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ABSTRACT

Structure, Vibrational Properties, and Excited-State Dynamics

of Metal Halide Materials

Heng Zhang

Metal halide nanomaterials, including molecular clusters (MCs), nanocrystals
(NCs), and low-dimensional perovskites, have attracted significant interest because
of their tunable optical properties, strong excitonic effects, and potential applications
in optoelectronic and spintronic devices. However, the relationships among structure,
excited-state dynamics, lattice vibrations, and spin relaxation remain insufficiently
understood, especially in highly confined metal halide systems. This dissertation
addresses how chemical composition, structural confinement, lattice softness, and
dopant incorporation influence the optical, vibrational, excitonic, and spin properties
of metal halide clusters and nanocrystals.

A combination of synthesis, steady-state spectroscopy, ultrafast spectroscopy,
structural characterization, and vibrational analysis was used. Amino metal halide
molecular clusters were synthesized and stabilized in the solid state, and their
structural and optical properties were investigated using optical spectroscopy and
crystallographic analysis. Their excited-state relaxation processes were further
studied by femtosecond transient absorption spectroscopy. Furthermore, low-
frequency Raman spectroscopy, supported by structural analysis, was used to

investigate lattice vibrations in two-dimensional lead-free metal halide double

xXxii



perovskites. Finally, Ni-doped CsPbBr; nanocrystals were examined using spin-
polarized transient absorption to evaluate the influence of dopant-induced defect
passivation and scattering processes on spin lifetime.

The results show that amino metal halide molecular clusters can form stable,
strongly quantum-confined solid-state structures around 2 nm with distinct optical
properties arising from their discrete metal halide units and ligand-stabilized
coordination environments. Ultrafast measurements reveal that their excited-state
dynamics are governed by rapid relaxation pathways associated with strong
confinement and a shallow trap state. Low-frequency Raman studies of 2D lead-free
perovskites demonstrate that soft metal halide lattices exhibit characteristic
vibrational modes sensitive to local structure and large octahedra distortions. In Ni-
doped 3D CsPbBr3 nanocrystals, moderate Ni incorporation improves spin lifetime,
likely through defect passivation and reduced defect-mediated spin relaxation,
whereas excessive doping shortens the lifetime due to increased disorder and
scattering. Overall, this dissertation establishes a structure—dynamics—spin
relationship in metal halide clusters and nanocrystals and provides insight into the
design of confined metal halide materials with tunable optical and spin-dependent

properties.
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1 Introduction to Nanocrystals and Their Characterization

Methods

1.1 Introduction to Nanomaterials

The development of quantum mechanics in the 20th century profoundly
advanced our understanding of matter at small length scales, laying the foundation
for semiconductor technology and nanomaterials. Nanomaterials are commonly
defined as materials with at least one dimension in the range of 1-100 nm. Owing to
their large surface-area-to-volume ratio and the increased fraction of surface atoms,
nanomaterials often exhibit size-dependent optical, electronic, magnetic, and
chemical properties that differ from their bulk counterparts.! In contrast, bulk
materials are generally large enough that surface and quantum confinement effects
are not dominant, and their properties are less dependent on size.>* In such a
microscopic world, material properties can change dramatically and exhibit
intriguing phenomena due to quantum confinement effects. For example, when the
motion of charge carriers is spatially confined, the electronic energy levels become
discrete and quantized rather than continuous, as commonly observed in macroscopic
bulk materials.** Based on quantum mechanics, many important technologies have
emerged, including transistors, lasers, magnetic resonance imaging, and integrated
circuits, which constitute core technologies of modern society.® In the 21st century,
quantum technologies have further expanded into quantum computing, quantum

communication, and quantum sensing, driven by theoretical advances and



experimental progress in controlling and exploiting quantum superposition,
entanglement, and coherence.””® Meanwhile, the rapid development of artificial
intelligence has created increasing demand for computational resources and energy.
Al is now widely regarded as one of the key enabling technologies of the Fourth
Industrial Revolution, reshaping industrial production, data processing, automation,
and decision-making.!'”

Although nanomaterials are commonly defined as structures with at least one
dimension below 100 nm, this criterion is not derived from quantum mechanics but is
largely used as a practical range.!! Quantum confinement effects generally emerge
when the structural dimension becomes comparable to the carrier de Broglie
wavelength or smaller than the exciton Bohr radius, which are typically on the order
of a few nanometers to several tens of nanometers, depending on the
semiconductor.'? Therefore, not all nanomaterials exhibit quantum-confined behavior,
and the transition from bulk-like to quantum-confined regimes depends on intrinsic
material parameters rather than a universal size threshold. The bulk-like small-sized
materials don’t have the quantum confinement effect, but they show properties highly

related to the surface, such as catalytic, optical, and mechanical properties.



A Bulk Nanostructure
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Figure 1-1 The Schematic illustration of the relationship among energy levels,
bandgap, and material size. CB and VB denote the conduction band and valence band,
respectively. The Fermi energy level represents the energy level with a 50%

probability of electron occupation at a given temperature.

While nanomaterials generally exhibit size-dependent properties due to
increased surface effects and partial quantum confinement, as you can see in Figure
1-1, quantum dots (QDs) represent a special class of zero-dimensional nanomaterials
with full quantum confinement, resulting in discrete energy levels and atom-like
optical behavior. Some nanocrystals with a size smaller than the exciton Bohr radius
are also considered QDs that exhibit size-dependent changes in optical properties.
The exciton Bohr radius is a fundamental material parameter that characterizes the
average spatial separation between the electron and hole in an excitonic state. In

analogy to the hydrogen atom, its value in semiconductors can be expressed as



ag = an (1-1)
where &r is the relative dielectric constant, u-=p/my is the reduced effective mass
normalized to the free electron mass, where p is the reduced effective mass of
electron-hole pairs, mo is the mass of free electrons, and a¢ is the Bohr radius of the
hydrogen atom at 0.53 A. 1314
Unlike the de Broglie wavelength, which depends dynamically on the particle
momentum or kinetic energy, the exciton Bohr radius is primarily determined by
intrinsic material properties, especially the dielectric screening and the effective
masses of electrons and holes.!* Therefore, it is commonly used as a characteristic
length scale to evaluate the strength of quantum confinement in semiconductor
nanostructures. When the crystal size becomes comparable to or smaller than the
exciton Bohr radius, the motion of charge carriers is spatially restricted, leading to
discrete energy levels, bandgap widening, and size-dependent optical properties.*
This concept is particularly important in low-dimensional semiconductors and
quantum dots, where excitonic effects are significantly enhanced.
Due to their low-cost solution processability, compositional diversity, and
tunable size and optoelectronic properties, nanocrystals have attracted sustained
research interest for applications in light-emitting diodes, photovoltaics,

photodetectors, and bioimaging, and studies in this field remain a hot topic.!>"!



