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Abstract
Supramolecular Assembly of Halide Perovskite Building Blocks
by
Cheng Zhu
Doctor of Philosophy in Engineering — Materials Science and Engineering
University of California, Berkeley

Professor Peidong Yang, Chair

In recent years, there has been significant attention drawn towards metal halide perovskites, a
class of semiconducting materials distinguished by their remarkable optoelectronic properties.
In the halide perovskite structure, the metal halide octahedron ([BX¢]™, B = metal cation, X =
halide anion) is the fundamental building block and functional unit. This dissertation aims to
present a novel perspective by proposing a supramolecular approach to manipulate the metal
halide octahedral building blocks. The new supramolecular building block is constructed from
the ionic halide perovskite octahedral unit and crown ether supramolecular cations, resulting in
the formation of a novel (crown-ether@A),BXs (A = alkali metal cation) dumbbell structural
unit. The chemistry, properties, and application of this supramolecular approach constitute the
main topics of this dissertation.

Chapter 1 provides an overview of halide perovskite materials, encompassing their structure,
synthesis, properties, and applications. The concept of dimensionality in halide perovskites and
the significance of the metal halide octahedral [BXe]™ building blocks are introduced, laying
the foundation for the subsequent discussion on the supramolecular assembly approach. In
Chapter 2, we delve into the details of the supramolecular assembly approach, highlighting its
structural and compositional adaptability, along with its immense potential in various
optoelectronic applications. Chapter 3 delves into the synthesis and characterization of two new
blue and green emitters with near-unity photoluminescence quantum yield (PLQY), (18-
Crown-6@K),HfBrs and (18-Crown-6@K),ZrCl4Br>, derived from the supramolecular
assembly approach. Comprehensive optical studies of these materials are presented, along with
demonstrations of their applications in display and 3D-printing technologies. Lastly, chapter 4
provides a summary of the research findings and offers insights into the future directions for
the supramolecular assembly approach, establishing a solid foundation for the future
development and application of halide perovskites.
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Chapter 1 Background of Halide Perovskites
1.1 Fundamentals of Halide Perovskites

1.1.1 A New lIonic Semiconductor

Despite the long history tracing back to Gustav Rose’s discovery of the oxide perovskite
structure calcium titanate (CaTiOs) in the Ural Mountains over 150 years ago, it is only in recent
years that analogous halide perovskites have been optimized for practical applications. Halide
perovskites have surged in popularity due to their cost-effective synthesis methods, facile
fabrication processes, tunable color emissions, high photoluminescence quantum yields
(PLQYs), and remarkable excitonic and charge carrier properties!!). These advantageous
characteristics render halide perovskites highly suitable for the construction of various
electronic devices, including light-emitting diodes (LEDs), lasers, photodetectors, and solar
cells.

Halide perovskites, characterized by their crystalline structure denoted as ABX3, have received
significant research attention in recent years. In this structure, A and B represent cations, with
A being larger than B, while X signifies the anion (Figure 1.1). This arrangement maintains
fixed positions for each constituent, resulting in a three-dimensional framework typified by a
corner-sharing octahedral network. Specifically, the B cations are coordinated by X anions to
form BXe octahedra, while the A cations are positioned at the eight corners of the cubic lattice
(Figure 1.1)23], The ABXj5 structure has a variety of compositions. The A-site cation could be
Cs*, methylammonium (CH3NH3"), or formamidinium [(CH(NH))**], and occupies the
interstitial spaces formed by the corner-sharing BXs octahedra. Moreover, the ABX3 structure
has orthorhombic and tetragonal crystal symmetries as well (Figure 1.2a). Variations in halide
perovskites are achieved by altering the A- or B-site cations, such as Pb?*, Sn?*, and Ge**, along
with the halide ion (X = Cl, Br, I) (Figure 1.2b)1*].

ABX, Perovskite 4 4
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Figure 1.1. Depiction of the cubic halide perovskite structure. Shown in display styles
evidencing either all the atoms (left) or only the BXe octahedral network and A atoms (right).!
Copyright © 2020 American Chemical Society.
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Figure 1.2. (a) Comparison of cubic, orthorhombic and tetragonal perovskite phases for the
prototype ABX3 perovskite. (b) Choice of site substituents for perovskite.[*! Copyright © 2019
Elsevier Ltd.

Halide perovskites are significantly different from conventional covalent bonded
semiconductors like silicon®!. They have remarkably lower cohesive energy. While traditional
semiconductors boast cohesive energies exceeding 4 eV/atom, halide perovskites exhibit
substantially lower values, exemplified by 3.40 eV per atom for bulk CsPbIs. This
discrepancy arises from the distinctive ionic chemical bonding characteristics and the presence
of stereochemically active ns? lone pair electrons in Pb?>* and Sn*" cations within the perovskite
lattice. Consequently, the ionic nature of the perovskite lattice renders reduced mechanical



strength, a lower melting point, and enhanced solution processability. This ionic lattice structure
also facilitates a rich structural diversity and chemistry, enabling facile synthesis and diverse
applications. Furthermore, the ionic nature of halide perovskite structures allows for unique
physical phenomena such as lattice dynamics, structural transformations, and facile
hybridization with organic molecules. This stands in stark contrast to the rigid, covalent-bonded
lattice typical of traditional semiconductors, highlighting the distinctive reconfigurable nature
of halide perovskite!” (Table 1.1).

Table 1.1. Comparative study of the structural properties of conventional semiconductors
and halide perovskites.!”! Copyright © 2021, Elsevier Inc.

Conventional Halide perovskites
semiconductors
Bonding type covalent, ionic ionic
Cohesive energy >4 eV/atom 3 eV/atom
Melting point above 1000°C below 600°C
Solubility insoluble in solvents soluble in polar solvents
Synthesis temperature mostly above 1000°C mostly below 150°C
Growth Kkinetics slow fast even at low temperature
Incorporation with organic only on the surface in the lattice (hybrid or 2D
components (nanocrystals) perovskite) or on the surface
(nanocrystals)

1.1.2 Optoelectronic Properties of Halide Perovskites

Halide perovskites have received immense interest in the field of optoelectronics due to their
exceptional properties. These materials exhibit high PLQY's, broad absorption spectra covering
the visible and near-infrared regions, and long carrier diffusion lengths, making them highly
efficient light absorbers and emitters. Additionally, halide perovskites demonstrate excellent
charge carrier mobility, low trap densities, and long carrier lifetimes, facilitating efficient charge
transport and collection. Their defect tolerance and tunable bandgap enable the engineering of
optoelectronic devices with tailored optical and electronic properties!®!.

(1) Tunable absorption and emission.

Halide perovskites offer tunable absorption and emission properties, which are highly
advantageous for various optoelectronic applications. One key aspect of their tunability lies in
the ability to precisely control their bandgap by adjusting the composition of the material®.
This compositional flexibility allows the fine-tuning of the absorption spectrum of halide
perovskites across a broad range of wavelengths, spanning from the ultraviolet to the near-
infrared region (Figure 1.3a). Consequently, halide perovskites can efficiently absorb photons
across a wide range of energies, making them suitable for harvesting solar radiation in
photovoltaic devices. Moreover, the emission spectrum of halide perovskites can also be
tailored to match specific application requirements (Figure 1.3b, ¢). By varying factors such as
the halide composition, crystal size, or surface ligands, the emission color of these materials



can be manipulated'?, making halide perovskites promising candidates for light-emitting
diodes (LEDs) and other display technologies.

C CsPb(CI/Br), CsPb(1/Br),

CsPbCl,  CsPbBr, CsPbl,

Abs/PL

Norm. PL

.
300 500 700 400 450 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Figure 1.3. Tunable absorption and emission of halide perovskites covering the entire
visible spectral region. (a) Typical optical absorption and PL spectra of colloidal CsPbX3 NCs
(X=Cl, Br, I) (b) Colloidal CsPbX3 NCs solutions in toluene under UV lamp (A = 365 nm). (¢)
Representative PL spectra (Aexe = 400 nm for all but 350 nm for CsPbCls samples).['” Copyright
© 2015, American Chemical Society.

(2) High PLQY.

The high PLQY exhibited by halide perovskites is a key factor contributing to their exceptional
performance in optoelectronic devices. PLQY refers to the efficiency with which a material
converts absorbed photons into emitted photons upon photoexcitation. Several factors
contribute to this high PLQY, which is a result of their low defect densities, favorable electronic
structure, and high crystalline quality. These factors minimize non-radiative recombination
processes, ensuring that a large proportion of photoexcited carriers undergo radiative
recombination, emitting photons efficiently!'!l. Additionally, the direct bandgap nature and
strong quantum confinement effect of halide perovskites further enhance radiative transitions,
contributing to high PLQY values exceeding 90% in many cases!!?l. Overall, these
characteristics make halide perovskites highly attractive for optoelectronic applications,
including photovoltaics, LEDs, lasers, and photodetectors.

(3) Efficient charge transport and collection.

Halide perovskites exhibit remarkable characteristics related to charge carrier dynamics, which
are crucial for their performance in optoelectronic devices. Firstly, they display excellent charge
carrier mobility, indicating that the charge carriers (electrons and holes) can move easily
through the crystal lattice. This high mobility ensures rapid transport of charges within the
material, minimizing losses and enhancing device efficiency. Secondly, halide perovskites have



low trap densities and shallow trap states, meaning there are relatively few defects or
imperfections in the crystal structure that can capture and immobilize charge carriers (Figure
1.4). Low trap densities reduce recombination rates, allowing more charges to reach the device’s
electrodes and contribute to electrical output. Finally, halide perovskites possess long carrier
lifetimes, meaning that once generated by light absorption, the charges persist in the material
for extended periods before recombining. This prolonged lifetime increases the likelihood of
charge extraction and utilization in devices, resulting in improved performance and stability.
Collectively, these characteristics facilitate efficient charge transport and collection in halide
perovskites, making them highly promising materials for a wide range of optoelectronic
applications!!3].

a. Defect Intolerant b. Defect Tolerant: MAPbDI,

/ deep [
/ states /

Figure 1.4. Electronic structure of typical III-V, II-VI, or group IV semiconductors (left)
compared to the lead halide perovskite crystal structure (right).'*! Copyright © 2017
American Chemical Society.

1.1.3 Synthesis of Halide Perovskites

As discussed in Chapter 1.1.1, halide perovskites feature facile low-temperature solution-
based synthesis with fast growth kinetics. This allows for the synthesis of single crystals of
halide perovskites, which can be used for structural determination of the synthesized materials.
The single-crystal growth involves employing various solution-based techniques, with the
solvent evaporation crystallization method being a traditional and straightforward approach
under ambient conditions. This method entails preparing a solution by mixing reactants in a
solvent, which subsequently undergoes evaporation, resulting in crystal growth!'*) (Figure
1.5a). To achieve optimal crystallization, the choice of solvents with moderate solubility is
crucial, as oversaturation can lead to the formation of extremely small crystals. Additionally,
the antisolvent vapor-assisted crystallization process offers another route for single crystal



synthesis, depending on the different solubility of perovskites in various solvents. By applying
two miscible solvents, one serving as the main solvent and the other as the antisolvent, the
solubility of the perovskite precursors decreases upon addition of the antisolvent, facilitating
precipitation!!'*] (Figure 1.5b). The speed at which the antisolvent is introduced is a critical
factor influencing the crystal quality and size.

a Solvent b
evaporation
Antisolvent Diffusion
Time p q
Precursor i Precursor solution
solution ysta

Single Crystals

Figure 1.5. Schematics of the single crystal growth of halide perovskites. (a) The solvent
evaporation crystallization method. (b) The antisolvent vapor-assisted crystallization method.['4]
Copyright © The Royal Society of Chemistry 2022.

Halide perovskite can also be synthesized in the form of thin films. It represents a significant
advancement in low-temperature solution-processed semiconductors, offering a promising
avenue for the fabrication of semiconductor materials. These materials can be readily processed
in ink form through wet chemistry methods. Notably, they enable large-area deposition from
solution using standard manufacturing techniques like spin coating, roll-to-roll printing, spray
coating, and doctor blading!!'>! (Figure 1.6). This versatility in deposition methods allows for
scalability and cost-effectiveness in production processes. Moreover, the synthesis of halide
perovskite thin films occurs at low temperatures and under ambient conditions, further
enhancing their appeal for practical applications. These characteristics collectively contribute
to the growing interest in halide perovskite thin films as versatile and efficient materials for
various optoelectronic devices.

Solution-phase synthesis

Spray coating Spin coating Inkjet printing Doctor blade or roll-to-roll printing



Figure 1.6. Solution-processed halide perovskite thin films are synthesized in the form of
semiconductor inks. They can be deposited using spray coating or spin coating, or
manufacturing techniques such as inkjet printing, doctor blading or roll-to-roll printing.[>!
Copyright © 2017, Macmillan Publishers Limited, part of Springer Nature.

1.2 Structural Tunability of Halide Perovskites
1.2.1 Morphological Dimensionality

The morphological dimension of halide perovskites can be precisely adjusted, ranging from
single crystals measuring centimeters to nanocrystals only a few nanometers in size, thus
significantly enhancing their versatility. The ability to adjust the bandgap is a crucial property
of semiconductor nanocrystals, leveraging the quantum confinement effect on excitons!!'®l,
Halide perovskite nanocrystals are synthesized through methods like hot-injection or ligand-
assisted reprecipitation (LARP) (Figure 1.7), enabling precise control over size and
morphology. Long-chain organic ligands, such as aliphatic carboxylic acids and amines, are
used for surface capping, confining crystal growth to the nanometer scale. The hot-injection
method involves dissolving precursors like cesium acetate and oleic acid in hexadecene, which
are then injected into a solution of lead bromide and capping ligands at elevated temperatures.
Conversely, FAPbBr3 nanocrystals are synthesized at lower temperatures by injecting a solution
of octadecylammonium bromide into a mixture of lead acetate, formamidinium acetate, and
oleic acid in octadecenel!!S]. The reaction is quenched promptly, and nanocrystals are collected
via centrifugation or purification. Alternatively, the LARP method offers room temperature
synthesis convenience for perovskite nanocrystals!!”l.

a b
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and ligands
AX or o - o
CH,COOCs . # BXy + Precipitation
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Figure 1.7. Synthesis of perovskite nanocrystals. (a) Hot injection method, and (b) LARP
method. (¢) Ligand-capped nanocrystals of perovskites with different morphologies.[!”]
Copyright © The Royal Society of Chemistry 2020.

1.2.2 Electronic Dimensionality

In halide perovskites, the connectivity of the halide octahedra determines the electronic
dimensionality of the materials. Their electronic dimensionalities greatly influence the bandgap
values and the band dispersion in perovskite materials. To elucidate the impact of electronic
dimensionalities on the optical properties of perovskite materials, Density Functional Theory
(DFT) calculations on the band structures are done for prototype perovskite materials!'®!. These
materials consist of the same elements: Cs, Pb, and I, yet exhibit different crystal
dimensionalities. Specifically, 3D CsPblz (cubic), 2D Cs:Pbls (tetragonal), 1D Cs3Pbls
(orthorhombic), and 0D Cs4Pbls (thombohedral). These structures encompass 3D networks, 2D
single layers, 1D single chains of [Pbls] octahedra, and isolated [Pbls] octahedra, respectively
(Figure 1.8a). Figure 1.8b depicts the calculated band structures. As the electronic
dimensionality decreases, the bandgap becomes larger, and the bands are less dispersive. Also,
the 3D and 2D structures have direct bandgaps, while the 1D and 0D versions have indirect
band gaps.

The presence of electronic dimensionality offers a broad space to explore the structure-property
relationship of halide perovskites. Apart from the all-inorganic halide perovskites, various
organic cations can also be incorporated into the structure, achieving organic-inorganic hybrid
perovskites with diverse electronic dimensionalities. By substituting Cs* with larger organic
cations, an array of low-dimensional metal halide hybrids can be generated, encompassing
layered 2D, linear 1D, and 0D connected octahedra configurations (Figure 1.9b).

a 3D CSPbI3 2D C52Pb14 1D CS3Pb15 0D CS4PbI6

X RI' M RT XMAR ZUXT TRSZ T FLT



Figure 1.8. Electronic dimensionality of halide perovskites. (a) Hypothetical model crystal
structures of CsPbls, CsPbls, Cs3Pbls, and CssPbls. (b) Calculated band structures.['®]
Copyright © The Royal Society of Chemistry 2017.

Figure 1.9. Typical single crystal structures of 0D-3D organic-inorganic hybrid
perovskites.['! Copyright © 2021 The Authors. Advanced Science published by Wiley-VCH
GmbH.

1.3 Halide Perovskite Building Blocks
1.3.1 Ionic Octahedron Building Blocks

As elucidated in Chapter 1.2.2, the interconnectivity and spatial arrangement of [BXs]™ halide
octahedra play a pivotal role in shaping the optical properties of halide perovskites. This
underscores the foundational significance of ionic octahedra in the construction of these
materials. The lattice configuration of ABX3 halide perovskites emerges from the intricate
corner-sharing pattern exhibited by [BXe]* ionic octahedra. This structural framework has
evolved to encompass a diverse array of materials derived from the [BXs]" ionic octahedral
building blocks, showcasing various dimensionalities (including 3D, 2D, 1D, and 0D),
connection modes (such as corner-sharing, edge-sharing, and face-sharing), and a spectrum of
charges attributed to the central B ions, which span oxidation states ranging from +1 to +5.



This diversity underscores the rich potential and versatility inherent in halide perovskite
materials, offering a broad spectrum of applications across multiple disciplines.

perovskite-like
halides

Figure 1.10. Halide perovskite structures constructed from metal halide ionic octahedral
building blocks in 3D, 2D, 1D, and 0D.?° Copyright © 2019, Royal Society of Chemistry.

1.3.2 Stabilization of the Halide Perovskite Building Blocks

By carefully manipulating the halide perovskite building blocks, we open up a new perspective
for the rational design of novel perovskite structures. The first step in this endeavor involves
the stabilization of these building blocks within solution to enable the bottom-up synthetic
approach. Through solution stabilization, we gain the ability to exert precise control over the
arrangement of the perovskite building blocks, enabling us to tailor their properties. This
foundational manipulation paves the way for a systematic exploration of the vast design space
of halide perovskites.

Our group recently discovered that a stable halide perovskite building block ink can be formed
in solution(?!1. This ink is created through the dissolution of vacancy-ordered double perovskite
CsoTeXs (X = Cl7, Br, I') crystals in polar aprotic solvents. This dissolution process leads to
the stabilization of isolated [TeXes]*~ octahedral building blocks and free Cs* cations (Figure
1.11). By stabilizing the fundamental perovskite ionic octahedral building blocks in solution,
multifunctional inks are formed, capable of reversible transformation between liquid ink and
solid-state perovskite crystalline systems within minutes in ambient air.
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Figure 1.11. Stabilization of the halide perovskite building blocks in solution. (a) Schematic
representation of the reversible reaction between the solid-state Cs;TeXs bulk semiconductor
and the liquid-phase Cs2TeXs ionic octahedron unit (IOU) ink. The IOU ink is achieved by
dissociating the bulk semiconductor in solvents such as DMSO or DMF, and the bulk
semiconductor is reprecipitated by combining the IOU ink with an antisolvent such as methanol,
toluene, etc. (b) Absorption spectra of the CsxTeCle-DMSO, Cs:TeBrs-DMSO, and Cs;Tele-
DMF inks. The characteristic absorbance features of molecular octahedral complexes (A, B,
and C bands) are indicated for the Cs,TeCls and Cs,TeBrs inks.[?!l Copyright © 2021, American
Chemical Society.

1.3.3 Assembly of the Halide Perovskite Building Blocks

The next stage for the manipulation of halide perovskite building blocks would be the assembly
of them into a crystal structure. Since they can be stabilized in solution, our focus has shifted
towards exploring the packing and interconnectivity of the building blocks, aiming to uncover
novel varieties of halide perovskites. In this pursuit, we regard the ionic [BX¢] octahedron as a
superion or atom. Much like how diverse atoms and ions can assemble to create various crystal
lattices, these ionic [MXs] octahedra possess the potential to organize into distinct types of
negatively charged, extended ionic octahedral networks (IONs), both with and without corner
sharing. Eventually, the crystalline structures of halide perovskites emerge when these
negatively charged IONs are stabilized by counter cations!??! (Figure 1.12). This approach
offers a novel perspective for the systematic exploration of halide perovskite structures, paving
the way for the discovery of novel materials with tailored properties.
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Figure 1.12. Schematic of the ionic octahedron network (ION). (a) Metal halide perovskites
can be considered as extended ionic octahedron networks (IONs) stabilized with positively
charged cations. (b) Seven different lattices of octahedron packing and the predicted IONs and
metal halide perovskite structures.[*?! Copyright © 2021, American Chemical Society.

