover, higher exciton
binding energies are also observed in these chiral (R- and S-a-MBA).Pbls, compared to the
achiral (Rac-a-MBA)2Pbls.

In the last chapter of this thesis, the water instability of the lower dimensional perovskites is

addressed by taking advantage of intermolecular cation-r interactions between the A-site
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organic cations. By using 4,4'-trimethylenedipyridinium (4,4-TMDP) and 4,4'-
ethylenedipyridinium (4,4’-EDP) as the A-site organic cations, completely water-stable 1D
(4,4'-TMDP)Pb2Brs and (4,4'-EMDP)Pb2Brs perovskites are synthesized. These water-stable
1D perovskites show a warm white light emission. Subsequently, a white LED is fabricated by
coating the water stable (4,4’-TMDP)Pb2Brs on a commercial 360 nm UV LED, which showed

a stable white emission.
Relevance of the Results

The band gap is one of the most important properties of semiconducting materials. However,
the reported band gaps of 2D layered hybrid perovskite single crystals vary hugely. Moreover,
multiple emission peaks are observed in the layered hybrid perovskite single crystals. In the
second and third chapters of this thesis, we address the unusual band gap and emission
properties of layered hybrid perovskites. We have shown that the 2D inorganic layers in layered
hybrid perovskites are not completely isolated from each other, as previously considered. The
interactions between the adjacent inorganic layers modify the band gap as well as the PL
emissions in these layered hybrid perovskites. Moreover, experimental methodologies like
molecular intercalation and tuning interlayer separation have been shown to modulate or
completely remove the interactions between the adjacent inorganic layers. The understanding
of these interlayer interactions and their modulation is important for defining the exact band

gaps and achieving color-pure emissions in these layered hybrid perovskites.

Recently chirality has been introduced in the layered hybrid perovskites. How does the induced
chirality affect the excitonic properties of these layered hybrid perovskites? The fourth chapter
of this thesis explores the effect of induced chirality on the emission properties of layered lead
iodide perovskites. Emission splitting, probably due to the lifting of spin degeneracy, and
higher exciton binding energies are observed in the chiral layered hybrid lead iodide
perovskites. These results provide important insights towards the understanding of chirality

induced excitonic effects, which are important for chiroptical and spin-dependent properties.

Water/moisture instability is one of the major problems of lead halide perovskites. In the last
chapter of this thesis, interactions between the organic cations have been utilized to synthesize
completely water-stable 1D lead bromide perovskites. The achieved water stability is intrinsic
in nature and does not require any post-synthetic modification. This is a totally new approach
and could be a breakthrough step towards addressing the water/moisture instability issue of the

lead halide perovskites.
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Future Outlook
1. Synthesizing water-stable environmentally benign tin halide perovskites

Despite having astonishing semiconducting properties, lead halide perovskites face a few
challenges for commercialization. The main hurdles in the path of the commercialization of
lead halide perovskites are water/moisture instability and lead toxicity.*’ The traditional
approaches like the encapsulation of perovskites material or their devices address these issues
to some extent. 8° However, encapsulation is not a permanent solution. Once the encapsulation
layer breaks, the lead halide perovskite again comes in contact with the environment, bringing
back the instability and the toxicity issues. In chapter 5 of this thesis, we tried to address the
water instability issue of the lower dimensional lead halide perovskites by using the
intermolecular cation-r interactions. We were successfully able to synthesize 1D lead bromide
perovskites that show intrinsic water stability. This is a new approach to improve the intrinsic

water stability of the lower dimensional lead halide perovskites.

Lead toxicity is directly related to the water instability of lead halide perovskites. Once the lead
halide perovskites dissociate, the toxic lead is released into the environment. Addressing the
water instability issue of lead halide perovskites will address the lead toxicity issue to some
extent; however, this approach will not eliminate the lead toxicity issue completely. The best
way of addressing the lead toxicity issue is to look for non-toxic alternatives of lead.
Environment-friendly tin, which belongs to the same group of lead in the periodic table and
has the same valance shell electronic configuration, becomes the first choice of alternatives.
However, the easy oxidation of Sn?* to Sn** brings in a major challenge.''! Water or moisture

promotes the oxidation of Sn?* to Sn** in these tin halide perovskites.