1.2 Introduction to Molecular Clusters (MCs), Magic-Sized Clusters
(MSCs) and Quantum Dots (QDs)

Clusters, molecular clusters (MCs), magic-sized clusters (MSCs), and quantum
dots (QDs) are distinct nanocrystal types, but they are not isolated material systems.
Instead, they can be viewed as a continuous developmental sequence from the
molecular level to intermediate-sized stable clusters, and finally to larger quantum
dots. In this dissertation, my work covers small-sized MCs and MSCs, as well as
large-sized QDs. Therefore, the motivation of this dissertation is to address the
remaining fundamental questions in them and manipulate their properties for modern
applications. The systematic study of their size, structure, ligand chemistry, and
optoelectronic properties is also included in the content.

MCs and MSCs are typically smaller than conventional QDs and often exhibit
discrete compositions, narrow size distributions, sharp optical absorption features,
and enhanced thermodynamic or kinetic stability.'®° They are therefore important
model systems for understanding the nucleation, growth, and structural evolution of
semiconductor nanocrystals. In contrast, QDs are larger semiconductor nanocrystals
whose optical and electronic properties are mainly governed by quantum
confinement, composition, and surface chemistry. The development from clusters to
QDs has provided a powerful platform for studying size-dependent photophysics,
ligand-controlled growth, and structure—property relationships in nanoscale
semiconductors.?’*? Based on this framework, the following sections review the

development of MCs, MSCs and QDs, respectively, with an emphasis on their



structural evolution, ligand effects, and optoelectronic properties.

1.2.1 Development of Semiconductor Quantum Dots

QDs are generally defined as semiconductor nanocrystals with sizes smaller
than or comparable to the exciton Bohr radius. Due to quantum confinement, their
band gaps, absorption features, and photoluminescence wavelengths can be tuned by
controlling their size, composition, and surface chemistry.*** QDs exhibit several
attractive properties that make them highly promising for optoelectronic applications.
First, their band gaps and emission wavelengths can be continuously tuned by
controlling particle size, composition, and surface chemistry, allowing broad spectral
coverage from the visible to near-infrared region.*** In addition, colloidal QDs can
be synthesized and processed from solution, enabling low-cost, scalable fabrication
of thin films and devices.”> Their optical performance can be further improved
through surface passivation, ligand engineering, and core—shell structures, which
reduce surface traps and enhance photoluminescence efficiency and stability.?*?® For
metal halide perovskite QDs, particularly CsPbX3 nanocrystals, narrow emission
linewidths, high photoluminescence quantum yields, high carrier mobility and wide
color-gamut emission have made them especially attractive for displays, light-
emitting diodes, lasers, photodetectors, and solar cells.>’°

The development of QD research has generally proceeded through several
stages. Early studies mainly focused on the controlled synthesis and quantum
confinement properties of traditional colloidal QDs, such as CdS, CdSe, PbS, and InP,

which belong to II-VI, IV-VI, and III-V semiconductor families.?>3! Later, research
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expanded to surface ligands, core—shell structures, defect passivation, and device
applications.?>?% In recent years, metal halide perovskite QDs have emerged as an
important class of optoelectronic materials because of their high photoluminescence
quantum yields, narrow emission bandwidths, compositional tunability, and solution
processability, offering versatile functionality across a wide range of
applications.?”?%3

While conventional QDs include diverse semiconductor systems such as II-VI,
III-V, and IV-VI nanocrystals, this section focuses on metal halide perovskite QDs
and their low-dimensional derivatives due to the attractive properties mentioned
above. In addition to three-dimensional (3D) perovskite quantum dots, low-
dimensional metal halide perovskites, including two-dimensional (2D), one-
dimensional (1D), and zero-dimensional (0D) structures, have attracted significant
attention due to their enhanced structural stability and unique optoelectronic
properties.>*3*

2D metal halide perovskites usually have layers structures, where inorganic
metal halide sheets are separated by bulky organic spacer cations. In 1D systems, the
inorganic metal halide units are connected mainly along one direction to form chain-
like frameworks, while in 0D systems, isolated metal halide polyhedra or clusters are
separated by organic cations. Such structural dimensionality strongly influences
electronic coupling, exciton localization, charge transport, and emission behavior.>**°

In particular, quasi-2D perovskites are important low-dimensional derivatives that

combine the advantages of both 3D and strictly 2D perovskites. Compared with 3D



perovskites, quasi-2D structures usually show enhanced environmental stability and
stronger quantum/dielectric confinement due to bulky organic spacer cations and
reduced inorganic-layer thickness. Compared with strictly 2D perovskites with n=1,
quasi-2D perovskites with larger or mixed n values retain stronger electronic
coupling and more efficient charge transport while maintaining pronounced excitonic
properties. Therefore, quasi-2D perovskites provide a useful platform for stable and
efficient light emission.**’

1D and 0D metal halides provide even stronger structural confinement than 2D
systems because their inorganic frameworks are further reduced to chain-like units or
isolated polyhedra or clusters. These structures often show highly localized excitons
and distinctive broadband emission associated with self-trapped excitons, although
their charge transport is generally more limited than that of 3D and quasi-2D
perovskites. -3

These low-dimensional systems share conceptual similarities with perovskite
magic-sized clusters (PMSCs) and metal halide molecular clusters (MCs) because all
involve strong confinement, discrete or localized electronic states, and ligand- or
cation-dependent structural stabilization. However, dimensional reduction is not
limited to 2D, 1D, and 0D frameworks. At even smaller length scales, perovskite-
related materials can also exist as MSCs and MCs, which represent intermediate or
discrete species between molecular precursors and larger QDs. Unlike low-

dimensional perovskites, MSCs and MCs often possess well-defined sizes, discrete

compositions, and strongly confined electronic structures. Therefore, they provide



another important perspective for understanding how precursor chemistry, structural
confinement, and early-stage nucleation processes govern the formation and optical

properties of perovskite QDs.2%4

1.2.2 Magic-Sized Clusters as Intermediates Between MCs and QDs

Early studies of semiconductor nanocrystals mainly focused on quantum
confinement effects and size-dependent optical properties.*** With the development
of synthetic strategies and advanced characterization techniques, researchers
gradually recognized that, between molecular precursors and colloidal quantum dots,
there exists a class of small intermediate species with discrete compositions or
unusual stability, known as magic-sized clusters (MSCs).?!*?