1.4 Applications of Halide Perovskites

Halide perovskites have garnered significant attention in recent years due to their diverse range
of potential applications across various fields.

(1) Solar cells

One prominent application lies in photovoltaics, where halide perovskite solar cells have
emerged as promising alternatives to traditional silicon-based solar cells. Their high absorption
coefficients, long carrier diffusion lengths, and tunable bandgaps make them suitable for
efficient light harvesting. Moreover, their low-cost fabrication methods, including solution
processing, offer scalability and affordability, paving the way for widespread adoption in
renewable energy systems. In terms of power conversion efficiency (PCE), halide perovskites
have achieved 25.7% in 2021 for single-junction architectures!?*!, and up to 29.8% in silicon-
based tandem cells!?*, surpassing the maximum efficiency of single-junction silicon solar cells.
However, the stability of those materials and the large-scale device fabrication of these
materials still have room for improvement!2>],

(2) Light-emitting devices

Halide perovskites also exhibit remarkable properties in light-emitting devices. Their high
PLQY, narrow emission linewidths, and tunable emission wavelengths make them attractive
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candidates for light-emitting diodes (LEDs), displays, and solid-state lighting applications.
Halide perovskite LEDs have already reached high external quantum efficiencies (EQE) of
different color LEDs: 18.65% for bluel®®, 28.9% for green!?”), and 25.8% for red!?®l.
Researchers continue to explore methods to enhance the stability and efficiency of perovskite-
based LEDs, aiming for commercial viability in the future.

(3) Photodetectors

Halide perovskites also hold promise in the field of photodetectors. They are highly sensitive
to light across a broad spectral range, from UV-visible and near-infrared (NIR) light to high-
energy radiations like X-ray and gamma-ray[?.. They also have fast response times, making
them suitable for applications in imaging and sensing devices. Additionally, their solution
processability enables the fabrication of large-area and flexible photodetector arrays, opening
up opportunities for applications in wearable technology, biomedical imaging, and
environmental monitoring.

(4) Catalysis

Furthermore, halide perovskites have demonstrated potential in catalysis, particularly in the
field of photocatalysis for water splitting®® and carbon dioxide reduction®!). Their ability to
efficiently absorb sunlight and generate charge carriers makes them effective photocatalysts for
driving chemical reactions. By harnessing the unique properties of halide perovskites,
researchers aim to develop sustainable energy conversion technologies and mitigate
environmental challenges associated with fossil fuel consumption.

13



Figure 1.13. Schematic depiction of perovskite materials in different forms and their
potential applications. (Acronyms: SC: single crystal, NC: nanocrystal, QD: quantum dot, NP:
nano-plate, PS: polycrystal, NW: nanowire). [l Copyright © 2019 Elsevier Ltd.
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Chapter 2 A New Supramolecular Assembly Approach for Constructing
Halide Perovskite Building Blocks

Parts of the content of this chapter were reprinted and adapted from the following publications
with permission: Cheng Zhu, Jianbo Jin, Mengyu Gao, Alexander M. Oddo, Maria C. Folgueras,
Ye Zhang, Chung-Kuan Lin, and Peidong Yang. "Supramolecular assembly of halide perovskite
building blocks." Journal of the American Chemical Society, 2022, 144(27), 12450-12458.
Copyright © 2022, American Chemical Society.

2.1 Introduction

The [MXs]™ (M = Pb?"11-3] Sh3+14-61 T4 1791 Sn4+110.111 "pt4*11 "etc.; X = CI-, Br', I') metal halide
ionic octahedral units are the fundamental building blocks and functional units in metal halide
perovskites. To this end, metal halide perovskites can be described as the extended assembly of
those octahedra balanced by counter cations!!%!3], In this work, we introduce supramolecular
cations as the counter cations for constructing the metal halide octahedron assembly. Crown
ether can readily coordinate with alkali metals to form crown ether@alkali metal cations that
have been widely used for supramolecular assembly!!*!3l. Various assemblies of
polyoxometalate clusters!'® and metal halide clusters, such as the five-coordinate [SbXs]*
complex[!”) or the four-coordinate [FeCls]1'¥! and [MnBrs]*> 1" complexes, can be achieved by
employing different crown ether@alkali metal complexes. Here we show that the assembly of
metal halide octahedron results in a family of unique dumbbell-shaped (crown
ether@A)>M(IV)Xs (crown ether = 18-Crown-6 (18C6), 21-Crown-7 (21C7); A=Cs", Rb", K™;
M = Te**, Sn*', Se*, Ir**, Pt*", Zr**, Ce**; X = CI,, Br, I) structural units in solution, which
can be further packed into various three-dimensional crystal structures. Moreover, the
optoelectronic properties of the resulted assembly can be tuned through the supramolecular
cations, providing an additional knob for the rational design of functional metal halide
perovskites.

Previous works have shown, that upon dissolving bulk A;M(IV)Xs vacancy-ordered double
perovskites in polar aprotic solvents, the ionic bond between the [M(IV)X¢]*> and the alkali
metal cations (A") dissociates and the metal halide octahedral units can be stabilized in
solution?, Additionally, when 18C6 was dissolved in solution, the strong electrostatic
interaction between the alkali metal cations A" and the oxygen atoms of 18C6 favored
(18C6@A)" cation formation!?!?2]. Furthermore, we discovered that the [M(IV)Xs]* octahedra
and the (18C6(@A)" cations in solution exist as a (18C6@A)>M(IV)Xs dumbbell structural unit,
where each octahedron is sandwiched by two (18C6@A)* cations (Figure 2.1). This
configuration lays the foundation for solid-state supramolecular assembly. Using the anti-
solvent vapor assisted crystallization method, the dumbbell building blocks packed into a
unique rthombohedral lattice (Figure 2.1), which was different from the face-centered cubic
(FCC)-type lattice formed by [M(IV)Xs]* and A* alone. This new, general synthetic strategy
allows us to extend a family of new structures based upon these metal halide octahedral building
blocks.
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Figure 2.1. The supramolecular assembly strategy from [M(IV)X¢]> octahedron to
(18C6@A)M(IV)Xs. Dissolved alkali metal cation (A*) and [M(IV)Xs]* octahedron self-
assemble into a dumbbell-shaped structural unit with crown ethers like 18-Crown-6 (18C6).
The solution dispersed (18C6@A)>M(IV)Xs dumbbell structural units can further assemble into
a thombohedral packing single crystal. The dark field optical microscope image shows single
crystals of (18C6@Cs),Te(IV)Cls.

2.2 The Supramolecular Assembly Approach
2.2.1 Dumbbell Structural Unit Formation in Solution

The charge-neutral (18C6@A)M(IV)Xs dumbbell structural units formed by dissolving 18C6
and AoM(IV)Xs in acetonitrile (ACN). This has been proved by multiple solution-state
characterization techniques, using (18C6@Cs),TeBrs as an illustrating example. The NMR-
active 'H, 7°Br, and '**Cs nuclei in the dumbbell structural unit feel different magnetic fields
compared to the dissociated nuclei (Figure 2.2a-c). The 24 homotopic protons on the 18C6 ring
have identical NMR absorptions, at around 3.54 ppm in terms of chemical shift. If a Cs" is
crowned, due to the partial removal of proton electron density by the cation, the protons will be
deshielded and the chemical shift will increase to 3.59 ppm (Figure 2.2a), consistent with
reports that (18C6@Cs)* exists in ACN 21, However, with the addition of [TeBre]* ionic
octahedra, the chemical shift is further increased to 3.61 ppm. This increase indicated further
withdrawal of electron density from the protons in the presence of [TeBrs]?, which implied
attachment to the (18C6@Cs)" cations. Br NMR revealed strong signals of free Br ions of
CsBr in ACN, while the spin relaxation of ”Br was quenched completely by Te*" in Cs,TeBrs
(Figure 2.2b) under the same measurement conditions. (18C6@Cs).TeBrs in ACN showed the
same quenching behavior as the Cs,TeBrg; the absence of ”Br NMR signal confirmed that Br
was coordinated to Te*'.
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To provide complete evidence that the dumbbell structural unit exists in ACN, 3*Cs NMR
(Figure 2.2¢) was also conducted since Cs is the bridging atom that directly coordinates to both,
Br of [TeBrs]* and O of 18C6. The free Cs chemical shift of CsBr was located at 38.81 ppm,
while it was located at 35.56 ppm for Cs2TeBrs in ACN. The 3.25-ppm difference in these
controls indicated that the presence of Te*" in the solution caused the peak to shift to lower ppm
values. In contrast, a pronounced shielding effect was observed when Cs* was crowned into
(18C6(@Cs)" in ACN, which suggested a withdrawal of electron density from the crown ether
to Cs*, consistent with the "H NMR results. Adding [TeBre]* into (18C6@Cs)" in ACN changed
the Cs chemical shift from 22.21 ppm to 22.92 ppm, which supported the formation of a new
species, the dumbbell structural unit, distinct from its individual components. The dramatically
broadened signal also supported the formation of the dumbbell, as dipole-dipole interactions
are introduced in slowly tumbling large molecular weight species. UV-vis spectrum of
(18C6(@Cs),TeBrs precursors in ACN clearly shows the A, B and C characteristic absorption
bands of [TeBre]*12°! (Figure 2.2d), indicating the presence of the [TeBre]* in solution. With
the comprehensive measurements in 'H, "Br, and '3Cs NMR and UV-vis spectroscopy, we
characterized the species in the solution phase, confirming the integrity of the dumbbell
structural unit in solution.
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Figure 2.2. Evidence of the formation of (18C6@A):2M(1V)Xs dumbbell structural unit in
solution. The composition of (18C6@Cs).TeBrs is applied as an illustrating example for the
dumbbell structural unit, and acetonitrile (acetonitrile-d; for NMR) is used as the solvent. (a)
"H NMR spectra for (18C6@Cs),TeBre solution, and the control groups are (18C6@Cs)Br and
18C6 dissolved in solution; (b) ”Br NMR spectra for (18C6@Cs).TeBrs solution, and the
control groups are Cs;TeBrs and CsBr dissolved in solution; (¢) '*3Cs NMR spectra for
(18C6(@Cs),TeBrs solution, and the control groups are (18C6@Cs)Br, Cs2TeBrs and CsBr
dissolved in solution; and (d) UV-vis spectra comparison of (18C6@Cs).TeBrs solution and
Cs2TeBrs dissolved in solution.

2.2.2 Single-Crystal Formation and Characterization

With the suspension of (18C6@A)>M(IV)Xs in ACN solution, we successfully achieved the
solid-state assembly, in the form of single crystals, with the introduction of antisolvents like
diethyl ether. For example, the (18C6@Cs),TeCls single crystals have a parallelepiped shape,
consistent with crystallographic symmetry, with a lateral dimension of approximately 300 um
(Figure 2.3). The structural details were determined from single crystal X-ray diffractions
(SCXRD). (18C6@Cs),TeClg crystallized in the R-3 space group with lattice parameters of a =
13.9378 A and ¢ = 22.0396 A (Table 2.1). The (18C6@Cs).TeCls dumbbell structural unit
belonged to the Se point group, where two Cs* cations and the Te** cation sit on the S¢ axis, and
the six-fold symmetry of the 18C6 and S¢ axis of On-symmetric [TeCls]* octahedron were
perfectly aligned. In the (18C6@Cs).TeCls dumbbell unit, the Te-Cl bond length was
determined as 2.546 A, which was comparable to that in the Cs;TeCls vacancy-ordered double
perovskite (2.570 A)7). The high symmetry of this dumbbell building block offered a unique
rhombohedral packing of the octahedra at the macroscopic level. Each [TeClg]*" octahedron
occupied the b Wyckoff position of space group R-3 and was surrounded by six nearest
octahedra at a Te-Te distance of 10.9 A, which was different from the FCC packing in Cs,TeCle
with Te-Te distance of 7.7 Al7). These engineerable differences in the metal halide octahedron
packing geometry may lead to differences in the overlap of molecular orbital wavefunctions,
yielding unique electronic structures and optoelectronic properties that will be discussed later.
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Figure 2.3. Crystal structure of one typical example: (18C6@Cs):TeClg. The atomic
structure of the dumbbell (18C6@Cs).TeCls structural unit from (a) top and (b) side view.
(18C6(@Cs),TeCls single crystal is in rhombohedral R-3 space group: (c¢) oblique view and (d)
top view. (e) Dark field optical image and (f) scanning electron microscope image of

(18C6@Cs),TeCls single crystal.

Table 2.1. Crystallographic tables for (18C6@K).TeCls, (18C6@Rb),TeCls, and
(18C6@Cs),TeCls, single crystals.

Crystal (18C6@K).TeCls (18C6@Rb):TeCls (18C6@Cs):TeClg
ICSD Number 2122205 2122204 2122203
Empirical
formula C24H43ClgK2012Te C24H4sClsO12Rb2Te C24H4sCl6Cs2012Te
Formula weight 947.12 1039.86 1134.74
Temperature/K 293(2) 293(2) 293(2)
Crystal system trigonal trigonal trigonal
Space group R-3 R-3 R-3
a/A 13.9266(6) 13.9737(6) 13.9400(3)
b/A 13.9266(6) 13.9737(6) 13.9400(3)
c/A 20.5594(8) 21.0360(9) 22.0991(6)
a/° 90 90 90
pB/e 90 90 90
v/° 120 120 120
Volume/A3 3453.3(3) 3557.3(3) 3719.04(19)
Z 3 3 3
Pealemg/mm’ 1.366 1.456 1.520
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;yl/mm'1 1.218 3.046 2411
F(000) 1440.0 1548.0 1656.0
) 0.185 x 0.155 x 0.273 x 0.174 x
3
Crystal size/mm-° | 0.51 x 0.388 x 0.194 0.136 0.082
Radiation Mo Ka (A=10.71073) | Mo Ka (A =0.71073) | Mo Ka (A=10.71073)
20 range for 5.85 t0 58.914° 7.77 to 58.946° 8.05 to 58.982°
data collection
Ind -15<h<16,-18<k | -18<h<16,-17<k | -18<h<19,-18<k
ndex ranges <15,-25<1<27 <19,-26<1<27 <18,-30<1<30
Reflections 8381 8997 24112
collected
Independent 1857[R(int) = 1905[R(int) = 2130[R(int) =
reflections 0.0365] 0.0329] 0.0368]
Data/restraints/p 1857/0/69 1905/0/69 2130/0/69
arameters
Goodness-of-fit 1.043 1.100 1.108
onF
Final R indexes R;1=0.0297, wRy = R; =0.0450, wR, = R; =0.0485, wRy =
[[>=26 (1)] 0.0774 0.1206 0.1297
Final R indexes R;=0.0361, wRy = R;=0.0572, wRy = R;=0.0626, wR, =
[all data] 0.0804 0.1272 0.1447
Largest diff.
peak/hole / & A7 1.01/-0.37 2.60/-0.85 3.87/-0.95

2.3 Compositional and Structural Tunability of the Dumbbell Structural Unit

To demonstrate the general applicability of our approach, we achieved various crystals through
this supramolecular assembly strategy. In fact, the composition tunability of this new
(18C6@A)M(IV)Xs structure is as rich as the tunabilities on A, M, and X sites in A;M(IV)Xe
double perovskites!?3l. There are four compositional components in the (18C6@Cs).TeCls
dumbbell structural unit that can be tuned by virtue of the precursors: (a) octahedron cations
(M), (b) halide anions (X), (c) alkali metal cations (A), and (d) crown ethers (Figure 2.4). Apart
from the [TeXe]*, various tetravalent center cation octahedra, such as [SnXe]*, [SeXs]*,
[IrXe]*>, [PtX6]*, [ZrXs]*, [CeXe]* 1101124321 can also be assembled into similar dumbbell
structural units with S¢ symmetry. For typical 3D-connected halide perovskites, such as low-T
phase CsPblI3*3], due to the geometrical constraint imposed by the ionic framework sizes, such
as the tolerance factor and proper bonding directions, a mismatched ionic size will lead to the
breakdown or instability of the perovskite structure®#). In contrast, the isolated nature of the
dumbbell structural units enables a more flexible control over the structure diversity without
losing the prototypical crystal structure. Herein, we achieve a variety of unique dumbbell
structures with our unique synthetic approach by simply changing the precursors. All structural
details of the highly tunable (18C6@A)>M(IV)Xs dumbbell structural units were obtained by
powder X-ray diffraction (PXRD) and SCXRD.
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Figure 2.4. Synthetic tunability of the crown ether supramolecular approach. The four
arrows represent the four dimensionalities in tuning the dumbbell structural unit from the initial
(18C6@Cs),TeCls structural unit: (a) seven tetravalent octahedra cations can be applied,
including transition metal cations such as Zr*", Ir*", Pt**, basic metal cations such as Sn**,
metalloid cations such as Te*', nonmetal cations such as Se*', and lanthanide cations such as
Ce**; (b) tuning the halide anion from CI to Br to I, and the optical images are the powders of
(18C6@Cs):TeXs (X = CI, Br, I') under ambient light; (c¢) modifying the alkali metal cation
coupled with 18C6 from Cs* to Rb" to K*, and the optical images are the powders of
(18C6(@A).TeClg dispersed in an anti-solvent under UV lamp excitation; and (d) varying the
size of the crown ether from 18C6 to 21C7.

The comparison of PXRD patterns for the seven different octahedron center cations (Te*", Sn*',
Se**, Ir**, Pt*, Zr**, Ce*") is shown in Figure 2.5a. Despite size differences between the
different metal halide octahedral units, represented by the M-Cl bond length (from 2.324 A to
2.555 A) summarized in Figure 2.5b, they all had similar hexagonal PXRD patterns, with
strong and distinct (101) and (110) diffraction peaks. In order to better evaluate the geometry
of the dumbbell structural unit with various composition, we used a simplified model made up
with two cones and one octahedron. A larger halide anion (from CI to Br to I') leads to a larger
octahedron size (Figure 2.6b), and the length of the dumbbell structural unit increases in all
three dimensions, reflected by the shifting of all diffraction peaks to lower 20 values (Figure
2.6a). While the bromide version remained in the R-3 space group (Table 2.2), the iodide
version deviated from the hexagonal symmetry and crystallized in the monoclinic crystal
system with the space group of P2;/m (Table 2.3) due to the larger size of the iodide anion. On
the contrary, we found that the M-X bonds were not influenced by the alkali metal cations, and
the R-3 space group can be preserved. Figure 2.7b shows that the Te-Cl bond lengths were
2.546 A, 2.548 A, and 2.544 A for the Cs-, Rb- and K-based assemblies, respectively. However,
when using a smaller alkali cation, the height of the cone decreased (from ~2.4 A to ~1.8 A
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when changing from Cs™ to K¥), while the diameter of the cone remained nearly unchanged.
This height decrease was consistent with a shift in the diffraction peaks related to the c lattice
parameter (such as (101) and (104) planes) to larger 26 values. In contrast, the diffraction of
facets parallel to the ¢ axis, such as the (110) plane, have almost no shift (Figure 2.7a).
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Figure 2.5. Systematic structural analysis of the family of (18C6@A):M(IV)Xs crystals by
tuning the octahedron center element (M) in (18C6@A):MIV)Cls (for M = Ce, Zr, A= Cs;
for M = Pt, Ir, Se, Sn, Te, A = K). (a) Comparison of powder X-ray diffraction patterns; (b)
the M-Cl bond length comparison of the structures with different octahedron center elements.
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Figure 2.6. Systematic structural analysis of the family of (18C6@A):M(IV)Xs crystals by
changing the halide atom (X) in (18C6@Cs):TeXs. (a) Comparison of powder X-ray
diffraction patterns; (b) the M-X bond length increases with larger X.