Water Stable Tin Halide Perovskite

Figure F.1: Schematic demonstration of long-range cation-x interactions for stabilizing lower-
dimensional tin halide perovskites.
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One possible way to address the instability of tin halide perovskites is to use the intermolecular
cation-m interactions that we used to stabilize the lead halide perovskites in water. The long-
range intermolecular cation-r stacking will prevent the water molecules from incorporating
into the perovskite lattice. This will reduce the exposure of Sn?* jons to the water molecules.
We believe that this approach will reduce the chances of oxidation of Sn?* ions to a great extent
and ultimately improve the stability of these lower-dimensional tin halide perovskites.

2. Improving the charge transport in lower-dimensional perovskites

The compositional flexibility of lower-dimensional perovskites gives us an opportunity to play
with their properties. By designing organic cations with different functionalities, various new
properties can be achieved, like the introduction of chirality, as shown in chapter 4 of this
thesis. Moreover, the compositional flexibility of these lower-dimensional perovskites also
gives an opportunity to improve their stability in the ambient conditions, for example,
improving their water stability, as shown in chapter 5 of this thesis. However, due to the lower
electronic dimensionality, the lower dimensional perovskites show poor charge transport. The
organic cations are insulation and hence do not allow the charge carriers to pass through. The
poor charge transport of these lower-dimensional perovskites becomes detrimental for their

optoelectronic applications.

The compositional flexibility can be utilized to improve the charge transport in these lower-
dimensional, by designing organics cations that are conducting in nature. A single type of
organic cation or a combination of organic cations can be used. The inorganic sub-lattices will
act as the active layers for charge carrier generation or recombination, while the conducting

organic cations will provide a path for carrier transport.

Semiconducting
Inorganic Layer

Conducting
Organic Layers

dadnt

Figure F.2: Schematic demonstration of connected organic cations allowing the movement of
carriers through them.
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3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the
Rightsholder. The license created by the exchange of an Order Confirmation (and/or any invoice) and
payment by User of the full amount set forth on that document includes only those rights expressly set forth
in the Order Confirmation and in these terms and conditions, and conveys no other rights in the Work(s) to
User. All rights not expressly granted are hereby reserved.

3.2. General Payment Terms: You may pay by credit card or through an account with us payable at the end of the
month. If you and we agree that you may establish a standing account with CCC, then the following terms
apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge of 1-
1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise specifically set
forth in the Order Confirmation or in a separate written agreement signed by CCC, invoices are due and
payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of the
Order Confirmation, the license is automatically revoked and is null and void, as if it had never been issued, if
complete payment for the license is not received on a timely basis either from User directly or through a
payment agent, such as a credit card company.

3.3. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is "one-time" (including
the editions and product family specified in the license), (ii) is non-exclusive and non-transferable and (iii) is
subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of use or
circulation) included in the Order Confirmation or invoice and/or in these terms and conditions. Upon
completion of the licensed use, User shall either secure a new permission for further use of the Work(s) or
immediately cease any new use of the Work(s) and shall render inaccessible (such as by deleting or by
removing or severing links or other locators) any further copies of the Work (except for copies printed on
paper in accordance with this license and still in User's stock at the end of such period).

3.4. In the event that the material for which a republication license is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) which are identified in such material as
having been used by permission, User is responsible for identifying, and seeking separate licenses (under this
Service or otherwise) for, any of such third party materials; without a separate license, such third party
materials may not be used.

35.
Use of proper copyright notice for a Work is required as a condition of any license granted under the Service.

Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: "Republished with permission of [Rightsholder's name], from [Work's title, author, volume, edition
number and year of copyright]; permission conveyed through Copyright Clearance Center, Inc." Such notice



must be provided in a reasonably legible font size and must be placed either immediately adjacent to the
Work as used (for example, as part of a by-line or footnote but not as a separate electronic link) or in the
place where substantially all other credits or notices for the new work containing the republished Work are
located. Failure to include the required notice results in loss to the Rightsholder and CCC, and the User shall
be liable to pay liquidated damages for each such failure equal to twice the use fee specified in the Order
Confirmation, in addition to the use fee itself and any other fees and charges specified.

3.6. User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. No Work
may be used in any way that is defamatory, violates the rights of third parties (including such third parties'
rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit or obscene. In addition, User may not conjoin a Work with any other material that may result in
damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware of any
infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs and expenses, including legal fees and expenses, arising out
of any use of a Work beyond the scope of the rights granted herein, or any use of a Work which has been altered in
any unauthorized way by User, including claims of defamation or infringement of rights of copyright, publicity, privacy
or other tangible or intangible property.

5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO
USE AWORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the
total amount actually paid by User for this license. User assumes full liability for the actions and omissions of its
principals, employees, agents, affiliates, successors and assigns.