MSCs usually possess narrow or even single-size distributions and exhibit sharp
absorption features. During nanocrystal growth, MSCs often show discrete, stepwise
growth behavior rather than continuous size evolution. Therefore, they have been
regarded as key intermediates for understanding nanocrystal nucleation and growth
mechanisms.*! ™ Recent reviews have further emphasized that MSCs serve as an
important bridge between molecular precursors and colloidal quantum dots,
providing valuable insights into QD nucleation, growth pathways, and structural
evolution.?>*

In metal halide perovskite systems, similar highly confined species, including
perovskite magic-sized clusters (PMSCs) and metal halide molecular clusters (MCs),

have also attracted increasing attention.’>** PMSCs are generally smaller than

conventional perovskite nanocrystals, possess narrower size distributions, and exhibit
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sharper optical absorption features. They also show exceptional optoelectronic
properties, such as near unity quantum yield, wide color tunability, high color purity
and brightness.®

The formation and stability of PMSCs are strongly influenced by synthetic
conditions, especially the identity, concentration, and binding strength of surface
ligands. For example, Xu et al. reported that CsPbBr; PMSCs can be generated with
ligand phenylacetic acid (PAA), not with mesitylacetic acid (MAA) or oleic acid
(OA), because PMSCs require better passivation or stronger ligands than PQDs.*
Moreover, the reversible or controllable transformation between perovskite QDs and
PMSCs has become an important research topic in recent years. Such transformation
relationships provide valuable insights into the structural evolution pathway from
molecular precursors to highly confined clusters and, finally to quantum dots.*’ Liu et
al. specifically reviewed the role of capping ligands in the synthesis and
transformation between metal halide perovskite QDs and PMSCs, showing that
ligands not only stabilize the surface but also regulate the formation of highly
confined cluster species, highlighting that ligand identity, concentration, and binding
strength can mediate the interconversion between QDs and PMSCs. For example,
Zhang et al showed that combinations of different organic acid and amine ligands,
such as oleic acid (OA), and amines, such as oleylamine (OLA) provided good
passivation for the QDs.*’” Xu et al. found that a lower ligand concentration facilitates
QD formation, whereas a higher concentration supports MSC production.*® Related

reviews have also compared the optical and structural differences among perovskite
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quantum dots (PQDs), PMSCs, and metal halide MCs. 2%

1.2.3 From Molecular Precursors to Clusters

The formation of semiconductor nanocrystals does not necessarily proceed
directly from free molecular precursors to large crystalline nanocrystals. Instead,
many systems involve intermediate species such as small clusters, molecular clusters
(MCs) and magic-size clusters (MSCs), which can appear during chemical
conversion, coordination rearrangement, nucleation, and early-stage growth.
Advances in controlled synthesis, in situ spectroscopy, mass spectrometry, and
crystallographic analysis have shown that some precursor-derived clusters can be
isolated, stabilized, and studied as independent material systems rather than only
being regarded as transient intermediates.?!*’

MCs represent a highly confined regime between molecular precursors and
larger nanocrystals. Unlike conventional quantum dots, which usually possess size
distributions and extended crystal-like lattices, MCs can have discrete compositions,
atomically or molecularly defined structures, and strong ligand coordination.
Therefore, MCs provide a useful platform for connecting molecular coordination
chemistry with nanocrystal chemistry. Their structures are strongly affected by
metal-ligand coordination, inorganic framework geometry, surface-binding motifs,
and the steric or electronic effects of organic ligands.?>*

The importance of MCs is not limited to their structural definition. They also

provide mechanistic insight into how nanocrystals form. In many semiconductor

systems, nucleation and growth may occur through nonclassical pathways, where
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cluster-like species assemble, transform, or fuse rather than growing only by
monomer-by-monomer addition. Identifying these clusters is therefore important for
understanding precursor conversion, nucleation kinetics, ligand-controlled growth,
and the origin of size-dependent optical properties.*!-*°

In metal halide systems, MCs are especially attractive because soft ionic lattices
and flexible coordination environments allow diverse discrete cluster structures to
form. Organic cations or neutral ligands can separate and stabilize discrete metal
halide units, including isolated metal halide polyhedra, dimeric or trimeric units, and
larger cluster species. Unlike extended 3D perovskites with the general ABXj3
framework, MCs usually have discrete compositions and molecular-level structures,
which give rise to highly confined electronic states and distinct optical features.’!->>
Studies on PMSCs and amino lead halide MCs have shown that metal halide clusters
have sharp peaks with full width at half maximum (FWHM) at 10-20 nm and can
interconvert or coexist with larger perovskite-like nanostructures, depending on
ligand chemistry, precursor conditions, and synthetic environment,?%4°

Similarly, the structural confinement of isolated metal halide units also gives
rise to distinct photophysical behavior. For example, Zhou et al. reported a series of
0D organic—inorganic metal halide emitters based on isolated Sn-, Sb-, and Pb-halide
polyhedra or cluster-like units separated by organic cations, C4sN>H4Br" and CoNHz".
In these structures, the inorganic metal halide units are periodically isolated within an

organic matrix, forming 0D hybrid frameworks with strong structural confinement

and localized excitonic states. Such structural confinement localizes excitons within
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isolated metal halide units, which can reduce nonradiative energy loss and enable
efficient photoluminescence. The emission color can be further tuned by changing the
metal center, halide composition, and coordination geometry. In particular, the blue-
emitting lead chloride cluster assembly, (CoNH20)7(PbCl4)PbsCli1, exhibited emission
around 470 nm with a photoluminescence quantum efficiency (PLQY) of
approximately 83%, while related yellow- and red-emitting 0D metal halide hybrids
showed near-unity photoluminescence quantum efficiencies, demonstrating that

metal halide clusters can act as efficient emitters rather than merely as precursor

53,54

species.