Table 2.2. Crystallographic tables for (18C6@K).TeBrs, (18C6@Rb),TeBrs, and
(18C6(@Cs).TeBrs, single crystals.

Crystal (18C6@K):TeBrs | (18C6@Rb):TeBrs | (18C6@Cs):TeBrs
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ICSD Number 2122195 2122194 2122196
Empirical boT CouHusBrO1CsoT
formula C24H4sBrsK,012Te C24H4sBrsO12Rb,Te 24H43BrsO012Cs2Te
Formula weight 1213.88 1306.62 369.44
Temperature/K 293(2) 293(2) 293(2)
Crystal system trigonal trigonal trigonal
Space group R-3 R-3 R-3
a/A 14.2030(6) 14.2117(7) 14.1941(3)
b/A 14.2030(6) 14.2117(7) 14.1941(3)
c/A 21.3516(10) 21.6941(12) 22.5099(5)
a/° 90 90 90
pB/e 90 90 90
v/° 120 120 120
Volume/A3 3730.1(4) 3794.6(4) 3927.53(19)
Z 3 3 44
Pealemg/mm?> 1.621 1.715 6.873
wmm-! 5.626 7.278 29.335
F(000) 1764.0 1872.0 6908.0
Crystal size/mm?® | 0.283 x 0.235 x 0.159 | 0.264 x 0.205 x 0.16 | 0.242 x 0.094 x 0.09
Radiation Mo Ka (A=0.71073) | Mo Ka (A=0.71073) | Mo Ka (A=10.71073)
2@ range fordata | ¢ 0o, 58 6260 6.882 t0 58.97° 6.872 t0 59.14°
collection

Index ranges

-17<h<19,-18<k
<18,-26<1<27

-17<h<18,-18<k
<18,-29<1<28

-19<h<19,-19<k
<19,-27<1<31

Reflections 9333 9547 29928
collected
Independent o N Lo
oot | 2005[R(int) = 0.0416] | 2011[R(int) = 0.0377] | 2260[R(int) = 0.0274]
Data/restraints/pa 2005/0/69 2011/0/69 2260/0/69
rameters
Goodness-of-fit 1.045 0.956 1.062
onF
Final R indexes R; =0.0260, wR, = R1=0.0184, wR, = R;=0.0387, wRy =
[1>=26 (I)] 0.0681 0.0425 0.1093
Final R indexes R;1=0.0313, wRy = R1=0.0241, wR, = R;=0.0452, wR, =
[all data] 0.0693 0.0433 0.1135
Largest diff.
Scalhole /¢ A 0.38/-0.57 0.34/-0.34 3.79/-0.50

Table 2.3. Crystallographic tables for (18C6@Cs).Tels single crystals.

Crystal

(18C6@Cs):Tels

ICSD Number

2122192
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Empirical formula C27Cs2I6NO13Te
Formula weight 1701.10
Temperature/K 293(2)

Crystal system monoclinic
Space group P2i/m
a/A 9.8064(2)
b/A 14.6116(4)
c/A 17.8497(4)
a/° 90
p/e 93.572(2)
v/° 90
Volume/A3 2552.66(10)
Z 2
Pealemg/mm?> 2.213
wmm-! 5.661
F(000) 1506.0
Crystal size/mm? 0.493 x 0.339 x 0.199
Radiation Mo Ka (A =0.71073)
20 range for data collection 6.374 to 58.762
Index ranges -12<h<13,-19<k<18,-22<1<24
Reflections collected 37382
Independent reflections 6491 [Rint = 0.1203, Rigma = 0.0514]
Data/restraints/parameters 6491/0/248
Goodness-of-fit on F? 1.098
Final R indexes [[>=2c (I)] R1=10.0661, wR> =0.1956
Final R indexes [all data] R1=0.0726, wR, =0.2010
Largest diff. peak/hole / e A 1.48/-2.18
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Figure 2.7. Systematic structural analysis of the family of (18C6@A):M(IV)Xs crystals by
varying the alkali metal atom (A) in (18C6@A):TeCls. (a) Comparison of powder X-ray
diffraction patterns; (b) the height of the cone increases with larger A, while the diameter of the
cone is insensitive to the change of A.

To further confirm the intact On symmetry of the metal halide octahedral building blocks, we
used Raman spectroscopy to study the vibrational modes of the dumbbell structural unit.
Previous Raman studies of the Cs>TeClg crystal system determined that the vibrational units in
the single crystals were the isolated [TeCls]* octahedra with On point group symmetryl’!
(Figure 2.8a). All three characteristic Raman peaks were still observed in the (18C6@A).TeCls
single crystals (Figure 2.8b), confirming the O symmetry of the [TeCls]* unit in the dumbbell
building block.
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Figure 2.8. Raman spectrum of [TeClg]> octahedra in various crystals. (a) Raman
spectrum of Cs>TeClg. (b) Normalized Raman spectra of (18C6@A).TeCls (A= Cs", Rb", K")
crystals.

The compatibility between the point groups of 18C6 and the metal halide octahedral units
resulted in the rhombohedral R-3 space group of the assembled single crystals. By breaking the
six-fold symmetry of the crown ether, the supramolecular approach can realize more packing
geometries for these metal halide octahedral units. For example, the larger 21-Crown-7 (21C7)
had to distort itself to coordinate with the center Cs* cation (Figure 2.9a). Such distortion of
the dumbbell building block dramatically altered the packing geometry of those building blocks
(Figure 2.9b). Single crystals of (21C7@Cs)2TeBrs and (21C7@Cs).Tels crystallized in an
orthorhombic lattice with space group Cmc2; (Table 2.4). The [TeBrg]> units in
(21C7@Cs):TeBrs dumbbell unit were still nearly perfect, but this distorted dumbbell structure
was found to be horizontally packed into a 2D array form. In each [TeBrs]* octahedral plane,
one octahedron had four nearest neighbors (Te-Te distance is 9.9 A), with no solvent molecules
or crown ether complexes in between. The interlayer spacing of the 2D octahedral sheets was
about 13.7 A. Consistent with a 2D structure, the (002) diffraction peak was much stronger than
the other diffraction peaks (Figure 2.10). The single crystal had a planar shape with a width of
over 400 um and a thickness of only 35 um (Figure 2.11). Therefore, the use of 21C7 introduced
another new type of metal halide octahedral unit packing in supramolecular assemblies.
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a

Figure 2.9. Single crystal XRD characterization of 21C7 assembled crystals. (a) The
structure of the (21C7@Cs).TeBrs fundamental building block. (b) Crystal structure of

(21C6(@Cs)2TeBrs viewed from the a axis.

Table 2.4. Crystallographic tables for (21C7@Cs).TeBrs, and (21C7@Cs).Tels single crystals.

Crystal (21C7@Cs)2TeBrg 21C7@Cs)2Telg
ICSD Number 2122191 2122190
Empirical formula C31H43Br6CsoNO1sTe C30H35Cs2I6NO1sTe
Formula weight 1542.54 1803.40
Temperature/K 293(2) 293(2)
Crystal system orthorhombic orthorhombic
Space group Cmc2, Cmc2,
a/A 15.6291(6) 15.7635(11)
b/A 12.0777(4) 12.3817(10)
c/A 27.5528(18) 28.124(3)
a/° 90 90
/e 90 90
v/° 90 90
Volume/A3 5201.0(4) 5489.1(8)
Z 4 4
Pealemg/mm?> 1.970 2.182
w/mm-! 21.138 5.274
F(000) 2912.0 3284.0
Crystal size/mm? 0.091 x 0.051 x 0.05 0.157 x 0.103 x 0.045
Radiation CuKo (A=1.54184) Mo Ka (A=10.71073)
2 range for data 9.796 to 158.18 5.926 to 52.74
collection
Index ranges -19<h<19,-11<k<15,- | -19<h<17,-14<k <15, -
34<1<34 35<1<35
Reflections collected 53691 19078
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Figure 2.10. Powder X-ray diffraction pattern of (21C7@Cs).TeXs (X = Br-, I).
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Figure 2.11. Scanning electron microscopy (SEM) image of the (21C7@Cs):TeBrs single
crystal. (a) Top view and (b) side view.

2.4 Optoelectronic Properties of the Supramolecular Assemblies
2.4.1 Light Absorption Properties

The demonstrated synthetic flexibility and systematic control of the crystal structures
assembled from the dumbbell structural unit have deep implications on their electronic
properties. The electronic structure of the structural unit is primarily determined by the metal
halide octahedral units!'?]. For instance, by tuning the center metal cation of the [M(IV)Cl¢]*
(M = Sn*, Te*, Ce*, and Ir*") ionic octahedron, the optical absorption onset of the
supramolecular assembled crystals varied from 660 nm for [IrCls]*, to 500 nm for [CeCls]*, to
460 nm for [TeClg]*, and to 310 nm for [SnCls]* (Figure 2.12). The differences in absorption
features for these four ionic octahedra are due to their different electronic configurations. Te**
is a cation with ns’? electronic configuration; the absorbance of [TeCls]* octahedra was
dominated by the molecular 5s to 5s5p transitions, represented as the A, B, and C bands[3%.
Recent studies suggested that sharp absorption band in the UV range for [SnCls]* can be
assigned to a ligand-to-metal charge transfer (LMCT) transition/?>-2], The absorption band was
also assigned to the LMCT transition for [CeCls]*3%l. For Ir, the subshells of the 5d-orbitals of
Ir** in [IrCle]* contributed to the weak optical transition bands and intense bands were due to
metal-ligand interactions?®”). Changing the halide anions also contributed to different optical
absorption. (18C6@Cs):TeXs (X = CI, Br, I') structural units have vastly different optical
absorption features due to shift of the atomic orbital energy levels of halide anions (Figure
2.13).

31



—— (18C6@K),SnCl,
Q —— (18C6@K),TeCl,
5 —— (18C6@Cs),CeCl,
5 —— (18C6@K),IrCly
8
<
L]
(0]
N
T
£
O
Pz
200 300 400 500 600 700 800

Wavelength (nm)

Figure 2.12. Normalized UV-vis absorption spectra of (18C6@A):M(IV)Cls (M = Sn*,
Te**, Ce*, Ir*") crystals.
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Figure 2.13. Normalized UV-vis absorption spectra of (18C6@Cs).TeXs (X = CI', Br,, I')
crystals.

The optoelectronic tunability of the dumbbell unit can be achieved not only by incorporating
various [M(IV)Xs]?* ionic octahedra, but also by changing the octahedral packing geometries
and the surrounding coordination environment of the same metal-halide octahedra. The
electronic interaction of these octahedral units has deep implications on the electronic structure
of the crystal. According to the tight-binding model, the superposition of wave functions for
isolated atoms will be greater when atoms are brought closer together in a solid, so the electronic
bands will be more dispersive and the bandgap will decrease!*®!. In the current materials system,
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the individual octahedron can be viewed as a super ion/atom with specific molecular orbital
levels. When the octahedra of these dumbbell units are closer to each other, their orbital
wavefunctions will overlap to a greater extent. This was confirmed by our experimental
observation. The UV-vis absorption spectra of four different packing geometries of [TeBre]*
octahedra are shown in Figure 2.14. As the [TeBre]*” octahedra were packed closer in a crystal
by using different crown ether complexes, the A band absorption onset red shifted from 500 nm
to 590 nm, causing the crystal to change color from orange [(18C6@Cs).TeBrs and
(21C7@Cs),TeBrg] to red [Cs2TeBrg].

Cs,TeBrg

—— (21C7@Cs),TeBr,
— (18C6@Cs),TeBrg
——— (TeBrg)* in solution

Normalized Absorbance

300 400 500 600 700
Wavelength (nm)

Figure 2.14. Normalized UV-vis absorption spectra of [TeBrs]>- octahedra in four different
packing geometries.

2.4.2 Light Emission Properties

The optical properties of the supramolecular assembled crystals were tunable, not only
regarding the optical absorption, but also in terms of the photoluminescence (PL) properties.
The strong coupling of the exciton with lattice vibrations is known in many isolated halide
octahedra including [TeXs]*, [SnXe]*, and [PtXe]*1?27-28:39401 This exciton-phonon coupling
effect will greatly lower the energy level of the exciton, forcing it into transient self-trapped
exciton (STE) states with a range of self-trapped energy levels. [TeClg]> octahedron was
selected to study the STE emission of the dumbbell structural units. The PL spectra (Figure
2.15) of the (18C6@A).TeCls (A = K*, Rb*, Cs") crystals had emission peak wavelengths at
604 nm, 642 nm, 659 nm, respectively. They all featured a large Stokes shift of 1.13 eV, 1.26
eV, 1.31 eV, respectively, and a very broadband emission. The PL full width at half maximum
(FWHM) were as large as 0.44 eV, 0.54 eV, and 0.55 eV, respectively. The Stokes shift was
larger than that of the CsxTeClg crystal, with a value of 1.04 eV!"l, which indicated greater
exciton-phonon coupling effect?#%1. Furthermore, the Stokes shift increased with increasing
alkali metal cation size. This phenomenon was likely due to the difference in the alkali metal-
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halide bond strength. A weaker or softer alkali metal-halide bond will force the excitonic state
into deeper self-trapped levels.
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Figure 2.15. Normalized photoluminescence spectra of (18C6@A)2TeCls (A= Cs*, Rb*, K")
crystals.

2.5 Experimental Methods
2.5.1 Materials Preparations

Chemicals. 18-Crown-6 (18C6, 99%, Sigma Aldrich), 21-Crown-7 (21C7, 97%, Alfa
Chemistry), CsCl (99.999%, Sigma Aldrich), CsBr (99.999%, Sigma Aldrich), CsI (99.999%,
Sigma Aldrich), RbCI (99.95%, Sigma Aldrich), RbBr (99.6%, Sigma Aldrich), RbI (99.9%,
Sigma Aldrich), KCI1 (99%, Sigma Aldrich), KBr (99%, Sigma Aldrich), KI (99%, Sigma
Aldrich), TeCls (99.9%, Alfa Aesar), TeBrs (99.9%, Alfa Aesar), Tels (99%, Alfa Aesar), SnCl4
(99.9%, Alfa Aesar), SnBrs (99.9%, Alfa Aesar), KoPtCls (99.99%, Sigma Aldrich), KxIrCls
(99.99%, Sigma Aldrich), SeCls (35.0-36.5% Se basis, Sigma Aldrich), ZrCls (99.99%, Sigma
Aldrich), (NH4)2Ce(NO3)s (99.99%, Sigma Aldrich), hydrochloric acid (HCI, 37%, Sigma
Aldrich), hydrobromic acid (HBr, 48%, Sigma Aldrich), hydroiodic acid (HI, 57%, Sigma
Aldrich), N N-dimethylformamide (DMF, Fisher Scientific), acetone (Sigma Aldrich),
acetonitrile (ACN, Sigma Aldrich), acetonitrile-ds (ACN-d3, >99.8 atom % D, Sigma Aldrich)
and diethyl ether (DEE, Sigma Aldrich) were used as received without further purification or
modification.

Synthesis of A2MXs (A = Cs*, Rb*, K*; M = Te*, Sn*', Zr*"; X = CI, Br-, I) Powders.
Precursor powders AX and MX4 were measured into a 20 ml vial based on the 2:1 stoichiometric
ratio, and the precursors were dissolved in 5 ml of HX acid. Precipitates were filtered
immediately and washed with HX acid. Precipitates were dried in a vacuum oven at 60°C
overnight.
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Synthesis of K>SeCls Powders. Precursor powders KCI and SeCls were measured into a 20 ml
vial based on the 2:1 stoichiometric ratio, and the precursors were dissolved in 5 ml of DMF on
a hot plate at 100°C for three hours in an argon glovebox. The supersaturated solution was
filtered into a new 20 ml vial and 10 ml of DEE was added into the solution as anti-solvent.
Precipitates were filtered, washed with acetone and dried in the vacuum oven at 60°C overnight.

Synthesis of Cs:CeCls Powders. Cs;CeCls powders were synthesized using the same
procedure as literature*!l. Precursor powders of CsCl and (NH4)>Ce(NOs)s based on the 2:1
stoichiometric ratio were dissolved in 4 ml of HCI at 4°C. The precipitate was filtered
immediately and washed with 1 ml of cooled HCI. The precipitate was dried in vacuum oven
at room temperature overnight.

Synthesis of (18C6@A):M(IV)Xs (A = Cs*, Rb*, K"; M = Te*', Sn*, Se**, Ir*", Pt**, Zr*,
Ce**; X = CI, Br, I). Powders of A;MXe and 18C6 were measured into a 20 ml vial based on
the 1:2 stoichiometric ratio, and the precursors were dissolved in 10 ml of ACN or DMF on a
hot plate at 100°C with vigorous stirring for three hours. The supersaturated solution was
filtered into a new 20 ml vial. (18C6@A)M(IV)Xe powders were obtained by adding 10 ml of
the supersaturated solution into 20 ml of DEE anti-solvent in a 50 ml centrifuge tube. The
mixtures were centrifuged at 4000 rpm for 5 minutes to separate the powders and the solution.
The powders were dried in a vacuum oven at 50°C overnight. Se*" and Zr*'versions were
hydroscopic, and an argon glovebox was used to avoid air exposure during the whole process.
using the solution-based anti-solvent vapor method. (18C6@A)M(IV)Xs single crystals were
grown using an anti-solvent diffusion method. 1 ml of the abovementioned supersaturated
solution was added into a 4 ml vial, which was placed into a 20 ml vial with 4 ml of DEE. After
approximately two days, single crystals were formed on the bottom and the wall of the 4 ml
vial. Single crystals were washed 3 times with acetone and stored in an argon glovebox for
future use.

Synthesis of (21C7@Cs):TeXs (X =Br, I'). 21C7@Cs).TeXs (X = Br, I') powders and single
crystals were synthesized using methods similar as the (18C6@A)>M(IV)Xs but replacing 18C6
with 21C7.

2.5.2 Materials Characterizations

Single-Crystal X-ray Diffraction (SCXRD). The SCXRD data were collected at the Small
Molecule X-ray Crystallography Facility (CheXray) in College of Chemistry, UC Berkeley.
SCXRD were measured with a Rigaku XtaLAB P200 instrument equipped with a MicroMax-
007 HF microfocus rotating anode and a Pilatus 200K hybrid pixel array detector using
monochromated Mo Ka radiation (A = 0.71073 A). All crystal datasets were collected at room
temperature (298 K). CrysAlisProl** was used for data collection and data processing, including
a multi-scan absorption correction applied using the SCALE3 ABSPACK scaling algorithm
within CrysAlisPro. Using Olex2[*, the structures were solved with the SHELX T4 structure
solution program using Intrinsic Phasing and refined with the SHELXL* refinement package
using Least Squares minimization. Due to the occupation of disordered solvent molecules in
the crystal voids, solvent masks were used during the refinement. All reflections where
[error/esd] > 5 were omitted, as the existence of disordered molecules will result in high
error/esd values in low d-spacing diffractions.
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Ambient Condition Powder X-ray Diffraction. Powder X-ray diffraction (PXRD) data of
(18C6@A):MXs (A = Cs*, Rb", K'; M = Te**, Sn*", Ir**, Pt**, Zr*", Ce*"; X = CI', Br, I') and
(21C7@Cs):TeXs (X = Br, I') were collected using a Bruker D8 laboratory diffractometer with
a Cu Ka radiation source in ambient condition. Data was collected from 26 = 7° — 50°. The
single crystals were ground into powders and transferred onto glass for measurements.

Inert Atmosphere Powder X-ray Diffraction. PXRD of (18C6@K).SeCls was collected using
a Rigaku Miniflex 6G Benchtop Powder XRD with a Cu Ka radiation source and an inert
atmosphere sample holder. The powder samples were loaded onto the sample holder inside an
argon glovebox.

Optical Microscope Imaging. An unpolarized, white-light optical microscope was used to
visualize single crystals under either a 20X or a 50X microscope objective. The single crystals
were observed under dark-field imaging. The single crystals were dispersed onto glass for
measurement.

Scanning Electron Microscopy. A field-emission SEM (FEI Quanta 3D FEG SEM/FIB) was
used to visualize single crystal morphologies at the QB3-Berkeley Biomolecular
Nanotechnology Center (BNC).