6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT
LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL
RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER
PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER
UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO
GRANT.

7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the license set forth in the Order Confirmation and/or these terms and conditions, shall be a material breach of the
license created by the Order Confirmation and these terms and conditions. Any breach not cured within 30 days of
written notice thereof shall result in immediate termination of such license without further notice. Any unauthorized
(but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated by payment of
the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is not terminated
immediately for any reason (including, for example, because materials containing the Work cannot reasonably be
recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less than three
times the Rightsholder's ordinary license price for the most closely analogous licensable use plus Rightsholder's
and/or CCC's costs and expenses incurred in collecting such payment.

8. Miscellaneous.

8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or otherwise
for the purposes of notifying User of such changes or additions; provided that any such changes or additions
shall not apply to permissions already secured and paid for.

8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy, available
online here:https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy

8.3.
The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may not

assign or transfer to any other person (whether a natural person or an organization of any kind) the license


https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy

8.4.

8.5.

created by the Order Confirmation and these terms and conditions or any rights granted hereunder;
provided, however, that User may assign such license in its entirety on written notice to CCC in the event of a
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No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or affiliates and purporting to govern or otherwise relate to the licensing
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copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
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SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN


http://www.stm-assoc.org/copyright-legal-affairs/permissions/permissions-guidelines/

CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
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of this Agreement. No breach under this agreement shall be deemed waived or
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within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.
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Hello Dr. Sheikh,

Your permission requested is granted and there is no fee for this reuse.

In your planned reuse, you must cite the ACS article as the source, add this direct link: https://pubs.acs.org/doi/10.
1021/n15048779 and include a notice to readers that further permission related to the material excerpted should be directed to
the ACS.

Please do not hesitate to contact me if you need any further assistance.

Drew Jenkins

ACS Publications Support

Customer Services & Information

Website: https://acs.service-now.com/acs
Email: support@services.acs.org

Phone: 800-227-9919 | 202-872-(HELP) 4357

Case Info:

Case Number : CSCSI0037401

Created On: 11-22-2021 09:31:50 AM EST

Short Description: Reuse of figures in thesis; non profit

Description: Dear ACS Team,

| would like to reuse two figures from the paper mentioned below in the
introduction part of my thesis. | pledge to give the proper citations and
credits.

Details of figure and paper:

Link to the paper: https://pubs.acs.org/doi/10.1021/nl5048779

Title of the paper: Nanocrystals of Cesium Lead Halide Perovskites (CsPbX3,
X = Cl, Br, and I): Novel Optoelectronic Materials Showing Bright Emission
with Wide Color Gamut.

Figure details: (1) TOC figure and (2) figure number 2.

Details where the content will be used:

Thesis Author: Tarig Ahmad Sheikh

Thesis Title: Designing Low-Dimensional Hybrid Lead Halide Perovskites for
Excitonic Photophysics, Chiroptics and Water-Stability.

presentation data: February 2022.

Institute: Indian Institute of Science Education and Research (IISER) pune.
Please grant me permission for the same. | would be highly thankful to you
for this.

Thanks and Regards

Tarig Ahmad Sheikh

*Tariq Sheikh*

*IISER Pune*

*Department of Chemistry,*
*Dr. Homi Bhabha Road, *
*Pashan, **Pune-411008*
*India.*

Sincerely,

Drew Jenkins
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Reply-To: support@services.acs.org
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Hello Dr. Sheikh,

Your permission requested is granted and there is no fee for this reuse.

In your planned reuse, you must cite the ACS article as the source, add this direct link: https://pubs.acs.org/doi/10.
1021/acs.chemmater.6b00847 and include a notice to readers that further permission related to the material excerpted should
be directed to the ACS.

Please do not hesitate to contact me if you need any further assistance.

Drew Jenkins

ACS Publications Support

Customer Services & Information

Website: https://acs.service-now.com/acs
Email: support@services.acs.org

Phone: 800-227-9919 | 202-872-(HELP) 4357
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Short Description: Reuse of figures in thesis; non profit

Description: Dear ACS Team,

| would like to reuse two figures from the paper mentioned below in the
introduction part of my thesis. | pledge to give the proper citations and
credits.

Details of figure and paper:

Link to the paper: https://pubs.acs.org/doi/10.1021/acs.chemmater.6b00847
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Homologous Semiconductors
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Presentation data: February 2022.
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Please grant me permission for the same. | would be highly thankful to you
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Tarig Ahmad Sheikh

*Tariq Sheikh*
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