Bromine atom

Bromine vacancy
i ———~N Butylamine (C) A C

1]

Figure 1-2 The structural comparison of MCs (left half) and 0D metal halide hybrids
(right half). (a) Proposed layered structure for PbBr,-BTYA MCs.’! (b) Proposed
molecular models and the Pb coordination number (CN) from the extended X-ray
absorption fine structure (EXAFS) fitting results for PbCl,-BTYA (left), PbBr»-
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BTYA (middle), and Pbl>-BTYA (right) MCs.? (c) Views of the crystal structures
of (C4N2H14Br)sSnBrs (top) and (CoNH20)>SbCls (bottom) 0D organic-inorganic

metal halide hybrids.>*

Figure 1-2 illustrates the close but nonidentical relationship between metal
halide MCs and 0D organic—inorganic metal halide hybrids. In 0D hybrids, isolated
metal halide polyhedra or cluster units are embedded in an organic matrix, leading to
strong structural confinement and localized excitons. Some of these isolated cluster
units can be described as molecular clusters when they have well-defined
compositions and molecular-level structures; however, not all 0D metal halide
hybrids should be classified as MCs. Therefore, 0D hybrid emitters provide useful
examples of how isolated metal halide wunits can generate efficient
photoluminescence through composition, coordination geometry, and organic—
inorganic structural design.>>¢

Representative examples of metal halide MCs include amino lead bromide
molecular clusters stabilized by neutral amine ligands. For instance, Zhang et al.
reported stable PbBr;-based molecular clusters capped by butylamine ligands,
showing that metal halide MCs can be isolated and stabilized as discrete cluster
species in both solution and solid states.’! Mn**-doped amino lead halide MCs have
also been reported, demonstrating that the optical properties of MCs can be tuned
through dopant incorporation.’? Furthermore, a clear vision of MCs is the molecular
structure connecting PbBr to the ligands through coordination bonds reported from

Vickers et al.?°
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Overall, MCs are no longer viewed only as temporary precursor fragments or
synthetic byproducts. They are more recognized as independent material systems
with defined structures, tunable optical properties, and mechanistic significance.
Their study helps establish a more complete picture of the structural evolution from
molecular precursors to small metal halide clusters, MCs, MSCs, and ultimately
larger QDs. Therefore, investigating MCs in this dissertation provides an important
foundation for understanding how precursor chemistry, ligand coordination,
structural confinement, and cluster assembly govern the formation and properties of
semiconductor nanomaterials.?%*'>57 The contribution from this dissertation to the
understanding of MCs structure and charge carrier dynamics will be found in

Chapters 2 and 3.

1.3 Synthesis of MCs, MSCs and QDs

Synthesis is the core of obtaining a superior-quality sample that facilitates
subsequent characterization to achieve the research goal. The goals include the target
bandgap tuning through composition engineering and size control, while ensuring
high crystallinity, low defect density, and good colloidal stability. The main principles
for achieving various colors are the quantum-size effect via A-site mixing, B-site

doping, halide substitution, and ligand choice.
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1.3.1 Hot Injection
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Figure 1-3 The flow chart shows the hot-injection synthesis of colloidal CsPbBrs3
perovskite QDs using a representative procedure. PbBr> is used in this example,
while other metal sources such as SnX,, GeX», BiX3, SbX3, or dopant metal halides
such as MnX> and ZnX> can also be used, depending on the target composition. The

halide component Br can be replaced to Cl, I or even mixed halides.

The hot-injection method is a classical approach to synthesizing optimal QDs
with a uniform size distribution, high crystallinity, and high stability.>*>’

As shown in Figure 1-3, usually, the hot-injection synthesis of perovskite QDs
involves dissolving a lead source, such as PbBr2, in a nonpolar solvent, such as 1-
octadecene (ODE), along with oleic acid (OA) and oleylamine (OAm) as organic

ligands. The precursor solution is then purged under vacuum at approximately 120 °C
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to remove residual moisture and oxygen. After purging, the system was switched to a
nitrogen (N2) atmosphere to maintain an inert environment. The temperature was
then rapidly increased to 180 °C under N> flow. Subsequently, a cesium precursor,
typically cesium oleate, prepared by dissolving Cs2CO3 in ODE and OA, is rapidly
injected into the hot lead precursor solution, where the rapid injection initiates
nucleation and growth of CsPbBr; nanocrystals. After that, the reaction is then
quickly quenched in an ice-water bath to terminate crystal growth, yielding the target
perovskite QDs. Finally, the resulting CsPbBr; PQDs were obtained as a colloidal
solution for subsequent purification and characterization.

The quality and size of the obtained PQDs strongly depend on precise control of
reaction parameters, with reaction temperature being particularly critical. Lower
reaction temperatures of 80—120 °C usually favor the formation of small PQDs with
sizes of approximately 3—5 nm, whereas higher temperatures of 140-200 °C typically
lead to the growth of larger nanocrystals or nanostructures.®®®! Also, long-chain
ligands promote the formation of small-sized QDs.®* However, this method also has
several limitations, including the requirement for an inert-gas atmosphere and strict
temperature control, which make the process relatively complicated and less suitable

for large-scale applications.

1.3.2 Ligand-Assisted Reprecipitation (LARP)
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Figure 1-4 LARP synthesis of the colloidal perovskite QDs.

LARP is a simple method used to produce MSCs and MCs in our group. The
LARP method isn’t a long process and the key is to use a poor solvent to add to the
good solvent, then precipitate the QD crystals. The whole synthesis process is low-
cost, straightforward, and operates under ambient conditions at room temperature.
Due to these merits, it has potential for mass production. As shown in Figure 1-4, the
common LARP procedure involves dissolving perovskite precursors, such as CsX
and PbX: (X = Cl, Br, or 1), in a small borosilicate glass vial containing a good polar
solvent, typically N, N-dimethylformamide (DMF) or dimethyl sulfoxide (DMSO).
Surface ligands, such as oleic acid (OA) and oleylamine (OAm), are then added to
stabilize the resulting nanocrystals. Stirring or sonication is usually applied to ensure

complete dissolution of the precursors. The prepared precursor solution is rapidly
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injected into an excess of a poor nonpolar solvent, such as toluene or hexane, under
vigorous stirring. The sudden decrease in precursor solubility induces rapid
supersaturation, nucleation, and crystallization, thereby yielding colloidal PQDs.

The key process parameters of LARP are the ratio of good to poor solvents and
the type and concentration of ligands. Among them, the ratio between the two
solvents is crucial for controlling PQD size through its direct effect on the system's
supersaturation, with a typical ratio range from 1:10 to 1:50. The type and
concentration of ligands are vital for achieving optimal PQD dispersibility and
surface passivation. An insufficient ligand concentration can lead to PQD aggregation,
whereas an excessive ligand concentration may increase the surface defect. LARP is
usually conducted at room temperature, but a slight increase in temperature below
100 °C can stabilize the PQDs and lead to larger sizes.%%*

One major limitation of the LARP method is that the obtained PQDs often
exhibit a higher density of surface defects and lower PLQY than those synthesized by
the hot-injection method.%® In this regard, post-synthetic purification or surface
passivation treatments are usually required to improve their optical properties.
Previous studies demonstrated that exploiting short-chain ligand modification,
halide-source supplementation, and ionic-liquid passivation methods can effectively
reduce the density of surface defect states, thereby enhancing the luminescence

efficiency and stability of PQDs.%¢
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1.3.3 Post-Treatment After Synthesis
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Figure 1-5 The general purification process for perovskite QDs. It is applicable to

samples prepared via both hot-injection and LARP methods.