Nuclear Magnetic Resonance Spectroscopy. All the NMR experiments were conducted in
UC Berkeley's NMR facility in the College of Chemistry (CoC-NMR). The 'H and 7Br solution
NMR were performed by Bruker AV600 and !33Cs solution NMR was performed by Bruker
AV500. Acetonitrile-d; was used as solvent for all the measurements.

Raman Spectroscopy. The Raman spectra of CsxTeCls, (18C6@A )2 TeBrs, (18C6@A)2SnCls,
and (18C6@A)>SnBrs (A = K*, Rb", Cs") samples were measured by a confocal Raman
microscope system (Horiba LabRAM HR800 Evolution). The single crystals were dispersed
onto glass microscope slides for measurement. A continuous-wave (cw) 633 nm laser was
focused onto a crystal facet at a constant power density set by neutral density filters. The Raman
signal from the sample was collected using a microscope objective in a backscattering geometry
(100%, NA 0.6). High-resolution Raman spectra were measured with a charge-coupled device
(CCD) detector equipped with a diffraction grating of 1800 gr/mm and a long pass filter (80
cm!) to remove the Rayleigh scattering line from the signal.

Ultralow-Frequency (ULF) Raman Spectroscopy. The Raman spectra of the
(18C6@A)2TeCls (A=K*, Rb", Cs") samples were measured by a confocal Raman microscope
system (Horiba LabRAM HR Evolution) at the Stanford Nano Shared Facilities (SNSF). The
powders were dispersed onto glass microscope slides for measurement. A continuous-wave 633
nm laser was focused onto the powder, thin film, or coating surfaces at a constant power density
set by neutral density filters. The Raman signal from the sample was collected using a
microscope objective in a back-scattering geometry (100X, NA 0.6). High-resolution Raman
spectra were measured with an Andor Newton DU970P BVF EMCCD detector equipped with
a diffraction grating of 1800 gr/mm and an ULF filter package (10 cm™) to remove the Rayleigh
scattering line from the signal.

PL Spectroscopy. Photoluminescence measurements were collected with a home-built PL
microscope system. The single crystals were dispersed onto glass for measurement. A
continuous-wave solid-state 375 nm laser (Coherent OBIS 375LX) was focused obliquely onto
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the sample with a constant power density in visible wavelength measurements and infrared
wavelength measurements, which was set by neutral density filters. The PL signal from the
sample was collected using a microscope objective (50X) coupled to a long-pass filter (390 nm)
in visible wavelength measurements and to a long-pass filter (800 nm) in infrared wavelength
measurements to remove the laser line from the signal. Visible wavelength PL spectra were
collected under a 1 s exposure time with a Si CCD detector cooled to -120°C via liquid nitrogen
and equipped with a diffraction grating of 150 gr/mm. The PL imaging was taken under bright-
field conditions.

UV-Visible Absorption Spectroscopy. The absorption spectra of the samples were measured
by a UV-visible spectrophotometer (Shimadzu UV-2600). Data was collected in absorption
mode over a wavelength range of 200 nm and 900 nm with a medium scanning rate. The powder
samples were widely dispersed on quartz glass. The solution samples were placed into a quartz
cell with a 0.1 mm path length.

2.6 Conclusion

In conclusion, we demonstrated a general synthetic strategy for a library of new supramolecular
building blocks (crown-ether@A)>M(IV)Xs, constructed from ionic halide perovskite
octahedral units and crown ether. The great tunability of (crown-ether@A)>M(IV)Xs can be
explored along: (1) changing the octahedron cation, (2) tuning the halide anion, (3) modifying
the alkali metal cation coupled with the crown ether, and (4) varying the size of the crown ether.
In the future, based on the structural diversity of the supramolecular assembly approach, we
expect to extend to 1D and 2D electronic dimensionality solid assembly with connected [MX¢]™
octahedra. Also, with all these synthetic possibilities, a more in-depth study of the
optoelectronic properties of the ionic octahedral building blocks can be conducted. We expect
that this new assembly strategy of the supramolecular building blocks could bring a new general
method for halide perovskite materials discovery.
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Chapter 3 Supramolecular Assembly of Halide Perovskite Blue and Green
Emitters with Near-Unity Photoluminescence

Parts of the content of this chapter were reprinted and adapted from the following publications
with permission: Cheng Zhu, Jianbo Jin, Zhen Wang, Zhenpeng Xu, Maria C. Folgueras, Yuxin
Jiang, Can B. Uzundal, Han K. D. Le, Feng Wang, Xiaoyu Zheng, and Peidong Yang.
"Supramolecular assembly of blue and green halide perovskites with near-unity
photoluminescence." Science, 2024, 383, 86-93. Reprinted with permission from AAAS.

3.1 Introduction

Blue and green emission with high photoluminescence quantum yield (PLQY) is at the forefront
of solid-state lighting and color display research, and promising candidates have emerged.
Inorganic semiconductors!#, such as epitaxial-grown GaN films, were developed and led to
the 2014 Nobel Prize in Physics®!. For instance, Si and Zn co-doped GaN can exhibit a PLQY
of 90%![%]. Nevertheless, those covalent semiconductors require high purity to prevent the rapid
non-radiative recombination through various crystal structure defects!!l and rely on solid-state
synthesis at elevated temperatures near 1000°Cl7]. As an alternative to covalent semiconductors,
ionic halide perovskites have received much attention owing to their impressive optoelectronic
properties, such as a high optical absorption coefficient!®), tunable bandgap®-!!l, high defect
tolerancel'>!3], and efficient photo/electroluminescencel'*!%], For example, the blue and green
emissive colloidal CsPbCliBri« quantum dots have shown PLQY values around 80%!!%!7], In
addition, low-dimensional halide perovskites like the Ruddlesden-Popper phase
(CeHsCH2NH3),PbBrs show a blue emission with a PLQY of 79%!!®). Despite the remarkable
optoelectronic properties of lead-based halide perovskites, the toxicity of lead and the complex
colloidal synthesis complicate their large-scale real-world applications. Moreover, suitable
ligands are still being explored to prevent those low-dimensional nanostructures from
aggregating during usage!'”l. However, recent studies have revealed that the fascinating
optoelectronic properties of halide perovskites stem from the [MXs]™ (M = metal cation, X =
halide anion) fundamental building blocks in the crystal structure!?’-?21, and given the ionic
nature and high chemical tunability of halide perovskite structures!?’!, a vast array of different
compositions and packing geometries of [MXs]™ can be explored as candidates for future light-
emission applications.

Exploring along this direction, a few [MXs]™ octahedral complexes have been discovered to
possess high PLQY when surrounded and charge-balanced by organic or inorganic cations in
the crystal structure. For instance, (CsN2H14Br)4SnBrs and (C4N2H14I)4Snls exhibit a yellow
emission with ~95% and ~75% PLQY, respectively*. Sb** doped RbsInCle has a bluish-green
emission with ~90% PLQY!®!, and (Ci1iHi3N2)3SbCls has a green emission with ~87%
PLQY?%l, However, emission of high PLQY with shorter wavelengths are still very rare. The
isolated nature of the octahedra introduce strong coupling of the exciton with lattice vibrations,
which will greatly lower the energy level of the exciton, forcing it into transient self-trapped
exciton (STE) states with a range of self-trapped energy levels?’-?8l. As a result, materials
systems with isolated [MXs]™ octahedral complexes generally have a broadband emission with
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a large Stokes shift, making it more challenging to create blue and green emissions with near-
unity PLQY.

Octahedra with Hf*"/Zr** centers, especially [HfBrs]>" and [ZrBre]* octahedra, have rarely been
the subject of research?°-%, even though they are promising for highly emissive blue and green
emitters. Cs:HfBrs crystals have a blue emission with the PL peak at 435 nm?”], and colloidal
Cs2ZrBrs nanocrystals have been demonstrated to have a green emission with a PLQY of
45%3%, The reasons why they are less explored are mainly the following: 1) it has been shown
theoretically’®!l and experimentally®*? that the Hf*" and Zr*' metal centers are extremely
air/moisture-sensitive in the A2MXs phase; 2) they can only be synthesized via the vertical
Bridgman-Stockbarger method at ~1000°C in sealed quartz ampoules%3334; and 3) it is very
challenging to achieve high-purity samples without a secondary impurity (such as CsBr)B3%., A
new methodology to enable the formation of more stabilized and purer solid phases containing
the [Hf/ZrBrs]* octahedra is of high interest to further explore their promising light-emitting
properties.

As we introduced in Chapter 2.2, we proposed a general crown ether-assisted supramolecular
assembly approach for tetravalent metal octahedral®!. Two crown ether@alkali metal
complexes can readily sandwich a tetravalent metal octahedron in solution into a unique (crown
ether@A):MXs dumbbell structural unit. The composition of the dumbbell structural unit is
proven to be highly tunable as we discussed in Chapter 2.3, with crown ether = 18-Crown-6
(18C6), 21-Crown-7 (21C7); A = Cs", Rb*, K*; M = Te*', Sn*', Se*', Ir**, Pt*", Zr*, Ce*"; X =
Cl, Br, I'. The facile solution-based synthesis and high compositional tunability of the
supramolecular approach enables us to access the promising optoelectronic properties of Hf and
Zr centered octahedra.

In this work, we discover that a new structure with formula (18C6@XK).HfBrs features high-
purity blue emission with a near-unity (96.22%) PLQY. Moreover, an efficient green emission
can also be achieved due to the large composition tunability of the (crown ether@A)>MXs
dumbbell structural unit. (18C6@K)2ZrCl4Br, demonstrates green emission with 82.69%
PLQY. The chemical tunability has also been tested by partially substituting the [HfBrs]*
octahedra by [ZrBrs]* octahedra in the structure with precise Zr/Hf molar ratio control. We
have discovered that 6% Zr*" doped (18C6@K)-HfBrs powders demonstrate a bright green
emission with a PLQY value of 51.41%. By studying the photophysics of the supramolecular
assembled samples, we have proved that the emission is attributed to STE emission, and a very
strong electron-phonon coupling constant (represented by the Huang-Rhys parameter) over 90
is identified in (18C6@K),HfBrs, Besides, the supramolecular assembled samples have
significantly longer PL lifetimes (in the microsecond timescale) compared to other halide
perovskite systems, signifying a low rate of nonradiative recombination. The
(18C6@K)2ZrClsBr; green emitter also exhibit excitation wavelength dependent PL emission.
The Zr*" doped (18C6@K),HfBrs compositions enable the study of the energy transfer between
various octahedra in the supramolecular assembled crystal structure. We discovered that the
emission is most likely a combination of (1) intrinsic [HfBrs]*> and [ZrBrs]*" emission and (2)
Forster resonance energy transfer from [HfBrs]* to lower energy [ZrBre]*. The supramolecular
assembled solid powders also have a wide range of light-emitting applications. The structural
integrity and impressive optical properties of the supramolecular assembled solid powders can
be further maintained by generating a powder suspension in a non-polar organic solvent such
as dichloromethane (DCM), thus creating an ink system. Polystyrene (PS) polymer is dissolved
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into the ink to further increase the solution processability. We have demonstrated that the inks
can be utilized for thin film fabrication upon the fast evaporation of DCM solvent. Excitingly,
with a digitally controlled excitation source, the (18C6@K)HfBrs/PS composite thin film
becomes a display with bright color and fast response time. Moreover, starting from a solution
processable ink, the powders can be 3D-printed into various light-emitting architectures. Not
only blue and green emitting structures can be achieved, but the microstructures can
demonstrate dual-color emission with precise control.

3.2 Supramolecular Assembly of Hf and Zr Octahedral Complexes

A new solution-based supramolecular synthetic route has been explored for [HfBrs]*- octahedra.
18C6 can greatly increase the solubility of the KBr and HfBr4 precursors in polar organic
solvents, making facile low-temperature solution-based synthesis accessible. A clear precursor
solution can be obtained using acetonitrile (ACN) as the solvent at 80°C. According to our
previous study about the supramolecular assembly process of tetravalent metal octahedral®!, a
unique (18C6@K)HfBrs dumbbell structural unit is formed in the ACN solution.
(18C6@K)HfBrs powders and single crystals are grown using the anti-solvent crystallization
method. The all-inorganic KoHfBrs powders are also synthesized using a modified solid-state
synthesis method for future comparison. We increase the purity and decrease the synthesis
temperature to 500°C by combining mechanical forces with heat to facilitate solid-state
diffusion. Details of the synthesis for (18C6@K)HfBrs and KoHfBrs can be found in the
Chapter 3.5.

(18C6@K)-HfBrs single crystals have a parallelepiped shape, and up to a few tens of
micrometers in all three dimensions, as shown under the bright-field optical microscope
(Figure 3.1a). The crystal structure and composition of (18C6@K)>HfBrs is determined from
single crystal X-ray diffraction (SCXRD) experiments. (18C6@K).HfBrs crystallizes in the R-
3 space group with lattice parameters of a = 14.1332 A and ¢ =21.0189 A (Figure 3.1b, Table
3.1). The (18C6@K)>HfBrs dumbbell structural unit belongs to the S¢ point group, where two
K* cations and the Hf*" cation sit on the S¢ axis. The six-fold symmetry of the 18C6 and the S¢
axis of On-symmetric [HfBrs]*" octahedron are perfectly aligned (Figure 3.1¢). The separation
of the first-nearest-neighbor octahedra is 10.7550 A. The crystal structure of KoHfBrs is found
to be face-centered cubic (FCC) (Figure 3.22)P%37]) same to the other reported Cs:M(IV) X,
vacancy-ordered double perovskites, where the [HfBrs]*" ionic octahedra are charge balanced
by the surrounding K* cations (Figure 3.2b). The purity of the (18C6@K).HfBrs and KoHfBrs
powders are investigated using powder X-ray diffraction (PXRD) (Figure 3.3). The PXRD
pattern of the (18C6@K).HfBrs powders matches perfectly with the calculated pattern
generated from the single crystal structure, suggesting that the powders are a pure-phase system,
with no visible extra diffraction peaks. The quality of the PXRD pattern for the KoHfBrs
powders is much poorer due to their extreme air-sensitivity. The measurement must be collected
in 5 minutes in an inert atmosphere sample holder to prevent the degradation of the powders
and measurement of the degradation product. Even if the quality of the KoHfBrs PXRD pattern
is not ideal, the most dominant peaks of the FCC K>HfBrs phase are still identifiable. Moreover,
no HfBr4 or KBr diffraction peaks are present (Figure 3.3), proving that all the precursors are
transformed into the KoHfBrs phase. Raman spectrum of KoHfBrs further confirms the presence
of the [HfBrs]* octahedra in the crystal structure (Figure 3.4). The crown-ether assisted
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supramolecular approach enable much more facile synthesis of the [HfBrs]> octahedra with
higher purity.

a b

R | © (18CE@K),H(IV)Brs
a 1 b structure unit
Figure 3.1. (18C6@K):HfBrs single crystals. (a) Bright-field optical microscope imaging of
(18C6@K)2HfBrs single crystals. The scale bar is 20 pm. (b) The rhombohedral unit cell and
(c) the dumbbell-shaped structure unit of (18C6@K).HfBrs.

(18C6@K),Hf(IV)Brs

Table 3.1. Crystallographic tables for (18C6@K)HfBrs and (18C6@K):ZrBrs.

Crystal (18C6@K)HfBrs (18C6@K)2ZrBrs
ICSD Number 2225998 2225999
Empirical formula C24H4sBreK,012Hf C24H4sBreK,012Zr
Formula weight 1264.77 1177.50
Temperature/K 293(2) 293(2)
Crystal system trigonal trigonal
Space group R-3 R-3
a/A 14.13320(10) 14.13940(10)
b/A 14.13320(10) 14.13940(10)
c/A 21.0819(2) 21.0727(2)
a/° 90 90
pB/° 90 90
v/° 120 120
Volume/A3 3635.98(6) 3648.49(6)
Z 3 3
Pcalemg/mm?> 1.733 1.608
wmm! 11.670 9.517
F(000) 1824.0 1728.0
Crystal size/mm’ 0.15x0.12 x 0.108 0.09 x 0.07 x 0.06
Radiation Cu Ko (A=1.54184 A) CuKoa (A=1.54184 A)
20 range for data collection 12.526 to 157.206° 8.325 to 157.42°
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Index ranges

-17<h<17,-17<k <17, -

-17<h<17,-17<k <17, -

24<1<26 25<1<26
Reflections collected 26285 26501
Independent reflections 1737[R(int) = 0.0268] 1753[R(int) = 0.0387]
Data/restraints/parameters 1737/0/70 1753/0/70
Goodness-of-fit on F? 1.103 1.106

Final R indexes [[>=2c (I)]

R1=0.0171, wR> = 0.0496

R;1=0.0183, wR> = 0.0500

Final R indexes [all data]

R1=0.0171, wR> = 0.0496

R;1=0.0183, wR, = 0.0503

Largest diff. peak/hole/e A3

0.34/-0.43

0.48/-0.26

e

K,HF(IV)Brg
Figure 3.2. K;HfBrs crystal structure. (a) The Fm-3m unit cell (from OQMD database (36,

[Hf(IV)Brgl*
ionic octahedron

37)) and (b) the isolated [HfBrs]* ionic octahedron building block of K,HfBre.
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Figure 3.3. The powder X-ray diffraction (PXRD) patterns for synthesized
(18C6@K)HfBrs and K;HfBrs powders and the calculated diffraction patterns.

A
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Figure 3.4. Raman spectroscopy of the K:HfBrs powder measured in inert atmosphere.
The asymmetric bending mode (T2,) and symmetric stretching mode (A1) of the Op-symmetric
vibrating [HfBre]* are identified. The baseline appears to be noisy due to the low Raman
intensity of the powder sample and the signal loss coming from the cover glass on the inert-

atmosphere sample holder.
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The crown ether-assisted supramolecular approach can be generalized to other emissive centers.
For instance, (18C6@K)2ZrBrs single crystals have been successfully synthesized using the
same method, and the same crystallographic symmetry as (18C6@K).HfBrs has been achieved
according to SCXRD determination (Figure 3.5, Table 3.1). The size of the (18C6@K)>ZrBrs
single crystal (Figure 3.6) is larger than its Hf counterpart due to larger solubility of the ZrBry
precursor in ACN. Extremely phase pure (18C6@K)ZrBrs powders can also be obtained
according to PXRD (Figure 3.7). For later optical properties comparison, KoZrBrs powders are
also synthesized using the same solid-state methods as KoH{Brs.

Figure 3.5. Crystal structure of (18C6@K):ZrBrs determined by single crystal X-ray
diffraction. (a) The unit cell viewed along the ¢ axis direction. (b) The unit cell viewed along
the direction perpendicular to the c axis.

Figure 3.6. Bright-field optical microscope imaging of a (18C6@K).ZrBrs single crystal.
The scale bar is 100 um.
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Figure 3.7. Normalized PXRD patterns of (18C6@K).ZrBrs and K,ZrBrs powders.

The (18C6@K),Hf/ZrBrs dumbbell building blocks are not only the structural units but also the
electronic units of the new crystal. To elucidate the effect of 18C6 on the electronic structures
of the assembled [HfBrs]*> octahedra, density functional theory (DFT) calculations are
performed on (18C6@K).HfBrs (Figure 3.8a) and KoHfBrs (Figure 3.8b) for their electronic
band structures and the partial electronic density of states (pDOS). As a comparison, the
electronic bands of (18C6@K)HfBrs are less dispersive compared to KoHfBrs due to the
[HfBrs]* octahedra being more separated in (18C6@K).HfBrs. The conduction band (CB) of
(18C6@K)>HfBrs is composed of Hf 5d and Br 4p orbitals, as is the CB of KoHfBrs. However,
the valence band (VB) compositions are quite different in these two materials. The VB of
K>H{fBrs is mainly composed of the Br 4p orbital, but 18C6 contributes significantly to the VB
of (18C6@K).HfBrs. This demonstrates that the 18C6 molecules are electronically correlated
to the [HfBre]*> octahedra, indicating that the entire (18C6@K),HfBrs dumbbell building block
is the new electronic unit. DFT calculations of (18C6@K)2ZrBrs show the contribution from
18C6 to the VB and that the band structures are more discrete than K,ZrBrs (Figure 3.9).
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Figure 3.8. Band structure and corresponding total partial density of states (pDOS) of (a)
(18C6@K):HfBrs and (b) K;HfBrs. When [HfBrs]*>* octahedra are assembled in the
supramolecular approach, the dispersion of the bands decreases and 18C6 contributes
significantly to the valence band.
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Figure 3.9. Band structure and corresponding total partial density of states (pDOS) of (a)
(18C6@K)2ZrBrs and (b) K:ZrBrs.

3.3 Optical Observations and Study

Compared to KoHfBrg, (18C6@K)HfBrs features greatly enhanced emission intensity. Figure
3.10a shows the extremely bright blue emission of (18C6@K).HfBrs powders under 254 nm
UV lamp excitation. The photoluminescence (PL) spectrum of (18C6@K)HfBrs powders is
measured at 275 nm excitation (Figure 3.10b). The powders have a blue emission centered at
445 nm. The full width at half maximum (FWHM) of the emission is 0.73 eV. According to the
photoluminescence excitation (PLE) spectrum, the emission features a large Stokes shift
(1.35eV). To quantify the emission intensity of the (18C6@K)HfBrs powders, PLQY
measurements are conducted. A near-unity PLQY value of 96.22% is observed for the
(18C6@K)-HfBrs powders over 6 measurements from 2 different batches of samples. The
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specific value for each measurement is illustrated in Table 3.2. In contrast, the PLQY for
K>H{fBrs is much lower at 12.79%, making it less appealing for blue emission applications.
Furthermore, the color purity of the emission from the [HfBr¢]*> octahedra is also enhanced by
the supramolecular approach. KoHfBrs has an even larger Stokes shift and broader emission,
with peak emission wavelength of 457 nm and a FWHM of 0.90 eV (Figure 3.11). Figure 3.12
shows the emission color of (18C6@K)HfBrs and K,HfBrs powders on the CIE 1931

chromaticity diagram. (18C6@K):H{Brs has a much purer emission color than KoHfBrs, which
makes it more preferable for display applications.

d

White Lamp

254 nm UV

!

o

— PL (Aext = 275 nm)
~- PLE (Agm = 445 nm)

<
-

Norm. PL/PLE

-

Al e —— e ———————

300 400 500 600 700 800
Wavelength (nm)

Figure 3.10. Blue emission with near-unity PLQY (96.22%) from (18C6@K):HfBrs
powders. (a) (18C6@K)HfBrs powders under white lamp and 254 nm UV lamp excitation. (b)
PL and PLE spectra of (18C6@K).HfBrs powders with 275 nm excitation.
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Figure 3.11. PL spectrum of K:HfBrs powder with 275 nm excitation. The spectrum appears
to be noisy due to the poor stability of KoHfBrs powder in the air, and the therefore high

measuring speed.

Table 3.2. A summary of the photoluminescence quantum yield (PLQY) determination
results of two different batches and three measurements per batch of the
(18C6@K).HfBrs powders.

Measurement 1 Measurement 2 Measurement 3 Average
Batch 1 97.31% 97.57% 100.67% 98.52%
Batch 2 93.46% 94.89% 93.38% 93.91%
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Figure 3.12. The CIE 1931 chromaticity diagram for the emissions of KoHfBrs powder
and (18Co@K)HfBrs powder. The coordinates for the emission color of K,HfBrs are

(0.21603, 0.24368), and the coordinates for the emission color of (18C6@K).HfBrs are
(0.17438, 0.16922).

The supramolecular approach can render high PLQY for [ZrBre]* units as well. Upon 290 nm
excitation, (18C6(@K)>ZrBrg has a PL peak emission wavelength of 547 nm and a FWHM of
0.69 eV (Figure 3.13a). As a comparison, using the same excitation wavelength, the PL peak
emission wavelength of KoZrBrg is at 560 nm, and the FWHM is 0.70 eV (Figure 3.13b). The
PLQY of (18C6@K)2ZrBrs is 49.75%, which is slightly enhanced compared to the PLQY of
K»>Z1Brs (46.31%). Although the peak position of the PL spectrum is in the green region, simply
analyzing the peak emission wavelength is not enough given the broadness of the STE-based
emission, which really produces a yellow-green emission color (Figure 3.14).
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Figure 3.13. PL spectrum of (a) (18C6@K)2ZrBrs powder with 290 nm excitation and (b)
K2ZrBrs powder with 290 nm excitation.
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Figure 3.14. The CIE 1931 chromaticity diagram for the emissions of (18C6@K):ZrBrs
powder and (18C6@K):ZrCliBr, powder. The coordinates for the emission color of
(18C6@K)2ZrBrs powder are (0.37601, 0.45927), and the coordinates for the emission color of
(18C6@K)>ZrCl4Br, powder are (0.30597, 0.41533).

Given the great chemical tunability of the dumbbell structural unit, an alloying approach at the
halide site is proposed to achieve a purer green emission with near-unity PLQY emission. It has
been demonstrated that for CsPbX; (X = Cl, Br, 1) nanocrystals that the PL color is easily
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controllable by tuning the halide composition®® and introducing Cl- in the halide site may
generate a shorter wavelength emission color. By carefully tuning the KCI/KBr and ZrCls/ZrBr4
precursor ratio in the synthesis, the CI/Br ratio in the obtained (18C6@K)2ZrXs dumbbell
structural unit can be precisely controlled. As expected, a larger C1/Br ratio creates a more blue-
shifted PL (Figure 3.15). For example, (18C6@K),ZrCl3Br3; and (18C6(@K)>ZrCl4Br; have
green emissions with PL centered at 534 nm and 530 nm, respectively. Continue increasing the
Cl content to a composition of (18C6@K)2ZrCls sBr) s starts to push the PL color to the cyan
(bluish-green) color. The established halide-site alloying approach can not only generate a purer
green emission color, but also boost the PLQY of the emission to near-unity. By increasing the
CI/Br ratio from 1:1 to 2:1 to 3:1, the PLQYSs of their emissions are 69.14%, 82.69%, and
86.95%, respectively. Since the 2:1 Cl/Br ratio composition has both pure-green emission color
and high PLQY, the composition of (18C6@K)>ZrClsBr; was selected as the focus for the green
emission.

— (18C6@K),ZrBrg
— (18C6@K),ZrCl,Br,
— (18C6@K),ZrCl,Br,
— (18C6@K),ZrCl, sBr, 5

Normalized PL intensity

400 500 600 700 800
Wavelength (nm)

Figure 3.15. Normalized PL spectra of different Cl/Br ratio (18C6@K):ZrCliBre.x
powders.

(18C6@K)>ZrCl4Br; single crystals (Figure 3.16a) can be synthesized by controlling the C1/Br
precursor ratio to be 2:1. The formula of (18C6@K).ZrClsBr> has been proved by SCXRD
(Cl:Br = 4.3:1.7, Figure 3.16b, c, Table 3.3) and EDX elemental mapping (CLl:Br = 4.1:1.9),
and the Cl and Br atoms are proved to be perfectly miscible in the crystal structure (Figure
3.17). PXRD of the (18C6@K)>ZrClsBr:> powder (Figure 3.18a) also indicates the alloying
composition is a phase-pure system. The (101) and (110) diffraction peaks of
(18C6@K)2ZrClsBr; are slightly shifted to large 20 values compared to the corresponding
PXRD peaks of (18C6@K)2ZrBrs, suggesting smaller lattice constants (Figure 3.18b). Figure
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3.19a shows the bright green emission of (18C6@K)2ZrCl4Br; powder under 302 nm UV lamp
excitation. The PL spectrum of (18C6@K).ZrCl4Br; powders is measured at 295 nm excitation
(Figure 3.19b). The green emission has very similar Stokes shift (1.36 eV versus 1.35 eV) and
FWHM (0.80 eV versus 0.73 eV) to the blue emission of the (18C6@K)HfBrs powder,
suggesting similar emission properties of the Hf and Zr metal centers in the supramolecular
assembly materials system. The PLQY of the emission from (18C6@K),ZrClsBr, powders is
82.69%, which is determined through the measurement of 4 samples from 2 different batches
(Table 3.4). Therefore, we have achieved highly emissive powders with blue and green
emission colors by the supramolecular assembly approach. The blue and green colors of the
emissions from (18C6@K):H{Brs and (18C6@K)2ZrClsBr2, respectively, are summarized in
the CIE 1931 diagram (Figure 3.20).

o4 b ddl:of

Figure 3.16. (18C6@K).ZrCl4Br: single crystal. (a) Bright-field optical microscope imaging
of a (18C6@K).ZrCl4Br> single crystal. The scale bar is 100 um. Crystal structure of
(18C6@K)2ZrClsBr> determined by single crystal X-ray diffraction. (b) The unit cell viewed
along the c axis direction. (c¢) The unit cell viewed along the direction perpendicular to the ¢
axis. The molar ratio of Cl:Br is determined to be 4.3:1.7 according to the electron density
calculation.

Table 3.3. Crystallographic tables for (18C6@K)2ZrClsBr..

Crystal (18C6@K)2ZrCl4Br>
ICSD Number 2292758
Empirical formula C24H4sCla 3Br1 7K2012Zr
Formula weight 986.47
Temperature/K 293(2)
Crystal system trigonal
Space group R-3

a/A 14.0091(6)

b/A 14.0091(6)

c/A 20.6138(11)

a/° 90

p/e 90

y/° 120
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Volume/A3 3503.6(4)
Z 3
pcalcmg/mm3 1.403
wmm-! 2.159
F(000) 1496.0
Crystal size/mm? 0.08 x 0.06 x 0.04
Radiation Mo Ko (A =0.71073 A)
20 range for data collection 7.002 to 59.562°
Index ranges -17<h<18,-18<k<17,-27<1<22
Reflections collected 9250
Independent reflections 1973[R(int) = 0.0168]
Data/restraints/parameters 1973/0/70
Goodness-of-fit on F? 1.086
Final R indexes [[>=2c (I)] R1=0.0302, wR, =0.1163
Final R indexes [all data] R;=10.0334, wR>=0.1180
Largest diff. peak/hole / e A~ 1.71/-0.39

Zr La, Cl Koy

— (18C6@K),ZrCl,Br. i
@K), 2 Element Atom|co
percent (%)
% K 22.77
\§ Bria;, ¢)kq, zr 10.76
y Zrlal  KKa, cl 4517
Br 21.30
" 1 " 1 " 1 1 1 "
0 2 4 6 8 10

Energy (keV)

Figure 3.17. SEM-EDX results of a (18C6@K)2ZrCl4Br; single crystal, including SEM
image, EDX elemental mapping, EDX spectrum and the corresponding atomic
percentages. The EDX spectrum shows non-overlapping characteristic X-ray signals for K Lo
(0.260 keV), K Kai (3.314 keV), Zr La; (2.042 keV), Cl1 Ko (2.622 keV), Br Lo 2 (1.480 keV).
Integration of the K, Zr, Cl, and Br emission lines confirms the atomic ratio of K:Zr:Cl:Br to
be approximately 2:1:4:2. The scale bars are 25 um.
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Figure 3.18. (a) PXRD of (18C6@K)ZrClsBr. powder. (b) PXRD comparison of

(18C6@K)2ZrCl4Br; powder and (18C6@K)2ZrBrs powder at 2Theta values between 7 to 15
degrees. Both the (101) and (110) diffraction peaks of (18C6@K),ZrCl4Br; are shifted to larger

degree values.
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Figure 3.19. Green emission with a PLQY of 82.69% from (18C6@K).ZrCl4Br; powders.
(a) (18C6@K)>ZrCl4Br, powders under white lamp and 302 nm UV lamp excitation. (b) PL
and PLE spectra of (18C6@K)2ZrClsBr2 powders with 295 nm excitation.

Table 3.4. A summary of the photoluminescence quantum yield (PLQY) determination
results of two different batches and three measurements per batch of the
(18C6@K)2ZrCl4Br; powders.

Measurement 1 Measurement 2 Average
Batch 1 80.29% 82.76% 81.53%
Batch 2 84.92% 82.77% 83.85%
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Figure 3.20. The CIE 1931 chromaticity diagram for (18C6@K):HfBrs and
(18C6@K)2ZrCLBr. “B” stands for the blue emission of (18C6@K).HfBrs, and “G” stands
for the green emission of (18C6@K)2ZrCl4Br.

Apart from the halide-site alloying approach, the high compositional tunability of the dumbbell
structural unit promises a second strategy to create purer green emission. Since
(18C6@K)2HfBrs has an emission at a shorter wavelength, and the FWHM of the emission is
smaller than the Zr counterpart, we speculate that a Hf**/Zr*" alloy version may generate a purer
green emission color. By simply mixing the (18C6@XK)HfBrs and (18C6@XK)2ZrBrs precursor
solutions prior to crystallization, Zr*" doped (18C6@K).HfBrs powders with a highly
controllable molar ratio can be obtained. Inductively coupled plasma atomic emission
spectroscopy (ICP-AES) shows that the doping/alloying ratio can be accurately tuned from 6%,
12%, 20%, to 33% by changing the Hf*"/Zr*" ratio in the precursor solution (Table 3.5). We
confirm that the Zr** doped (18C6@K),HfBrs structure is a single phase by PXRD (Figure
3.21a), and it has very similar lattice parameter to (18C6@K)HfBrs and (18C6@K).ZrBrs
(Figure 3.21b). Most interestingly, 6% Zr*": (18C6@K):HfBr¢ shows a much purer green
emission than (18C6@K)2ZrBrs. The color comparison of the emissions from (18C6@K)>ZrBrs
and 6% Zr*': (18C6@K),HfBrs are summarized in the CIE 1931 diagram (Figure 3.22). Under
the 302 nm UV lamp excitation, the powders show a very bright green emission. The PL peak
position (548 nm) remains very close to that of the non-doped (18C6@K).ZrBrs powder
(547 nm), but the FWHM is decreased slightly from 0.69 eV in the non-doped version to
0.67 eV in the doped version (Figure 3.23). In addition, the PLQY of 6% Zr*"
(18C6@K)-HfBrs is slightly increased to 51.41%.
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Table 3.5. ICP-AES concentrations of Hf and Zr in the Zr*" doped (18C6@K):HfBrs
crystals synthesized from respective Hf to Zr precursor ratios.

Zr*" doped (18C6@K),HfBrs ICP-AES Concentration (ppm)
Hf : Zr Precursor Molar Ratio Hf /r Hf : Zr Molar Ratio
2:1 28.83 +£1.21 7.275 £0.156 2.03
4:1 58.02+1.93 6.405 £ 0.409 4.63
8:1 88.28 £ 1.37 5.744 + 0.284 7.85
16:1 64.86 £2.29 2.203 +0.022 15.05
d

6% Zr**: (18C6@K),HfBr,

XRD Intensity (a.u.)

10 15 20 25 30 35 40 45 50
2Theta (degree)

o

>
@ —— (18CB@K),HfBrg
g 6% Zr**: (18C6@K),HfBry
5 — (18C6@K),ZrBrg
o
X
©
()
N
s . A
g M 1 1 1 1 1 1 1 L 1 L 1 1 | 1
7 8 9 10 11 12 13 14 15

2Theta (degree)

Figure 3.21. (a) PXRD of 6% Zr*": (18C6@K),HfBrs powder. (b) PXRD spectra of
(18C6@K),HfBrs, 6% Z1**: (18C6@K),HfBrs, and (18C6@K)>ZrBrs powders at 2Theta values
between 7 to 15 degrees.
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Figure 3.22. The CIE 1931 chromaticity diagram for the emissions of 6% Zr*":
(18C6@K)HfBrs powder and (18C6@K):ZrBrs powder. The coordinates for the emission
color of 6% Zr**: (18C6@K)HfBrs powder are (0.35159, 0.44648), and the coordinates for the
emission color of (18C6@K)>ZrBrs powder are (0.37601, 0.45927).
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Figure 3.23. PL and PLE spectra of 6% Zr*": (18C6@K):HfBrs powder with 305 nm
excitation.
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Applying the Hf and Zr metal centers in the supramolecular assembly approach, and using
various alloying/doping strategies, we have demonstrated high-color-purity blue and green
emissions with near-unity PLQY. Nevertheless, more in-depth analysis is still needed to
illustrate the mechanisms behind these fascinating emission properties.

Since the Hf/Zr halide octahedra in the supramolecular assembled samples are fully isolated
and the PL spectra are broad and feature large stokes shifts, we hypothesize that the emission
mechanism is an STE-based mechanism, similar to other [MXg]™ octahedra separated by
organic/inorganic cations. We have conducted a comprehensive photophysics analysis to
confirm and gain deeper insights into the STE emission mechanism that underlies the blue and
green emissions. The distinctive features of STE emissions, including their large Stokes shift
and broadband nature, are primarily attributed to the electron-phonon coupling effect. Therefore,
to unravel the STE emission mechanism, we have performed low-temperature PL
measurements to examine the electron-phonon coupling in (18C6@K).HfBrs. By doing so, we
can better comprehend the underlying photophysics of the STE emission mechanism in this
compound. With increasing temperatures, the PL peak is gradually broadened, and the peak is
slightly red-shifted, indicating more significant phonon participation at higher temperatures
(Figure 3.24a). It is worth mentioning that a small shoulder peak at ~550 nm is present, which
is especially distinct at lower temperatures. It is verified that this additional peak is due to the
Zr impurity in the HfBrs precursor, which has also been observed in previous literature!?®). ICP-
AES further shows that there is ~0.5% ZrBrs impurity in the as-obtained HfBr4 precursor, and
that there is ~0.6% Zr*" impurity in the synthesized (18C6@K).HfBrs (Table 3.6). The impurity
atomic percentage is too low to be precisely detected by the previous SCXRD and EDX
measurements. To deconvolve the emission from (18C6@K)2ZrBrs impurities, a two-peak
Gaussian fitting is applied to the PL spectrum at each temperature. Figure 3.25 shows an
example at 4 K. The FWHMs of the (18C6@K)HfBrs peaks are obtained from the Gaussian
fittings and summarized in Table 3.7. The temperature dependence of the FWHM of the
emission peak can be modeled using the theory of Toyozawal*’l. The theory applies a
configuration coordinate model to explain the broadening of the emission originating from
electron-phonon coupling. The FWHM depends on the effective phonon energy Egn, the
temperature T, and the Huang-Rhys electron-phonon coupling parameter SH0:

Epn
FWHM = 2.36VSE,;, / coth ZK';T (1)

The relationship between FWHM and temperature is shown in Figure 3.34b. Analyzing the
data according to equation 1 yields a coupling factor S; = 92.2 £+ 3.6 and an effective phonon
energy Epni = 21.4 £ 0.5 meV. This phonon mode corresponds to the asymmetric stretching
mode (E,) of the [HfBrs]> octahedra, which is observed at 20.4 meV (164.5 cm™') in the Raman
spectrum (Figure 3.26). However, this phonon mode is only responsible for STE formation
until 190 K. After 190 K, a higher energy phonon mode dominates STE formation. Shifting the
zero temperature of equation 1 by 190 K, a second fit can be obtained with a coupling factor S»
= 108.8 + 12.4 and an effective phonon energy Epn; = 25.8 £ 1.6 meV. This phonon mode
corresponds to the symmetric stretching mode (A1) of the [HfBrs]*" octahedra at 25.1 meV
(202.5 cm™). The huge Huang-Rhys factor S in both scenarios indicates a very strong electron-
phonon coupling in this material. As references, the S for CsPbX3 (X = Bror I) is less than 1141,
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and the S for double perovskite Cs»AgBiBrs is only ~12[42], Self-trapping exciton behavior is
closely related to the octahedra packing dimensionality. Through our supramolecular approach,
the [HfBrs]*> octahedra are more isolated by the bulky (18C6@K)* complexes, leading to
stronger self-trapping behaviors with larger S values.
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Figure 3.24. Low-T PL of (18C6@K):HfBrs. (a) PL spectra of (18C6@K)HfBrs at 4 K, 50
K, 100K, 150 K, 210 K, and 293 K. (b) Full width at half maximum (FWHM) of the PL spectra
of (18C6@K)HfBrs at different temperatures, with the red and green solid lines denoting the
least square fit to equation (1) at low temperature range (4 K to 150 K) and high temperature
range (170 K to 293 K), respectively.

Table 3.6. ICP-AES concentrations of Hf and Zr in HfBr4 precursor and (18C6@K)HfBrs.