Purification is required for these synthesized PQDs to remove excess ligands,
unreacted precursors, residual polar solvents, and system by-products from the
synthesis process, thereby improving colloidal dispersion stability and optical
properties.®” Centrifugation is the most commonly used purification method for
PQDs. A flowchart process is shown in Figure 1-5 as a typical procedure. The as-
synthesized PQD colloidal solution is thoroughly mixed with a purification solvent,
such as ethyl acetate or ethanol. The mixture is then centrifuged to separate
components by size, mass, and colloidal stability. Depending on the target product,
either the upper supernatant or the bottom precipitate can be collected. This washing

and centrifugation process is usually repeated 2-3 times to obtain purified PQD
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products. The collected precipitate is finally redispersed in a nonpolar solvent, such
as toluene or hexane, for further characterization or device fabrication. The
purification is conducive to both hot-injection and LARP methods.

The purification conditions, including the choice of washing solvent,
centrifugation speed, and centrifugation time, need to be carefully optimized
according to the synthesis goal. For conventional PQD purification, the bottom
precipitate is often collected and redispersed. However, when the crude product
contains a mixture of large and small nanocrystals and the small-sized, lightweight
PQDs are the desired product, mild or medium-speed centrifugation is preferred. For
example, centrifugation at approximately 2000-3000 rpm for 5 min can sediment
larger aggregates or oversized particles while retaining smaller PQDs in the upper

supernatant. In this case, the supernatant is collected as the final product.

1.4 Key Parameters in Studying MCs, MSCs and QDs

The properties of molecular clusters (MCs), magic-sized clusters (MSCs), and
quantum dots (QDs) are strongly governed by their size, structure, composition,
surface chemistry, and carrier dynamics. Therefore, a combination of optical,
structural, chemical, excitonic, and spin-resolved characterization methods is
required to establish the relationship between synthesis, structure, and photophysical
properties. In this dissertation, these parameters are systematically investigated to

understand the structure, optical properties, and electronic and spin properties.
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1.4.1 Optical Properties

UV-Visible (UV-Vis) absorption and photoluminescence (PL) spectroscopy are
fundamental tools for probing the electronic structure of NCs. The absorption
spectrum reflects electronic transitions from the ground state to excited states,
whereas the PL spectrum provides information on radiative recombination pathways
following photoexcitation.

For semiconductor nanomaterials, the optical band gap can often be estimated

from the absorption edge. In many cases, the Tauc relation is used:

(ahv)™ = A(hv — E,) (1-2)

where a is the absorption coefficient, hv is the photon energy, A is a constant,

and Ej is the optical band gap. The exponent n depends on the type of electronic

transition. For a direct allowed transition, n = 2, while for an indirect allowed

transition, n = 1/2. By extrapolating the linear region of the Tauc plot to the energy
axis, the optical band gap E; can be obtained.

For QDs and small clusters, the absorption and PL peaks are strongly affected

by quantum confinement. As the particle size decreases, the band gap generally

increases, leading to a blue shift in both absorption and PL. This size-dependent band

gap can be qualitatively described by the Brus equation:

hm? /1 1) 1.8e?

_ bulk | — -
ER) = By + = (m;;+m;; o (1-3)

where E (R)is the size-dependent band gap, Ej**is the bulk band gap, Ris the
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nanocrystal radius, m; and my are the effective masses of electrons and holes,
respectively, and €is the dielectric constant.
The Stokes shift, defined as the energy difference between the absorption and

PL maxima, is another important optical parameter:

AEstores = Eaps — EpL (1-4)
A large Stokes shift may indicate structural relaxation, self-trapped exciton
formation, surface-related emission, or defect-mediated recombination.

The photoluminescence quantum yield can be written as:

ky

= 1-5
Ky + Ky (1-5)

Gpy,
where k, is the radiative recombination rate and k,, is the nonradiative

recombination rate.

The lifetime is related to the total recombination rate:

1
— =k, + ky, (1-6)
T

By combining Equations (1-5) and (1-6), the radiative and nonradiative

recombination rate, k, and k,,,- can be determined.

1.4.2 Structural Information

Structural characterization is essential for distinguishing molecular clusters,
magic-sized clusters, and quantum dots. These materials may show different degrees
of crystallinity, atomic ordering, surface ligand coordination, and lattice distortion.

Therefore, morphology, crystal structure, bonding information, and chemical
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composition need to be evaluated.
1.4.2.1 Morphology

Morphology includes the size, shape, and size distribution of the particles or
clusters. Transmission electron microscopy (TEM), high-resolution TEM (HRTEM),
and scanning electron microscopy (SEM) are commonly used to visualize the
morphology.

A narrow size distribution usually indicates better synthetic control and higher
uniformity. For MSCs and MCs, direct imaging can be challenging because of their
extremely small size and beam sensitivity. Therefore, microscopy results should often

be combined with optical spectra, XRD, and chemical analysis.

1.4.2.2 Crystal Structure

Crystal structure determines the long-range or short-range atomic arrangement
in MCs, MSCs, and QDs. Powder X-ray diffraction (pXRD) is used to identify
crystalline phases, crystal systems, and lattice parameters. Single-crystal X-ray
diffraction (scXRD) can provide atomically resolved structural information if high-
quality single crystals are available.

For nanocrystals, the crystallite size can be estimated from peak broadening

using the Scherrer equation:

D= KA
~ Bcos 6

(1-7)

where D is the crystallite size, K is the shape factor, 4 is the X-ray wavelength,
B is the full width at half maximum in radians, and 6 is the Bragg angle.

High-resolution TEM (HRTEM) provides local lattice-resolved information,
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including lattice fringes, interplanar spacing, crystallinity, crystal orientation, defects,
and grain boundaries. The measured lattice spacing can be compared with XRD
results to assign specific crystal planes and confirm the local crystal structure.
1.4.2.3 Bond Cleavage and Formation

Bond cleavage and formation are closely related to precursor conversion, cluster
growth, ligand coordination, and structural transformation. Raman and FTIR
spectroscopy are useful tools for probing vibrational modes and chemical bonding.

Raman spectroscopy is sensitive to changes in polarizability, while FTIR
spectroscopy 1is sensitive to changes in dipole moment. Therefore, the two methods
provide complementary information about molecular vibrations, metal-halide
bonding, ligand binding, and lattice distortion.