ICP-AES Concentration (ppm)
Sample Composition Hf Zr Atomic Percent of Zr
HfBr4 92.89 +3.36 0.226 £0.016 0.474%
(18C6@K) H{Brs 124.9 + 4.69 0.405 +0.008 0.630%
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Peak Analysis

Chi*2=1.06651E+03 Adj. R-Square=9.99673E-01 # of Data Points=951
SS=1.00785E+06 Degrees of Freedom=945
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PL Intensity

- Energy (meV
Fitting Results gy ( )
Peak Index Peak Type Area Intg FWHM Max Height Center Grvty Area IntgP
1 Gaussian 2999508.46337 482.44478 5840.7734 2847.26294 94.05235
2 Gaussian 189681.76574 310.64934 573.6564 2312.38469 5.94765

Figure 3.25. Gaussian peak fitting of the PL spectrum of (18C6@K):HfBrs powder
measured at 4 K. The shoulder peak at ~2.3 eV comes from the ~0.6 atomic % Zr impurity in
Hf.

Table 3.7. FWHM of the PL spectra of (18C6@K)HfBr¢ from 4 K to 293 K.

Temperature (K) FWHM (meV) Temperature (K) FWHM (meV)
4 482.4 80 513.5
6 481.8 90 526.0
8 482.2 100 538.3
10 494.2 110 554.6
12 496.9 120 560.1
15 485.9 130 571.4
20 476.2 140 580.7
25 480.5 150 588.8
30 474.9 170 602.7
35 484.3 190 623.1
40 488.9 210 630.7
45 490.2 230 632.3
50 483.0 250 643.9
60 492.0 270 654.9
70 499.5 293 666.6
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Figure 3.26. Raman spectroscopy of (18C6@K):HfBrs powder. Three distinct Raman-active
modes including the low-frequency asymmetric bending mode Tag, the asymmetric stretching
mode Eg, the high-frequency symmetric stretching mode Aig corresponding to the On-
symmetric vibrating [HfBrs]*.

Time-resolved PL (TRPL) studies on the supramolecular assembled single crystals have
unveiled unique PL decay characteristics. In particular, the PL decay of the (18C6@K).ZrBrs
single crystal exhibits a mono-exponential decay profile, and a PL lifetime of 6.80 pus is
identified (Figure 3.27). Contrasting this, prior TRPL examinations on Cs>ZrBrs manifest
shorter PL lifetimes. Cs2ZrBrs bulk crystal features a triple-exponential PL decay, yielding
decay time constants of 40 ns (8.9%), 0.99 us (24%), and 4.6 ps (68%)1>°1. Additionally,
colloidally synthesized Cs>ZrBrs nanocrystals have similar time constants (0.78 us and 4.5 ps)
but show a double-exponential PL decay®%). The PLQY is related to both the radiative and non-
radiative decay rates (equation 2), so a more sluggish radiative decay does not necessarily
correlate to a lower PLQY. Remarkably, the PLQY of (18C6@K)2ZrBrs (49.75%) is higher than
that of KoZrBrs powders (46.31%, from our measurement) and Cs»ZrBrs nanocrystals
(~44%)B3%, This observation suggests that the non-radiative decay rate of the supramolecular
sample is slower than that of the vacancy-ordered double perovskite phases, potentially
indicating a lower defect density in our assembled crystals. PL decay of (18C6@K).ZrCl4Br»
single crystal can also be fit using a single exponential function, with an even longer PL lifetime
(12.08 ps) (Figure 3.28). Cs»ZrCl has a slightly longer PL lifetime (7.5 us) than Cs>ZrBrgl*?),
but still smaller than (18C6@K)2ZrCl4Br;. This further proves that the supramolecular
materials system has longer PL lifetime and slower non-radiative decay rate. Moreover, the PL
decay with mono-exponentially profile indicates that a single, dominant relaxation process is
occurring in the supramolecular assembled crystals.

PLQY = — frad )

kradat Zknon-rad
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Figure 3.27. Time-resolved PL spectrum of (18C6@K):ZrBrs single crystal under 330 nm
pulsed excitation source. The dashed line is the fit using a single-exponential decay function.
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Figure 3.28. Time-resolved PL spectrum of (18C6@K).ZrCl4Br; single crystal under 310
nm pulsed excitation source. The dashed line is the fit using a single-exponential decay

function.
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3.4 Photostability of the New Blue and Green Emitters

In this study, we also evaluate the photostability of these highly emissive blue and green
emitters, a critical parameter directly influencing the performance and lifespan of various
devices made from these materials. Notably, previous research in the OLED community has
utilized a xenon lamp to simulate solar irradiation, dissolving Ir-complexes in deuterated
toluene for measurements**#3), To ensure a fair comparison, we apply identical irradiation
energy density (62 mW/cm?) and temperature (35°C), and deuterated toluene is used to disperse
the (18C6@K)HfBrs and (18C6@K)2ZrCl4Br; powders. Figure 3.29 shows the PL intensity
decay of the (18C6@K).HfBrs and (18C6@K)2ZrCl4Br; samples under continuous irradiation.
Both decay trends are accurately described by the integrated rate law for the first-order reaction
(In(1/1y)=-kt). The rate constant of photodegradation was estimated to be 5.1 x 10~ h'! and 3.0
x 103 h! for (18C6@K):HfBre and (18C6@K)»ZrClsBr,, respectively. Remarkably, even
under stringent irradiation conditions, the PL intensities of (18C6@K)HfBrs and
(18C6@K)2ZrCl4Br; decrease to 80% after 43 hours and 73 hours, respectively. These findings
underscore the superior photostability of the supramolecular assembled samples compared to
most Ir-complexes, rivaling the best-reported green-emitting fac-[Ir(ppy)s] reference (k = 2.6 x
1073 h'!) [44431 Previous studies on the photodegradation of the Ir-complexes, such as Ir(ppy)s
and Ir(piq)s, have identified singlet oxygen attack and interaction of the excited-state molecule
with its local environment as primary degradation pathways!*®). However, the specific
mechanisms for (18C6@K):H{Brs and (18C6@K)2ZrCl4Br; photodegradation require further
investigation, extending beyond the scope of this paper.
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Figure 3.29. Photo-degradation responses of (18C6@K):HfBrs and (18C6@K)2ZrClyBr2
powders. The powders were dispersed in deuterated toluene, placed in an argon-filled UV
cuvette, and subjected to irradiation with a xenon lamp at 62 mW/cm? and 35°C. (a) PL spectra
of the (18C6@K)HfBrs sample measured at five different times during the continuous
irradiation. (b) The PL intensity decay of the (18C6@K).HfBrs sample over irradiation time.
(c) PL spectra of the (18C6@K)2ZrCl4Br; sample measured at six different times during the
continuous irradiation. (d) The PL intensity decay of the (18C6@K)2ZrCl4Br> sample over
irradiation time.

3.5 Application of the New Blue and Green Emitters

3.5.1 Display/Projection Demonstration with the Highly Emissive Blue and Green
Semiconductor Inks

The high PLQY of the blue and green emission colors in the powders can be further preserved
in the form of thin films, making it advantageous for various optoelectronic device
applications!*7#1. A facile solution processable approach is proposed to achieve the thin film
fabrication. Due to the good stability of those powders in non-polar organic solvents, they can
be evenly dispersed in non-polar organic solution without losing the preferable high PLQY
properties. Dichloromethane (DCM) is used as the solvent due to its low boiling point (39.6°C).
The high volatility of the solvent guarantees that the inks can be easily converted within minutes
in ambient conditions to form solid products. Furthermore, polystyrene (PS) polymers are also
added to the solution to facilitate the thin film fabrication and patterning process. PS can form
very uniform thin films with a second phase component by drop casting, spin coating, etc.,
under simple conditions®%3!l, As illustrated in Figure 3.30, the extremely emissive powders
and PS polymer are dispersed in DCM solvent to form the inks. DCM can fully dissolve the
polymer while maintaining the structural integrity of the powders. As shown in the image of
the (18C6(@K)>HfBre/PS in DCM ink under a white lamp (Figure 3.31a), a uniform white
suspension is achieved, which shows a bright blue emission under 254 nm UV lamp excitation.
Solution PL confirms that the emission is solely from the (18C6@K)HfBrs powders in the ink,
as the shape of the PL spectrum is the same as the powder’s PL shape (Figure 3.32). The
solution PLQY is 90.77%, which is only 5.45% lower than the powder PLQY. The slight
reduction in PLQY is reasonable since DCM and PS do not absorb strongly in the blue color
wavelength region (Figure 3.33), and some emission might be lost due to the scattering by the
suspended powders in the ink. (18C6@K)ZrClsBr2/PS in DCM ink also preserves the green
emission of the (18C6@K)»ZrClsBr: powders, and the solution PLQY is 75.01% (Figure 3.31b).
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Figure 3.30. Schematic illustrating the thin film fabrication method and the
programmable display application. The inks are formed by mixing (18C6@K).HfBrs or
(18C6@K)>ZrCl4Br; powders and polystyrene (PS) in dichloromethane (DCM). Thin films can

be obtained by drop casting in a petri dish, and the thin films demonstrate programmable display
capability.

a White Lamp 254 nm UV b White Lamp 302 nm UV
F PLQY: 90.77% PLQY: 75.01%

Figure 3.31. Schematic illustrating the thin film fabrication method and the
programmable display application. The inks are formed by mixing (18C6@K).H{Brs or
(18C6@K)>ZrCl4Br; powders and polystyrene (PS) in dichloromethane (DCM). Thin films can
be obtained by drop casting in a petri dish, and the thin films demonstrate programmable display
capability. The scale bars are 1 cm.
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Figure 3.32. PL comparison of (18C6@K)HfBr¢/PS composite film, (18C6@K).HfBrs in
PS ink, and (18C6@K)HfBrs powder.
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Figure 3.33. UV-vis absorption spectrum of (a) dichloromethane (DCM) solvent, and (b)
polystyrene (PS) thin film.

Upon evaporation of the low-boiling point DCM solvent, the inks can be quickly drop casted
in ambient conditions into a uniform powder/PS composite thin film (Figure 3.34). PXRD
patterns of the (18C6@K),HfBrs/PS composite (Figure 3.35) and (18C6@K)>ZrCl4Br2/PS
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composite (Figure 3.36) clearly show that the structural integrity of the powders is preserved
in the PS matrix. Scanning electron microscopy (SEM) imaging of the (18C6@K).H{Brs
powders and (18C6@K)HfBrs/PS composite thin film surface (Figure 3.37) further suggests
that the sub-micron sized powders are uniformly dispersed in the thin film, with little or no
aggregation, and good coverage. Cross-sectional SEM imaging of the thin film (Figure 3.38)
proves the presence and uniformity of the powders across all thicknesses. Under UV lamp,
(18C6@K)2HfBre¢/PS and (18C6@K)2ZrClsBr2/PS composite thin films show very bright blue
and green emission, respectively (Figure 3.34). Compared with the PL of the powders, the PL
shape of the thin films is also maintained (Figure 3.32, 3.39), and the PLQY is 80.29% and
68.99% for blue and green emitting composites, respectively.

| n » b u w

Figure 3.34. (a) (18C6@K)HfBrs/PS composite thin film under white lamp and 254 nm
UV lamp excitation. (b) (18C6@K):ZrCl4Br2/PS composite thin film under white lamp
and 302 nm UV lamp excitation. The scale bars are 1 cm.
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Figure 3.35. PXRD comparison of (18C6@K):HfBr¢/PS composite film, PS film, and
(18C6@K).HfBrs powder.
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Figure 3.36. PXRD of (18C6@K)2ZrCl4Br2/PS composite film.

e

Figure 3.37. SEM imaging of the powder and thin films. (a, b) (18C6@K)HfBrs powder. (c,
d) Top view of the surface of the pure polystyrene (PS) film. (e, f) Tope view of the surface of
the (18C6@K)HfBrs/PS composite film. The scale bars are 20 um for a, ¢, and e, and 5 pm for
b, d, and f.

72



Figure 3.38. SEM imaging of the thin film cross-sections. (a, b) (18C6@K)>HfBrs/PS

composite film. (¢, d) Pure polystyrene (PS) film. The scale bars are 50 um for a and ¢, and 5
um for b and d.

(18C6@K),ZrCl,Br,/PS Film

PLQY:
68.99%

- I/‘\\\\Nith PS in Ink
g ,/ . PLay:
cZ> /// \\15\.01%

-~
-~
—

Powder

PLQY:
82.69%

400 500 600 700 800
Wavelength (nm)

Figure 3.39. PL comparison of (18C6@K):ZrCl4Br2/PS composite film,
(18C6@K)2ZrCLBr; in PS ink, and (18C6@K),ZrCl4Br; powder.
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Besides, the stability of the air-sensitive Hf and Zr octahedral clusters are further enhanced in
the PS polymer composite. It has been shown thermodynamically that O, and H>O in the air
will degrade the Cs:HfBrs and Cs>ZrBrs double perovskite structures!l. This low air-stability
has also been confirmed by our experimental observation. KoHfBrs and K»ZrBrs powders will
turn from a white color into a brownish color upon exposure in air after only a few minutes and
become non-emissive. In contrast, the (18C6@K)HfBrs/PS and (18C6@K)>ZrCl4Br2/PS
composites still maintain their blue and green emission colors, respectively, after one month
storage in the air. The air-stable PS polymers along with the hydrophobic crown ethers can
greatly protect the air-sensitive Hf and Zr metal centers.

The intense luminescence, high uniformity and stability of the powder/PS composite thin films
makes it a promising candidate for display application. Upon activation, the structured 250 nm
UV light with programmed digital patterns (controlled by digital mirror device with pixel
resolution 2560 x 1440) is sequentially patterned through projection optics onto the
(18C6@K)>HfBrs/PS composite thin film at a spot size of 6.9 mm % 3.9 mm at a frame rate of
60 Hz. An emissive “Blue Cal Logo” is illuminated on the thin film with dimensions 3.8 mm
in height and 4.7 mm in width (Figure 3.40). Notably, the logo exhibits high luminosity,
characterized by sharply defined edges. To further demonstrate dynamically changing display
luminescence, we illuminate the alphabet sequence (from A to Z) onto the thin film, with fast
flipping rate (0.1 s per letter). A video of 2.6 s is recorded (https://youtu.be/4moKYclsjzM).
Although the duration of each letter is very short, the blue emission with the shape of the letters
is very sharp and bright, as illustrated in the snapshot photos (Figure 3.41). The size of the
letters is only 3.1 mm in width and 3.9 mm in length, but every feature of the letters is clearly
visible with similar emission intensity owing to the high uniformity of the thin film.
Furthermore, the response time of the display should be very fast, since the PL decay rate of
the (18C6@K) HfBrs powders is ~3 orders of magnitude faster than the frame rate of the digital
mirror device. Indeed, playing the video frame by frame demonstrates that the letters switch
extremely fast, with no blurring, ghosting, or trailing effects.

Figure 3.40. Image of the ‘Cal Logo’ blue emission on (18C6@K)HfBrs/PS composite thin
film. The scale bar for (F) is 3 mm.
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Figure 3.41. Snapshots of a video showing alphabet A through Z with 0.1 seconds per letter
on (18C6@K):HfBrs/PS composite thin film. The scale bar is 4 mm.

3.5.2 Blue-Green Dual-Color 3D-Printing with the Semiconductor Ink

The supramolecular assembled halide perovskite emitters exhibiting near-unity PLQY not only
have applicability in display applications, but also demonstrate compatibility with 3D printing
technologies. We propose the strategy to blend the emissive powders uniformly into a monomer
resin. However, integration of diverse materials with 3D printing is a major barrier that requires
all the materials to be compatible with the 3D printing process, and the preservation of the
individual component functionalities without interference. Conventional resins for 3D printing
typically use dyes as the photo absorber to control the depth of UV penetration and
consequently the printing resolution, which however, absorbs light and shows its color in the
printed parts. To avoid the interference with the blue and green emitters, we develop a photo-
absorber-free resin mainly comprised of photo monomer poly(ethylene glycol) diacrylate
(PEGDA). The polymerized PEGDA resin itself exhibits minimal absorption within the visible
spectrum, featuring a modest absorption peak spanning from 355 nm to 425 nm (Figure 3.52a).
Also, under 250 nm UV excitation, the resin exhibits significantly low emission (Figure 3.52b).
Consequently, this suggests that the emission colors in the blue and green range of the powder
should remain largely unaffected. Upon stirring and sonication, the powders can be uniformly
dispersed into the PEGDA resin. We exploit a multi-material digital light printing method®%>3
to achieve a 3D assembly of the blue and green emitters into complex macro- and micro-
architectures. Under 405 nm UV exposure, the photo-absorber-free resin can be rapidly
converted into solid 3D structures (schematic of the 3D printing process shown in Figure 3.53).
As expected, the PL from the (18C6@K),HfBrs/PEGDA and the (18C6@K).ZrClsBr,/PEGDA
composites greatly resembles the PL from the powders (Figure 3.52cd).
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Figure 3.42. (a) UV-vis absorption spectrum of solid polyethylene glycol diacrylate (PEGDA)
resin. PL. measurement of (b) solid PEGDA resin, (¢) (18C6@K)HfBrs/PEGDA composite film,
and (d) (18C6@K)2ZrCl4Bro/PEGDA composite film. For the composites, the concentration of
the crown ether powders in the PEGDA resin is 5 mg/ml.

Implementation in 3D Printing
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Figure 3.43. Schematic illustrating the 3D printing process.
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In this study, we print the light emitting architectural models of the Eiffel Tower in both colors
(Figure 3.44a). They are excited under 254 nm UV lamp, showing their respectively blue and
green colors (Figure 3.44b). The dimensions of the two Eiffel Towers are within a few
centimeters, but their intricate structural details are clearly discernible. This remarkable clarity
results from the exceptional precision of the 3D printing process and the uniform dispersion of
fine powders within the resin matrix. Given the sub-micrometer scale of these powders and a
printing layer thickness of 40 pum, they can be evenly distributed throughout each layer,
ensuring a homogeneous emission color profile across the entire architectural construct. More
interestingly, a single 3D-printed structure can manifest dual emissions in both blue and green
through resin alterations during the printing procedure. In Figure 3.45, we illustrate an Eiffel
Tower design characterized by blue emissions at its upper and lower segments, with green
emissions in its central region. Additionally, a second-order hierarchical octet truss structure is
realized, displaying a distinct partition, with one half radiating in blue and the other in green
(Figure 3.46). Notably, a close-up view of the boundary between these blue and green-emitting
regions within the octet truss structure reveals the high precision in color transition, without
any color crossover on either side. Twisted (Figure 3.47a) and conformal (Figure 3.47b) octet
trusses architectures with dual emission are also achieved with bright emissions and high
structural accuracy. Geometric shapes of cuboctahedron, tetrakaidecahedron, octet truss, and
Menger sponge with the blue emitter embedded (Figure 3.47¢) are also obtained to exhibit the
variety of structures compatible with the 3D printing. These demonstrations serve as a proof of
concept for the integration of emissive ionic powders with 3D printing technology. The
potential applications of 3D printed light-emitting structures are extensive and constantly
evolving, ranging from intricate interior ambient lighting solutions to seamless integration into
wearable devices. Moreover, this technology extends its reach to art and sculpture, allowing for
highly customized and visually captivating installations.

Figure 3.44. Two 3D-printed light-emitting Eiffel Towers under (a) white lamp and (b) 254
nm UV lamp excitation. The scale bars are 5 mm.
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Figure 3.45. A dual-emitting Eiffel Tower under 254 nm UV lamp excitation. These printed
architectures were photo-excited by 254 nm. The scale bar is 5 mm.

Figure 3.46. A dual-emitting conformal octet trusses with second-order hierarchical
structures. The printed architecture was photo-excited by 254 nm. The scale bar is 5 mm and
the scale bar for the zoom-in image is 0.6 mm.
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Figure 3.47. Conformal and twisted octet trusses with varying hierarchical structures, as
well as geometric shapes including cuboctahedron, tetrakaidecahedron, and Menger
sponge structures with the blue, and green emitters, or their combinations thereof,
respectively. These printed architectures were photo-excited by 254 nm. The scale bars for (a)
and (b) are 5 mm. The scale bar for (c) is 4 mm.