The vibrational frequency of a chemical bond can be approximated by the

harmonic oscillator model:

1 |k
y=—|— (1-8)
2nc |u

where v is the vibrational wavenumber, c is the speed of light, k is the bond

force constant, and u is the reduced mass:

mym;

K= g =

where m, and m, are the masses of the two atoms involved in the vibration.
A stronger bond usually has a larger force constant and therefore appears at a
higher vibrational frequency. In contrast, heavier atoms or weakened bonds generally

lead to lower-frequency vibrational modes. In metal halide clusters and QDs, low-
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frequency Raman modes are particularly useful for probing metal-halide lattice

vibrations, octahedral distortion, and symmetry changes.

1.4.2.4 Chemical Composition, electronic state and chemical environment

Chemical composition, electronic state, and local chemical environment are
critical for understanding the formation and properties of MCs, MSCs, and QDs. X-
ray Photoelectron Spectroscopy (XPS), X-ray Absorption Spectroscopy (XAS), and
Energy-Dispersive X-ray Spectroscopy (EDS) are commonly used for this purpose.
XPS is mainly used to confirm elemental composition and chemical states, such as
oxidation state and surface bonding environment. XAS provides element-specific
information about electronic state, coordination geometry, local bond distance, and
structural disorder. EDS is used to determine elemental composition at the surface
and in depth, from hundreds of nanometers to several micrometers, especially for
inorganic elements, and is commonly combined with SEM or TEM.

XPS is used to confirm elemental composition and chemical states, including
oxidation states and bonding environments. Peak shifts in XPS can reflect changes in
oxidation state, local coordination, charge transfer, and surface chemical environment.
For example, a higher binding energy may indicate a more positively charged
chemical environment.

XAS provides information about electronic state and local structure. X-ray
absorption near-edge structure (XANES) is sensitive to oxidation state and
coordination symmetry, while extended X-ray absorption fine structure (EXAFS)
provides information about bond distances, coordination numbers, and local disorder.

EDS is used to determine elemental composition, especially for heavier
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elements in inorganic nanomaterials. It is often coupled with SEM or TEM. However,
for nanoscale materials, EDS results should be interpreted carefully because the
measured signal can include contributions from the substrate, ligands, or surrounding
matrix.

Together, these methods provide complementary information. XPS reveals
surface composition and oxidation state, XAS probes local electronic and
coordination structure, and EDS confirms elemental distribution and approximate

composition.

1.4.3 Exciton Dynamics

Exciton dynamics describe how photoexcited electrons and holes relax,
recombine, or transfer after excitation. Time-resolved photoluminescence (TRPL)
and transient absorption (TA) spectroscopy are widely used to investigate these
processes.

In TRPL and TA, the PL decay is often fitted using exponential decay functions:

n
1(6) =2Aie-f/fi (1-10)
i=1
where I(t) is the PL intensity at time t, A; is the amplitude of the i-th decay
component, and T; is the corresponding lifetime.

Another commonly used average lifetime is the intensity-weighted lifetime:

. YA T
I VAT

Different lifetime components can be associated with different recombination

(1-11)
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pathways, such as vibrational relaxation, band-edge radiative recombination, surface
trapping, defect-assisted recombination, or energy transfer.

TA spectroscopy measures the change in optical density after photoexcitation.
The signals usually contain contributions from ground-state bleaching (GSB),
stimulated emission (SE), and excited-state absorption (ESA). GSB and SE usually
give negative signals, while ESA usually gives positive signals. TA provides ultrafast
information on carrier cooling, exciton formation, charge separation, trapping,

recombination, and energy transfer processes.

1.4.4 Spin Dynamics

In semiconductor nanomaterials, spin relaxation may be influenced by spin—
orbit coupling, electron—phonon scattering, structural distortion, surface defects, and
electron—hole exchange interaction. For low-dimensional and nanoscale systems,
quantum confinement and surface chemistry can also modify spin relaxation
pathways. Spin dynamics describe the generation, relaxation, and recombination of
spin-polarized carriers or excitons. In this dissertation, spin dynamics are investigated
using spin-polarized transient absorption with selective circularly polarized light
excitation.

Circularly polarized light can selectively excite spin-polarized electronic
transitions according to optical selection rules. The spin polarization degree can be

defined as:
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g =1y

—_— 1-12
I+ + 1 ;- ( )

where I+ and [;- are the signals measured under right- and left-circularly

polarized light configurations.

The decay of spin polarization can often be described by:

P(t) = Pye™ /s (1-13)
where P, is the initial spin polarization and 7, is the spin relaxation lifetime.

The spin decay can be fitted using exponential decay functions same as TA and

TRPL.

1.5 Common Characterization Methods

In this dissertation, a combination of optical spectroscopy, structural
characterization, chemical analysis, and time-resolved spectroscopy was used to
investigate ultra-small clusters, molecular clusters (MCs), magic-sized clusters
(MSCs), and quantum dots (QDs). Each characterization method provides different
but complementary information. In the following sections, each technique is
introduced from three aspects: its purpose, its working principle, and the basic
instrument configuration and optical path. Notes are also provided for practical

measurements.

1.5.1 Ultraviolet-Visible (UV-Vis) Absorption

Purpose

Ultraviolet—visible (UV-Vis) absorption spectroscopy is used to investigate the
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optical absorption properties and electronic transitions of NCs. It provides
information about absorption edges, excitonic absorption peaks, optical band gaps,
and size-dependent quantum confinement effects.

For QDs, the absorption edge and excitonic peak positions are strongly related
to particle size. A blue shift of the absorption feature usually indicates a smaller
particle size or stronger quantum confinement. For MSCs, sharp and discrete
absorption peaks often indicate a highly uniform cluster size and well-defined

electronic structure.
Principle

UV-Vis absorption measures how much incident light is absorbed by a sample
as a function of wavelength or photon energy. When incident light passes through the
sample, part of the light is absorbed due to electronic transitions, and the transmitted
light is collected by the detector.

The transmittance is defined as:

T =
Iy

(1-14)
where I is the incident light intensity and /; is the transmitted light intensity.
The absorbance—transmittance relationship, the Beer—Lambert law, and the Tauc

relation have been introduced in Section 1.4 (Key Parameters) and will not be

discussed further here.

Instrument Structure and Optical Path

A typical UV-Vis absorption spectrometer consists of a light source,
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monochromator, sample holder, reference path or reference measurement, detector,

and data acquisition system.
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Figure 1-6 The schematic diagram of the UV-Vis absorption spectrometer optical

path.

In the instrument structure diagram shown in Figure 1-6, the light first comes
from a broadband light source, such as a deuterium lamp for the UV region and a
tungsten-halogen lamp for the visible region. The light then enters the
monochromator, where a prism or diffraction grating separates the light into different
wavelengths. A selected wavelength passes through the exit slit and reaches the
sample.

After passing through the sample, the transmitted light is collected by the
detector. The spectrometer compares the transmitted intensity with the incident or
reference intensity and converts the signal into absorbance. Therefore, the optical
path can be described as:

Light source — monochromator — slit — sample — detector — computer.

The monochromator and slit are important because they control the selected
wavelength and spectral resolution. The sample holder keeps the cuvette or film in a

fixed position, ensuring stable optical alignment during measurement.
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Notes
e  Sample absorbance should not be too high; generally A <1 is preferred to avoid

saturation and scattering artifacts.

*  Use the same solvent as the blank/background reference.

* Avoid bubbles, dust, fingerprints, or precipitation in the cuvette.

*  The cuvette should be placed in the same orientation for sample and reference
measurements.

* For QDs and clusters, sample concentration should be carefully controlled to

avoid reabsorption or aggregation.

1.5.2 Photoluminescence (PL) and Time-Resolved Photoluminescence

(TRPL) Spectroscopy

Purpose

Photoluminescence spectroscopy is used to study radiative recombination
processes in materials. It provides information about emission wavelength, emission
intensity, Stokes shift, trap-state emission, self-trapped exciton emission, and
photoluminescence quantum efficiency.

TRPL is used to study the emission lifetime and recombination dynamics. It can
help distinguish different decay pathways, such as band-edge recombination, trap-
assisted recombination, surface-related emission, and nonradiative relaxation.
Principle

After photoexcitation, electrons transition from the ground state to the excited

state. Since the electron and hole form a bound state, a high-energy electron is not
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stable. The energized electrons will relax to the ground state again on the nanosecond
(ns) or picosecond (ps) timescale. During the relaxation process, the energy is
released as a photon and collected by the detector, showing as PL spectra. In PL
measurements, the sample is excited by a light source with energy higher than the
optical band gap. Electrons are promoted from the ground state or valence band to
excited states or the conduction band. After energy relaxation, electrons recombine
with holes and emit photons.

TRPL is used to investigate the temporal decay of emission. Using a time-
correlated single-photon counting technique (TCSPC), the photon counts are
recorded in a period of decay time. By fitting the photon decay curve, the lifetime
can be extracted using single-, double-, triple-, or higher-order exponential functions,
depending on the relaxation pathways in the materials.

The Stokes shift, photoluminescence quantum yield, exponential decay fitting
functions, average lifetime, and radiative/nonradiative recombination rate have been

introduced in Section 1.4 (Key Parameters) and will not be discussed further here.

Instrument Structure and Optical Path
A typical PL spectrometer consists of an excitation light source, wavelength

selector or laser, sample holder, collection optics, monochromator, detector, and

computer.
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Figure 1-7 The schematic diagrams of the (a) PL and (b) TRPL spectrometer

structure.

As illustrated in Figure 1-7, the excitation light first reaches the sample in the
PL optical path. The sample absorbs the excitation light and emits photoluminescence.
The emitted light is usually collected at a 90° angle relative to the excitation beam to

reduce the influence of scattered excitation light. The emission then enters a
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monochromator or spectrograph, where different emission wavelengths are separated
and finally collected by a detector.

The general PL optical path is:

Excitation source — excitation monochromator/filter — sample —
collection lens — emission monochromator/spectrograph — detector —
computer.

For TRPL, a pulsed laser is used as the excitation source. The emitted photons
are collected by the detector and analyzed by time-correlated single-photon counting.
The instrument records the arrival time of emitted photons relative to the excitation
pulse, generating a decay curve.

The TRPL optical path can be described as:

Pulsed laser — attenuator — focusing lens — sample — collection lens —
filter — monochromator — detector — TCSPC — computer.

Important components include the pulsed excitation source, detector response

time, timing electronics, and filters used to remove scattered excitation light.

Notes

* The excitation wavelength should be properly selected to excite the sample
without causing strong scattering or degradation.

¢ Laser or lamp intensity should be controlled to avoid photobleaching, heating, or
nonlinear effects.

¢ Use suitable filters to remove scattered excitation light.
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* For PL, avoid overly concentrated samples because reabsorption and inner-filter
effects can distort the emission spectrum.

*  For TRPL, the instrument response function should be considered, especially for
fast decay components.

* The fitting model should be chosen carefully; multiple exponential components

should have physical meanings.

1.5.3 Powder X-Ray Diffraction (pXRD) and Single Crystal X-Ray
Diffraction (scXRD)

Purpose

Powder X-ray diffraction (pXRD) is used to identify crystal phase, crystallinity,
lattice structure, and crystallite size. For QDs and MSCs, pXRD can confirm whether
the sample has a perovskite-related phase, a low-dimensional phase, or an impurity
phase.

Single-crystal X-ray diffraction (scXRD) and powder X-ray diffraction (pXRD)
share the same fundamental diffraction principle, both relying on Bragg’s law.
However, scXRD measures diffraction from an individual crystal with a well-defined
orientation, generating three-dimensional crystallographic information of unit cell,
space group, atomic positions, bond lengths, and bond angles.

Principle
XRD is based on constructive interference between X-rays scattered by periodic

atomic planes in a crystal. The diffraction condition is described by Bragg’s law:
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nd = 2dsin 6 (1-15)
where n is the diffraction order, 1 is the X-ray wavelength, d is the interplanar

spacing, and 6 is the diffraction angle.

Instrument Structure and X-Ray Path

A typical XRD instrument consists of an X-ray source, incident slit, sample

stage, receiving slit, monochromator or filter, detector, and goniometer.

|y ]
(D
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X-ray source Detector

nA = 2d sin®
Atomic Plane 1
If total optical path

difference is nA,
constructive interference

Ooccurs.

Atomic Plane 2

Area Detector

(b) o Collimator /
-ray Source Monochromator Single Crystal

Figure 1-8 Schematic diagrams of (a) powder XRD based on Bragg’s law and (b)
single-crystal XRD setup.

The X-ray source generates X-rays, commonly using a Cu target. As shown in
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Figure 1-8, the X-ray beam is collimated by slits and directed onto the sample. When
the X-rays interact with crystalline planes, diffracted beams are generated at specific
angles. The detector moves around the sample to collect the diffracted intensity as a
function of 26.

The general XRD path is:

X-ray tube — incident slit/collimator — sample — diffracted beam —
receiving slit — detector — computer.