3.6 Experimental Methods
3.6.1 Materials Synthesis

Chemicals. 18-Crown-6 (18C6, 99%, Sigma Aldrich), KBr (99%, Sigma Aldrich), HfBrs
(anhydrous, 98% (99.7%-Hf), Strem Chemicals), ZrBrs (99%, Alfa Aesar), acetonitrile (ACN,
Fisher Chemical), diethyl ether (DEE, Sigma Aldrich), dichloromethane (DCM, Fisher
Chemical), polystyrene (PS, average Mw ~192000, Sigma Aldrich), photo monomer
poly(ethylene glycol) diacrylate (PEGDA, Mn 250, Millipore Sigma), photo initiator
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (Millipore Sigma), and inhibitor 4-
methoxyphenol (Millipore Sigma) were used as received without further purification or
modification. 18-Crown-6, KBr, HfBrs, and ZrBrs were stored in an argon glovebox with O»
and H>O level below 0.5 ppm.

Synthesis of K:HfBrs and K:ZrBrs powders. KBr and HfBrs/ZrBrs precursors with molar
ratio 1:2 were measured and mixed into a grinder in an argon glovebox. The precursors were
vigorously grinded for 10 minutes and then transferred into a 20 ml glass vial. They were heated
on a hot plate in the glovebox at 200°C for 1 h. The powder mixture was grinded again for 10
minutes, and then heated for another 1h at 200°C. The grinding and heating procedure were
repeated for roughly five times until all the KBr had reacted with HfBr4/ZrBrs according to inert
atmosphere X-ray diffraction. Then the powder mixture was heated at 500°C for 10 minutes to
evaporate all the surplus HfBrs/ZrBr4 precursors.

Synthesis of (18C6@K):HfBrs and (18C6@K).ZrBrs powders and single crystals. 18-
Crown-6, KBr, and HfBrs/ZrBr4 precursors with molar ratio 2:2:1 were weighed in the glovebox
and transferred out into atmosphere using a 20 ml glass vial. The precursors were completely
dissolved under 80°C with vigorous stirring in acetonitrile (ACN) within 30 minutes. To obtain
(18C6@K)-HfBrs and (18C6@K)>ZrBrs powders, 10 ml precursor solution was added into 30
ml diethyl ether (DEE) in a 50 ml centrifuge tube. White powders immediately formed upon
the mixture of the two solutions. The powders were separated using centrifugation. The
centrifugation speed was 5000 rpm, and the duration was 5 minutes. The powders were washed
with DEE for three times and dried in vacuum at room temperature overnight.
(18C6@K)>HfBrs and (18C6@K)2ZrBrs single crystals were grown using an anti-solvent
diffusion method. 1 ml of the abovementioned precursor solution was added into a 4 ml vial,
which was placed into a 20 ml vial with 4 ml of DEE. After approximately two days, single
crystals were formed on the bottom and the wall of the 4 ml vial. Single crystals were washed
3 times with DEE and dried in vacuum at room temperature overnight. Powders and single
crystals were stored in an argon glovebox with Oz and H2O level below 0.5 ppm for future use.

Synthesis of (18C6@K)2ZrClBrs.x powders and single crystals. 18-Crown-6, KCIl, KBr,
ZrCls and ZrBrs precursors with molar ratio 12:2x:12-2x:x:6-x were weighed in the glovebox
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and transferred out into atmosphere using a 20 ml glass vial. The precursors were completely
dissolved under 80°C with vigorous stirring in ACN within 30 minutes. To obtain
(18C6@K)2ZrCls.xBry powder, 10 ml precursor solution was added into 30 ml diethyl ether
(DEE) in a 50 ml centrifuge tube. White powders immediately formed upon the mixture of the
two solutions. The powders were separated using centrifugation. The centrifugation speed was
5000 rpm, and the duration was 5 minutes. The powders were washed with DEE for three times
and dried in vacuum at room temperature overnight. (18C6@K).ZrCl4Br single crystal was
grown using an anti-solvent diffusion method. 1 ml of the abovementioned precursor solution
was added into a 4 ml vial, which was placed into a 20 ml vial with 4 ml of DEE. After
approximately two days, single crystals were formed on the bottom and the wall of the 4 ml
vial. Single crystals were washed 3 times with DEE and dried in vacuum at room temperature
overnight. Powders and single crystals were stored in an argon glovebox with O, and H>O level
below 0.5 ppm for future use.

Synthesis of Zr** doped (18C6@K):HfBrs powders and single crystals. 18-Crown-6, KBr,
and HfBrs/ZrBrs precursors with molar ratio 2:2:1 were weighed in the glovebox and
transferred out into atmosphere using a 20 ml glass vial. The precursors were completely
dissolved under 80°C with vigorous stirring in ACN within 30 minutes. The same molar
concentration ZrBrs and HfBrs precursor solutions were mixed with a 1:16, 1:8. 1:4 and 1:2
volume ratio, respectively for different Zr** atomic ratios. To obtain 6% Zr**: (18C6@K).HfBrs
powders, 10 ml 1:16 mixed precursor solution was added into 30 ml DEE in a 50 ml centrifuge
tube. White powders immediately formed upon the mixture of the two solutions. The powders
were separated using centrifugation. The centrifugation speed was 5000 rpm, and the duration
was 5 minutes. The powders were washed with DEE for three times and dried in vacuum at
room temperature overnight. 6% Zr*': (18C6@K).HfBrs single crystals were grown using an
anti-solvent diffusion method. 1 ml of the abovementioned mixed precursor solution was added
into a 4 ml vial, which was placed into a 20 ml vial with 4 ml of DEE. After approximately two
days, single crystals were formed on the bottom and the wall of the 4 ml vial. Single crystals
were washed 3 times with DEE and dried in vacuum at room temperature overnight. Powders
and single crystals were stored in an argon glovebox with O and H>O level below 0.5 ppm for
future use.

Synthesis of (18C6@K)HfBrq/PS in DCM, 6% Zr*: (18C6@K)HfBrs/PS in DCM, and
(18C6@K)2ZrCl4Br2/PS in DCM inks. 100 mg PS was fully dissolved in 5 ml DCM with a
stir bar in a 20 ml vial at room temperature. 50 mg (18C6@K),HfBre¢/6% Zr*':
(18C6@K)>HfBre/(18C6@K)2ZrCl4Br, powders were added into the abovementioned
PS/DCM solution, then alternatively stirred and sonicated for 4 hours at room temperature to
achieve a uniform suspension. The inks for PLQY measurements were diluted with DCM to
achieve a 0.3 absorbance to guarantee the most accurate solution PLQY determination.

Synthesis of (18C6@K)HfBrs/PS, 6%  Zr*: (18C6@K):HfBrs/PS and
(18C6@K)2ZrCl4Br2/PS composite thin films. The composite thin films were synthesized
from direct drying of the inks in a glass petri dish at room temperature in air overnight. The
dried thin films were then peeled off from the petri dish and cut into a round shape.

3.6.2 Materials Characterization
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Optical Microscope Imaging. An unpolarized, white-light optical microscope was used to
visualize single crystals/thin films under either a 10%, a 20%, or a 50% microscope objective.
The samples were observed under bright-field imaging. The single crystals were dispersed onto
glass for measurement. The thin film samples were free-standing.

Scanning electron microscopy (SEM) with standard secondary electron imaging. Prior to
imaging, the powder and thin films samples were sputtered with ~5 nm of Au (Denton Vacuum,
Moorestown, NJ). The samples were imaged at 15kV/ high probe current by Benchtop SEM
(JCM-7000, Tokyo, Japan).

Scanning electron microscopy with energy dispersive X-ray (SEM/EDX) spectroscopy.
Prior to imaging, the single crystal samples were sputtered with ~5 nm of Au (Denton Vacuum,
Moorestown, NJ). A field-emission SEM (FEI Quanta 3D FEG SEM/FIB) and the EDX
detector were used to determine elemental ratios at the QB3-Berkeley Biomolecular
Nanotechnology Center (BNC).

Inductively coupled plasma atomic emission spectroscopy (ICP-AES). ICP-AES results
were collected using a Perkin Elmer ICP Optima 7000 DV Spectrometer at the Microanalytical
Facility in College of Chemistry, UC Berkeley.

Single-crystal X-ray diffraction (SCXRD). The SCXRD data were collected at the Small
Molecule X-ray Crystallography Facility (CheXray) in College of Chemistry, UC Berkeley.
SCXRD were measured with a Rigaku XtaLAB P200 instrument equipped with a MicroMax-
007 HF microfocus rotating anode and a Pilatus 200K hybrid pixel array detector using
monochromated Cu Ka radiation (A = 1.54184 A) or Mo Ko radiation (A = 0.71073 A). All
crystal datasets were collected at room temperature (298 K). CrysAlisPro# was used for data
collection and data processing, including a multi-scan absorption correction applied using the
SCALE3 ABSPACK scaling algorithm within CrysAlisPro. Using Olex2[°%, the structures were
solved with the SHELXT!*¢! structure solution program using Intrinsic Phasing and refined with
the SHELXLP7! refinement package using Least Squares minimization. Due to the occupation
of disordered solvent molecules in the crystal voids, solvent masks were used during the
refinement. All reflections where [error/esd] > 5 were omitted, as the existence of disordered
molecules will result in high error/esd values in low d-spacing diffractions.

Ambient condition powder X-ray diffraction (PXRD). Powder X-ray diffraction (PXRD)
data of (18C6@K):HfBre powders, (18C6@K).ZrBrs powders, 6% Zr*": (18C6@K).HfBrs
powders, (18C6@K)-HfBrs/PS composite, and 6% Zr*": (18C6(@K)HfBrs/PS composite were
collected using a Bruker D8 laboratory diffractometer with a Cu Ka radiation source in ambient
condition. Data was collected from 26 = 6° to 50°.

Inert atmosphere PXRD. PXRD of K;HfBrs and K>ZrBrs powders were collected using a
Rigaku Miniflex 6G Benchtop Powder XRD with a Cu Ka radiation source and an inert
atmosphere sample holder. The powder samples were loaded onto the sample holder inside an
argon glovebox with Oz and H2O level below 0.5 ppm.

Raman spectroscopy. The Raman spectra of all the samples were measured by a confocal
Raman microscope system (Horiba LabRAM HR800 Evolution). The powders were dispersed
onto glass microscope slides for measurement. A continuous-wave (cw) 632.8 nm laser was
focused onto a crystal facet at a constant power density set by neutral density filters. The Raman
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signal from the sample was collected using a microscope objective in a backscattering geometry
(100%, NA 0.6). High-resolution Raman spectra were measured with a charge-coupled device
(CCD) detector equipped with a diffraction grating of 1800 gr/mm and a long pass filter (100
cm!) to remove the Rayleigh scattering line from the signal.

Photoluminescence spectroscopy (PL) and photoluminescence quantum yield (PLQY). PL
and PLQY measurements were collected with the FS5 Spectrofluorometer (Edinburgh
Instruments) using the SC-30 integrating sphere. The (18C6@K):HfBrs, K:HfBrs,
(18C6@K)2Z1rBrs, KoZrBrs, (18C6@K)2ZrClsBr2, and 6% Zr*": (18C6@K),HfBrs powders
were densely packed onto the sample holder and then the surface was flattened for measurement.
A 150 W continuous-wave ozone-free xenon lamp was focused onto the sample.
(18C6@K)HfBrs and KoHfBrs were excited using 275 nm excitation wavelength,
(18C6@K)2ZrBrs and KoZrBrs were excited using 290 nm excitation wavelength,
(18C6@K)2ZrClsBr, was excited using 295 nm excitation wavelength, and 6% Zr*":
(18C6@K)-HfBrs were excited using 305 nm excitation wavelength. The PL signal from the
sample was collected by a UV-enhanced Si photodiode array equipped with a diffraction grating
of 1200 gr/mm. The PL spectra were collected under a 0.2 s dwell time from 285 to 800 nm for
the (18C6@K) HfBrs and KoHfBrs samples, from 300 to 800 nm for (18C6@K)2ZrBrs and
K2ZrBrs samples, from 305 to 800 nm for (18C6@XK)2ZrCl4Brz sample, and from 315 to 800
nm for the 6% Zr*": (18C6@K ) HfBrs sample. The PLQY spectra of both the blank and sample
were collected under a 0.2 s dwell time from 265 to 800 nm for the (18C6@K),HfBrs and
K>HfBrs samples, from 280 to 800 nm for the (18C6@K)>ZrBrs and K»ZrBrs samples, from
285 to 800 nm for the (18C6@K)2ZrBrs and K»>ZrBrs samples, and from 295 to 800 nm for the
6% Zr*": (18C6@K),HfBrs sample. The PLQY values were determined by the PLQY
determination wizard of the Fluoracle (version 2.15.2) operating software for the FSS5
Spectrofluorometer. PL and PLQY measurements of the PS polymer composite samples were
measured with the free-standing composite films on a UV-grade fused silica microscope slide
as a substrate. PL and PLQY measurements of the DCM ink samples were measured using a
quartz cuvette as the sample holder.

Low-temperature photoluminescence spectroscopy (Low-T PL). The low-T PL
measurements were collected with a home-built PL. microscope system. Powder samples were
dispersed onto mica substrates for measurement. A broadband deuterium lamp (Thorlabs
SLS204 Stabilized Deuterium Lamp) was filtered down to a 250 nm excitation line using a
bandpass filter (250 nm/10 nm). The 250 nm excitation line was focused obliquely onto the
sample with a constant power density. The PL signal from the sample was collected using a
microscope objective (50%) coupled to a longpass filter (cut-on wavelength: 325 nm) to remove
the excitation line from the signal. PL spectra were collected with a Si charge-coupled device
(CCD) detector cooled to —120 °C via liquid nitrogen and equipped with a diffraction grating
of 150 gr/mm. The low-T (4 K to 293 K) PL measurements were performed in a Janis ST-500
SuperTran continuous flow cryostat system attached to the home-built PL microscope system.
Liquid gallium-indium eutectic (Ga 75.5%/In 24.5%, > 99.99% trace metals basis) was used to
adhere samples to the cryostat stage, and the cryostat chamber was placed under vacuum with
a continuous flow of liquid helium (LHe). A temperature controller was used to monitor the
cryostat stage temperature and maintain it at the desired temperature.

Time-resolved photoluminescence spectroscopy (TRPL). Single crystals were placed and
pressed onto a double-sided copper tape supported by a quartz slide. The (18C6@K)>HfBrs and
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(18C6@K)2ZrCl4Br; single crystal samples were excited at 310 nm, and the (18C6@K)2ZrBrs
single crystal sample was excited at 330 nm. The rep. rate of the excitations was 7.6kHz
(~135us between pulses. ~200 fs pulse) and the PL was separated from the residual excitations
using two color glass filters (CS #: 3-70). A photomultiplier tube (PMT) (Hamamatsu-R9110)
biased at 2 kV was used as the detector. The PMT output was connected to a current amplifier
whose gain was set to 10° V/A. The output of the current amplifier was read using a 300MHz
oscilloscope, each trace was averaged 512 times.

Chromaticity determination. The CIE 1931 chromaticity diagrams for all the samples were
determined using the Fluoracle (version 2.15.2) operating software for the FS5
Spectrofluorometer from the corresponding PL spectra.

UV-visible (UV-vis) absorption spectroscopy. The absorption spectra for all the samples were
measured by a UV-vis spectrophotometer (Shimadzu UV-2600). Data was collected in
absorption mode over a wavelength range of 200 nm and 900 nm with a medium scanning rate.

2D display on thin film. (18C6@K)HfBrs/PS thin film was illuminated at a 250 nm
wavelength (High-power UV LED with ball lens, 250 nm, LED250J, Thorlabs) through
structured UV light using a digital light modulator (digital mirror device, pixel resolution 2560
% 1440). The structured UV light with programmed digital patterns was sequentially patterned
through projection optics onto the thin film at a spot size of 6.9 mm X 3.9 mm at a frame rate
of 60 Hz. The thin film instantly displayed patterned images which were recorded through a
digital camera.

Printing of light emitting 3D micro-architectures. A photo-absorber-free resin comprised of
photo monomer poly(ethylene glycol) diacrylate, photo initiator phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (0.5 wt.% of PEGDA), and inhibitor 4-methoxyphenol (1.2
wt.% of PEGDA) was applied. (18C6@K)HfBrs and (18C6@K),ZrClsBr, powders were
blended into the photo-absorber-free resin in a 5 mg/g ratio using vortex and bath sonication
for 15 min. The inhibitor in high content is required to control the UV penetration depth and
ensure the printing resolutions in the absence of photo absorbers. Upon 405 nm UV exposure
(light intensity ~7 mW/cm?), the photo-absorber-free resin was rapidly converted into solid 3D
structures.

Density functional theory (DFT) -calculations. The electronic band structures of
(18C6@K)-HfBrs, KoHfBrs, (18C6@K)2ZrBrs, and K:ZrBrs were calculated by DFT
calculations with the CASTEPP® code implemented in the Materials Studio 2020. The norm
conserving pseudopotential®”! was applied for electron interactions in metal halides. All three
structures models were imported from CIF files, and the geometry optimization has been
applied with PBE-GGAI®Y, A fine frame was chosen for energy cutoffs and calculation quality.
Electronic band structures and partial density of states (pDOS) were calculated with PBE+GGA
without spin-orbital coupling (SOC).

3.7 Conclusion

In conclusion, we demonstrate a supramolecular assembly strategy for achieving halide
perovskite blue and green emitters with ultra-high PLQY, elucidate the mechanism behind these
unique emissions, and showcase the compatibility with display and 3D printing applications.
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Specifically, A composition of (18C6@K),HfBrs warrants a blue emission with near-unity
(96.22%) PLQY, and (18C6@K)»ZrClsBr> show green emission with a PLQY of 82.69%,
respectively. The emission of the supramolecular assembled samples originates from the STE
emission, with very strong electron-phonon coupling and micro-second PL lifetimes. The
strongly confined excitonic emission with long lifetime may help understand the high PLQY in
this new materials system. Fundamental question of energy transfer behavior among the various
octahedra is probed with the alloying samples. We also show that the supramolecular approach
is very promising in solution processability. The (18C6@K)H{Brs/PS-DCM ink maintains a
high PLQY of over 90%. Upon simple drop casting of the ink, uniform and highly emissive
(over 80% PLQY) (18C6@K)HfBrs/PS thin film can be obtained for display application.
Finally, the powders with blue and green emissions are highly compatible with the 3D printing
technology. The supramolecular assembly approach for halide perovskite building blocks
catalyzes further investigation into the synthesis and characterization of supramolecular
assembled functional materials, thereby laying the foundation for substantial progress in the
field.
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Chapter 4 Summary and Outlooks on the Supramolecular Approach for
Halide Perovskites

This chapter aims to provide a comprehensive overview of research efforts centered on
exploring the supramolecular approach for halide perovskites. Additionally, it will delve into a
broader outlook concerning the future directions and potential implications within this new field
of study.

4.1 Summary

Chapter 1 serves as an introductory exploration into the realm of halide perovskites. Within this
chapter, the focus is placed on elucidating the unique properties of halide perovskites, a class
of emerging ionic semiconductors. Key discussions revolve around the optoelectronic
properties and synthesis methodologies regarding these innovative materials. Delving deeper,
the chapter introduces the structural adaptability and dimensionality control of halide
perovskites, emphasizing the pivotal role played by the metal halide octahedral unit as the
fundamental building block and functional unit. Furthermore, the chapter discusses the diverse
array of promising optoelectronic applications of halide perovskites. This chapter lays the
foundation for the research projects explored in subsequent chapters.

Chapter 2 introduces the initial efforts in discovering and studying the supramolecular assembly
approach for constructing various individual ionic octahedra. In this study, we found the crown
ethers and A2M(IV)Xe will form a unique charge-neutral dumbbell structure with the formula
(crown ether@A)2M(IV)Xe in solution. Single crystals with diverse packing geometries and
symmetries will form as the solid assembly of this new supramolecular building block. This
supramolecular assembly route introduces a new general strategy for designing halide
perovskite structures with potentially new optoelectronic properties. We have successfully
demonstrated that the dumbbell structural units are highly tunable, with crown ether = 18-
Crown-6, 21-Crown-7; A = Cs*, Rb", K*; M = Te**, Sn*", Pt**, Se*', Ir**, Zr*", Ce*"; X = CI,
Br, I, laying the foundation for highly tunable optoelectronic properties, including optical
absorption and emission.

By conducting an in-depth investigation of the assembly process of the supramolecular
approach, we decoupled the process into two critical steps: (1) solution stabilization of the
dumbbell structural units and (2) the solid assembly of those units. The study provides us with
molecular insights into the rational design and manipulation of new functional materials. The
chemistry of synthesizing the family of supramolecular assembled single crystals is facile,
reproducible, and straightforward. By simply varying the precursors in the synthesis, all four
components of the dumbbell structural unit can be tuned in the solution stage. The unique
crystal structure of the solid assembly may lead to new physical phenomena. For example, the
optical absorption and emission of the material can be tuned by tuning the composition, packing
geometry, and coordination environment of the [MX¢]™ building blocks. This study opens up
opportunities for probing the supramolecular assembly mechanism and ignites fundamental
research on the synthesis and characterization of supramolecular assembled functional
materials.
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In Chapter 3, I report that near-unity photoluminescence quantum yield (PLQY) blue emission
can be achieved with the supramolecular assembly of less explored [HfBr¢]? octahedral centers.
Specifically, (18C6@K).HfBrs solid powders show a near-unity (96.22%) PLQY, which is
much higher than KoHfBrs (12.57%). Moreover, an efficient green emission (82.69% PLQY)
can also be achieved due to the high chemical composition tunability of the dumbbell structural
unit. We identify the emissions as self-trapped exciton (STE) emissions and conduct an in-depth
investigation of the photophysics of these supramolecular assembled samples. These materials
also maintain their exceptional luminescence when transformed into solution-processable
semiconductor inks, laying the foundation for various applications, including thin film display
application and emissive 3D printed architectures.

This study showcases the potential of luminescent materials with STE emissions as a viable
platform for achieving blue and green emissions with ultra-high PLQY. By utilizing a
supramolecular assembly approach, a new design principle for PL enhancement is unveiled,
and the solution processability of these materials allows for various thin film and templating
applications. Additionally, this research ignites further exploration into the synthesis and
characterization of supramolecular assembled functional materials, paving the way for
fundamental advancements in the field.

4.2 Outlooks
4.2.1 The Potential to Revolutionize the Display Industry

The primary and most immediate application for our technology lies within the rapidly growing
display industry. According to a study by Precedence Research, the display market is anticipated
to double in size over the next decade, projecting to exceed 300 billion USD by the year 2032.
The substantial growth in the display industry presents a significant opportunity for our
technology, especially if we can successfully replace the current materials utilized in displays.
This potential market expansion underscores the substantial impact our materials could have
within the display sector.

In the current display market, there are three predominant technological routes associated with
specific types of materials: LED (light-emitting diodes), OLED (organic LED), and QLED
(quantum dot LED). Compared to the current technologies, our supramolecular-assembly
technology's unique attributes lie in the facile synthesis, solution processability, cost-
effectiveness through the use of affordable metals, tunable emission colors, and enhanced
stability, positioning it as a strong competitor against conventional materials in the LED, OLED,
and QLED markets (Table 4.1).

Traditional LED materials are primarily covalent semiconductors, such as gallium nitride (GaN)
and indium gallium nitride (InGaN). Their synthesis involves solid-state reactions at elevated
temperatures around 1000°C, demanding high purity to prevent nonradiative recombination at
crystal structure defects. In contrast, our technology relies on halide perovskites, which are
emerging ionic semiconductors known for facile low-temperature (below 80°C) solution-based
synthesis and high defect tolerance, simplifying the overall synthesis process.

OLEDs predominantly use organic materials, often with a metal component influencing their
emission properties. Many OLEDs employ organometallic chelates like Ir(mppy)s, but the cost
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of iridium metal, priced at a few hundred dollars per gram, poses a challenge. In contrast, our
materials utilize hafhium (Hf) and zirconium (Zr), which are significantly more affordable than
iridium by two orders of magnitude, making our technology more cost-effective. Additionally,
the versatility of our materials allows tunable emission colors, providing a distinct advantage
over certain limitations of conventional OLED materials.

QLEDs are constructed with colloidal quantum dots and are acknowledged for efficient blue,
green, and red light generation. However, their synthesis involves multiple steps at high
temperatures, and material stability is hindered by aggregation issues, heavily relying on ligands
protecting nanoscale quantum dots. In contrast, our materials have enhanced stability due to
their ligand-free nature and stable crystal structure, offering a competitive edge over QLEDs
by simplifying synthesis processes and ensuring robust material stability.

Table 4.1. A Comparison matrix showing how the key features of our product compare to
existing products.

New Blue
and Green GaN W7 EIs
Light based Ir-complex CdSe and Green | Advantage of Our
Ermitters vs. LED OLED QLED nght Technology
. Emitters
Competitors
Our emitters are
Cost- synthesized in
effect.lve No No No Yes common organic
solution solution, while
fabrication others require solid-
state synthesis
Our emitters Our emitters are
are synthesized at 80°C,
synthesized High Moderate Moderate Low much lower than
in common | (>900°C) | (~400°C) (~200°C) (80°C) other materials, and
organic are less energy
solution intensive
Our emitters are
synthesized in air
compatible No No No Yes 4
S atmosphere such as
with air .
argon or nitrogen, so
our equipment setup
is much simpler
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Contains
precious
metal

No

Yes

No

No

Our emitter utilize
cheap and earth-
abundant Hf and Zr
metals

Photolumin
escence
quantum
yield
(PLQY)

~90%

~80%

~90%

~96%

Our emitters
approaches the
theoretical
maximum PLQY
value (100%),
meaning it is
extremely efficient
in light generation

Longevity
(stability)

High

Moderate

Moderate

High

The stability of our
emitters under
operating conditions
are higher than the
reported OLED and
QLED materials

Structural
tunability

Low

Moderate

Moderate

High

Our emitters have
greater structural
versatility and
emission color
tunability than other
materials

Printable

Yes

Our emitters can be
printed into various
2D and 3D
structures with
micrometer
resolution

4.2.2 Unlock the Electroluminescence Capability of the Supramolecular Approach

Our research has not extended to investigating the suitability of our materials for electrically

driven LEDs yet, however, it will be interesting to research into it. The development of

electrically driven LEDs would require a dedicated and specialized investigation of the
electroluminescence (EL) of the materials. Since near-unity PLQY has been achieved for both

the blue and the green emitters, we are focusing on the PL study of this new family of

supramolecular assembled materials. However, it is known that high PLQY is necessary for
good LEDs, so it is worthwhile to pursue this direction in the next stage of our study.

The key to unlock the electroluminescence capability of the supramolecular approach is to make
the material electrically conductive. There are two potential methods to realize this goal. The
first one is to replace the insulating 18C6 with a conductive molecule. Porphyrin molecule
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(Figure 4.1) is also capable of binding with a transitional metal cation in its center. It has shown
good conductivity, and the HOMO energy levels are well aligned with the valence band of
halide perovskites, such as methylammonium lead iodide!'l. The second method is to connect
the electrically conductive halide perovskite octahedra using the supramolecular approach. In
our current dumbbell structural unit, one octahedron is sandwiched by two crown ether
supramolecular cations, making them isolated. If the dumbbell structural units are connected
(Figure 4.2), then electrons and holes can be transported along the molecular chain. This new
structural design requires the carefully selection of the cation crowned by the ring molecule. It
has to be large enough to have enough coordination sites to bind with two octahedra, and it has
to be electrically conductive.

Figure 4.1. Potential electrically conductive ring molecules for supramolecular assembly:
porphyrin.

Figure 4.2. A hypothetical supramolecular assembled electrically conductive molecular
wire.

4.2.3 New Platform for the Mechanism Study of the Energy Transfer Between Octahedral
Complexes

In Chapter 2.3, I discussed the compositional and structural tunability of the dumbbell
structural unit. Particularly, the metal center of the halide perovskite octahedra is highly tunable,
and different metal centers can all form the same R-3 space group crystal structure using the
same synthetic method. This means that we can easily incorporate multiple metal centers into
one crystal structure. A previous work?! on vacancy-ordered double perovskite has shown that
six different metal elements can be randomly distributed in a single crystal, forming a high-
entropy semiconductor (HES) (Figure 4.3). Dexter and Forster resonance energy transfer
mechanisms among the different octahedra are both present according to the study in that work.
Since the octahedra in the supramolecular assembled crystals are further separated from each
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other, it would be interesting to study how the octahedra interact in this new crystal structure,
and new optical phenomena may be discovered.

Figure 4.3. Schematic representation and crystal structure of the high-entropy
semiconductor (HES) perovskite single crystal.[?! Copyright © 2023, Springer Nature.

Some initial study along this direction has been done on the Zr*" doped (18C6@K).HfBrs
structure. PLE spectra of 6% Zr*": (18C6@K),HfBrs (Figure 4.4a) and 33% Zr*":
(18C6@K)-HfBrs (Figure 4.4b) demonstrate that with excitation wavelength smaller than
285 nm, the (18C6@K)HfBrs PL peak is present, and the (18C6@K)2ZrBrs PL peak is present
across all excitation wavelengths from 245 nm to 330 nm. However, it is worth noting that apart
from the combination of the individual effects of (18C6@K).HfBrs and (18C6@K),ZrBrs,
some extent of energy transfer from [HfBrs]* to [ZrBrs]* in the emission of the Zr*" doped
(18C6@K),HfBrs samples is also possible. It has also been shown in [Hf/ZrCls]* and
[Hf/Z1Brs]* alloyed vacancy-ordered double perovskite systems that there is an energy transfer
from [HfXs]* to the lower energy [ZrXes]* (X = CI" or Br))[**%, In our supramolecular assembled
samples, the octahedra are further separated in space (10.75503(6) A in (18C6@K)>HfBrs, and
10.76943(6) A in (18C6@K )2ZrBry), but still within the length scale of the Férster resonance
energy transfer mechanism (below 10 nm). As hypothesized, PL spectra of 6% Zr*":
(18C6@K),HfBrs (Figure 4.5a) and 33% Zr*": (18C6@K):HfBr¢ (Figure 4.5b) at 275 nm
excitation show that the PL intensity ratio of the deconvolved (18C6@K).ZrBrs and
(18C6@K),HfBrs exceeds the molar ratio of Zr* to Hf*, indicating energy transfer from
[HfBre]* to [ZrBrs]*. The PLE spectra of (18C6@K),HfBrsand 6% Zr**: (18C6@K),HfBrg at
548 nm emission (Figure 4.6a) both feature two broad excitation bands around 250 nm and
290 nm, indicating that in the alloyed sample, the excited state of [HfBres]* is accessed.
However, the PLE of 6% Zr*": (18C6@K),HfBrs also has a shoulder peak around 320 nm,
which can be attributed to the excitation state of (18C6@K)2ZrBrs (Figure 4.6b). Hence, both
[HfBr¢]*> and [ZrBre]* are excited and contribute to the emission peak at 548 nm. As a result,
we speculate that the performance of 6% Zr**: (18C6@K)-HfBr¢ is a combination of intrinsic
(18C6(@K)»ZrBrs STE emission and certain energy transfer from [HfBrs]* to [ZrBrs]*.
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Figure 4.4. Photoluminescence excitation (PLE) spectroscopy of (a) 6% Zr*:
(18C6@K),HfBrs powders and (b) 33% Zr*": (18C6@K),HfBrs powders.
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Figure 4.5. PL measurement of Zr*'doped (18C6@K),HfBrs powders at room
temperature at 275 nm excitation. (a) 6% Zr*": (18C6@K)HfBrs. (b) 33% Zr*":

(18C6@K),HfBre.
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Figure 4.6. PLE spectra of (a) (18C6@K),HfBrs powders and 6% Zr*": (18C6@K).HfBrs
powders at 548 nm emission; (b) (18C6@K).ZrBrs powders at 548 nm emission.

4.2.4 Rich Structural Tunability of the Supramolecular Approach
4.2.4.1 Boosting the PLQY through a More Rigid Structure

Previous highly phosphorescent Ir(Ill) complexes studies have shown that improvement of
PLQY is expected with more rigid macrocycles or cages!”). The supramolecular assembly
approach offers flexibility in tuning the organic ligands, so we can also consider replacing
crown ether with other structurally different ligand for the cation. For example, cryptand is
more rigid than crown ether, and it would be interesting to see if cryptand can further boost the
PLQY.

As an initial demonstration of this concept, we explore using 2.2.2-Cryptand (C222) as an
alternative ligand. We have successfully demonstrated the feasibility of stabilizing Hf and Zr
halide octahedral clusters with C222. Our previous solution-based synthesis of these new
materials is applied. Upon mixing the C222, KBr, and HfBr4/ZrBr4 precursors with 2:2:1 molar
ratio in acetonitrile, a white flocculent precipitate immediately forms. The precipitate is quite
emissive. According to the colors of the emissions (blue for the Hf sample and yellow for the
Zr sample), we suspect that the Hf and Zr halide octahedra are stabilized in the powders. PXRD
(Figure 4.7) indicates a new phase has been achieved. Raman spectroscopy (Figure 4.8)
analysis suggests that the metal halide octahedral units are present within the crystal, as the
corresponding vibrational modes have been identified. However, due to the challenges in
obtaining high-quality single crystals, we cannot resolve the crystal structures at this stage.

Nonetheless, preliminary results indicate that samples synthesized with C222 as the ligand
exhibit a blue emission with 19.16% PLQY (Hf sample) and a yellow emission with 26.70%
(Zr sample). The samples are not as pure as the crown ether samples, so the PLQY values may
be further improved when the synthesis is optimized. We would also like to highlight that
compared to the crown-ether samples; these cryptand-assembled samples display red-shifted
emission colors (Figure 4.9, 4.10).
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The study is still at the initial stage, nevertheless, these intriguing initial observations suggest
that further exploration and refinement of our synthetic method may unlock the potential for
improved PLQY using different ligands, a promising avenue for future research in this field.
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Figure 4.7. PXRD pattern of the C222 assembled [ZrBre]* powders, labelled as
(C222@XK)2ZrBrs.
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Figure 4.8. Raman spectroscopy of the C222 assembled [ZrBrs]> powders, labelled as
(C222@K)2ZrBrs. The distinct Raman-active modes including the low-frequency asymmetric
bending mode T and the high-frequency symmetric stretching mode A corresponding to the
On-symmetric vibrating [ZrBrs]* have been identified. The asymmetric stretching mode Eg is
quite weak.
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Figure 4.9. Comparison of (a) the PL spectra and (b) the CIE 1931 color coordinates of
(18C6@K),HfBrs powders and the (222 assembled [HfBre¢]> powders, labelled as
(C222@K)>HfBrs. The CIE 1931 coordinates are (0.20699, 0.25982) and (0.17438, 0.16922)
for (C222@XK)HfBrs and (18C6@XK).HfBrs, respectively.
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Figure 4.10. Comparison of (a) the PL spectra and (b) the CIE 1931 color coordinates of
(18C6@K)2ZrBrs powders and the C222 assembled [ZrBre]* powders, labelled by
(C222@K)2ZrBrgs. The CIE 1931 coordinates are (0.40693, 0.47474) and (0.37601, 0.45927)
for (C222@K)2ZrBrs and (18C6(@K)2ZrBrs, respectively.

4.2.4.2 Assembly of a Variety of Metal Halide Complexes

The current research delves into the supramolecular assembly of metal halide octahedral
complexes (MXs), with the metal center typically being a tetravalent metal cation. However, as
elucidated in Chapter 1.2.2, a diverse array of metal halide complexes exists (Figure 4.11).



For instance, divalent cations such as Pb?>* and Sn?*, as well as trivalent ones like Sb*" and Bi**,
can also form 6-coordinated octahedral complexes. Additionally, there are reports of 4-
coordinated tetrahedral and 5-coordinated pyramid metal halide complexes. Moreover, through
the sharing of halides between metal centers, metal halides can give rise to various structures,
including dimers, trimers, and even molecular chains. The rich chemistry of metal halides,
coupled with the versatility of supramolecular assembly, presents a wide range of opportunities

in this domain.
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Figure 4.11. Rich chemistry of metal halides. Design principles of (a) 0D all-inorganic metal
halides and (b) 0D organic-inorganic hybrid metal halides focusing on different building units
to address their interesting structural models.!®! © The Royal Society of Chemistry 2021.

4.2.4.3 Polarized Luminescence Enabled by Chiral Structures

The generation of polarized light, particularly circularly polarized luminescence (CPL), is a
phenomenon rooted in the luminescent quantum states of chiral nanostructures or molecules
dispersed within a medium. CPL arises from a mechanism wherein a photon emitted from a
chiral excited state becomes polarized due to the non-zero dot product between the electric
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dipole transition moment and the imaginary magnetic dipole transition moment associated with
the electronic transition responsible for luminescence.

Chiral low-dimensional metal halides represent a promising avenue for harnessing CPL due to
their unique combination of properties from both chiral materials and low-dimensional metal
halides. Chiral materials possess a natural ability to manipulate the circular polarization states
of light. By leveraging the strategy of chirality transfer from organic chiral ligands, researchers
have extensively explored and developed the chiroptoelectronic properties of low-dimensional
metal halides, including CPLP!. CPL involves the emission of light with a specific polarization
state, characterized by the rotation of the electric field vector in a circular manner. Owing to its
distinctive optical properties, CPL has found wide-ranging applications in critical domains such
as 3D imaging and printing, sensing and probing, and quantum computing. Thus, the integration
of chiral low-dimensional metal halides opens up exciting possibilities for advancing CPL
technology and its applications.

The supramolecular approach presents an innovative design strategy for chiral low-dimensional
metal halides at the molecular level. Leveraging the diverse symmetries inherent in
supramolecular cations, this approach facilitates access to various crystal structures with chiral
point groups (Figure 4.12a). Preliminary studies!'®!!) have demonstrated the generation of CPL
through the crown ether-assisted assembly of 0D metal halides (Figure 4.12b, ¢). There remains
ample room for further exploration and advancement in this promising direction.
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Figure 4.12. Structures with circularly polarized luminescence. (a) Relationship between
crystal symmetry, chirality, and optical activity.['” Copyright © 2019, American Chemical
Society. (b) Single-crystal structures of the chiral 0D antimony halides. Chiral R-Sb and S-Sb
crystallize in tetragonal chiral space groups of P432:2 and P412,2, respectively, subordinate to
the 422 crystal symmetry. [''} © The Royal Society of Chemistry 2024. (c) Right-handed helix
(colored in red) and left-handed helix (colored in blue) built from [K(dibenzo-18-crown-6)]*
and [MnCl4]*".['% Copyright © 2019, American Chemical Society.
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4.2.4.4 Ferroelectricity through Non-Centrosymmetric Symmetries

Ferroelectricity is a pivotal phenomenon characterized by the displacement of positive and
negative charge centers in crystal structure with non-centrosymmetric symmetry (Figure 4.13).
Ferroelectric materials possess the remarkable ability to store and switch spontaneous electric
polarization, rendering them valuable in various applications. This class of functional materials
exhibits exceptional dielectric constants, superior pyroelectricity and piezoelectricity, and other
optical effects, making them highly sought after for technological advancements.

Despite the significant advancement made in ferroelectric oxide perovskites research,
exploration into ferroelectric properties within the halide perovskites remains relatively scarce
(Figure 4.14). The infancy of halide perovskite ferroelectrics is evidenced by the limited
number of reported works on the subject thus far. Consequently, there exists a compelling need
for intensified investigation and attention towards the development of ferroelectricity in halide
perovskites.

The supramolecular approach introduces a novel strategy for designing ferroelectric halide
perovskites. As discussed in Chapter 4.2.4.2, the versatility of supramolecular assembly allows
for the creation of diverse metal halide complexes. By rationally engineering the crystal
symmetry through the design of supramolecular cations, a variety of ferroelectric structures can
be realized. Additionally, the interaction between the supramolecular cation and the metal
halide anion can induce distortion within the metal halide complexes, amplifying electrical
dipoles. Embracing this direction of research promises to discover novel insights and open up
new possibilities for the advancement of ferroelectric functional materials in the future.

Figure 4.13. Equatorial plane projection of 10 ferroelectric point groups.'?!© 2023 Wiley-
VCH GmbH.
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