The goniometer controls the angle between the incident beam, sample, and
detector. The slits control beam divergence and resolution. The detector records
diffraction intensity, and the resulting pattern is used for phase identification and
structural analysis.

For single-crystal XRD, the sample is a single crystal mounted on a goniometer.
The crystal is rotated during measurement so that diffraction data from many

orientations can be collected and used to solve the three-dimensional crystal structure.

Notes

The sample should be uniform, dry, and well distributed on the holder.

* Preferred orientation should be minimized, especially for plate-like or needle-
like crystals.

* Air- or moisture-sensitive samples should be protected during loading and
measurement.

* For nanocrystals, broad peaks are expected and should not be immediately

interpreted as poor crystallinity.
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* For scXRD, high-quality single crystals without cracks, twinning, or multiple
domains are required.
* Beam damage should be considered for soft, organic-rich, or halide-containing

materials.

1.5.4 Scanning Electron Microscopy (SEM) and Energy Dispersive
Spectroscopy (EDS)

Purpose

SEM is used to observe surface morphology, particle aggregation, film
morphology, and micro-scale structural features. For QDs and cluster-derived
materials, SEM can reveal particle packing, film uniformity, surface roughness, and
larger-scale morphology.

EDS is used to analyze the elemental composition of selected regions and
confirm the presence and relative ratios of inorganic elements such as metals and
halides. The signal comes from characteristic X-rays generated within the electron-
beam interaction volume, which may extend from hundreds of nanometers (nm) to
several micrometers (um), depending on the measurement conditions, accelerating
voltage, material density, atomic number, and sample geometry.

Principle

In SEM, electrons are accelerated by a high voltage and focused into a fine

electron beam. The accelerating voltage determines the kinetic energy of the incident

electrons:
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E,=¢eV (1-16)
where E}, is the kinetic energy of the electron, e is the elementary charge, and
V is the accelerating voltage.

The electron wavelength is related to the accelerating voltage. Without
relativistic correction, the de Broglie wavelength of an accelerated electron can be
approximated by:

A= 2mgeV (1-17)
where A is the electron wavelength, h is Planck’s constant, m, is the electron
mass, e is the elementary charge, and V is the accelerating voltage.

A higher accelerating voltage gives a shorter electron wavelength, which is
beneficial for high-resolution imaging. However, in SEM, the practical resolution
also depends strongly on beam size, lens aberration, sample charging, electron

scattering, and detector configuration.

Instrument Structure and Electron/X-Ray Path

A typical SEM consists of an electron gun, condenser lenses, objective lens,

scanning coils, sample chamber, detectors, and vacuum system.
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Figure 1-9 The schematic diagram of the (a) SEM, (b) EDS spectroscopy and the

illustration of electrons and sample interaction. EDS.

As illustrated in Figure 1-9 (a), the electron beam is generated by the electron
gun and accelerated toward the sample. The condenser and objective lenses focus the
beam into a small spot. Scanning coils move the beam across the sample surface
point by point. The generated secondary electrons or backscattered electrons are
collected by corresponding detectors to form images.

The SEM electron path is:

Electron gun — condenser lens — scanning coils — objective lens —
sample — electron detector — image.

For EDS, the characteristic X-rays emitted from the sample are collected by an
EDS detector positioned near the sample.

The EDS signal path is:

Electron beam — sample — characteristic X-rays — EDS detector —
elemental spectrum/map.

In the SEM, a focused electron beam scans across the sample surface. The
interaction between the electron beam and sample produces several signals, including
secondary electrons, backscattered electrons, and characteristic X-rays.

Secondary electrons are mainly used for surface morphology imaging.
Backscattered electrons provide contrast based on atomic number, with heavier
elements usually appearing brighter.

EDS is based on characteristic X-ray emission. When the incident electron beam
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removes an inner-shell electron from an atom, an outer-shell electron fills the
vacancy and releases energy as an X-ray photon. The energy of this X-ray photon is

characteristic of the element.

Notes

*  The sample must be stable under vacuum and electron-beam irradiation.

*  Nonconductive samples may require conductive coating or low-voltage imaging
to reduce charging.

* The accelerating voltage should be selected carefully because it affects
resolution, penetration depth, and EDS interaction volume.

* Avoid contamination from the substrate, carbon tape, or sample holder during
elemental analysis.

*  Beam-sensitive samples should be measured with low dose and short acquisition

time.

1.5.5 Transmission Electron Microscopy (TEM) and High-Resolution
Transmission Electron Microscopy (HRTEM)

Purpose

TEM is used to directly observe the size, shape, dispersion, and aggregation
state of nanomaterials. It is especially important for QDs because individual particles
can be imaged directly.

HRTEM provides lattice-resolved information, including lattice fringes,
interplanar spacing, crystallinity, crystal orientation, defects, grain boundaries, and

local structural disorder. It can help confirm the local crystal structure of QDs and
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crystalline clusters.
Principle

In the TEM, a high-energy electron beam passes through a thin sample. The
transmitted electrons are used to form an image. The contrast arises from electron
scattering, which depends on sample thickness, density, atomic number, and
crystallinity. Because TEM uses high accelerating voltages, relativistic correction is

often needed. The relativistically corrected electron wavelength can be expressed as:

h
1=

\/ZmeeV (1+ %) (1-18)

Where 4 is the electron wavelength, h is Planck’s constant, m, is the electron
mass, e is the elementary charge, I is the accelerating voltage and c is the speed of
light.

A higher accelerating voltage gives electrons a shorter wavelength and stronger
penetration ability. This is important for TEM and HRTEM because the electron
beam must pass through the sample. Shorter electron wavelength also contributes to
higher theoretical spatial resolution.

However, higher voltage may also cause beam damage, especially for soft,
organic-rich, or halide-containing materials. Therefore, the accelerating voltage
should be selected carefully according to the sample stability.

FFT analysis of HRTEM images can provide reciprocal-space information.

Ordered spots usually indicate a single-crystalline domain, while ring-like patterns
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may indicate polycrystallinity or randomly oriented nanocrystals.

Instrument Structure and Electron Path

A typical TEM consists of an electron gun, condenser lens system, sample
holder, objective lens, intermediate lens, projector lens, fluorescent screen or camera,
and vacuum system.
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Figure 1-10 Schematic diagrams comparing (1) a conventional TEM column and (2)
an HRTEM column, highlighting the difference in electron source, illumination

system, objective lens system, imaging system, and vacuum system.

As shown in Figure 1-10, the electron beam is generated at the top of the
column and accelerated through the microscope. The condenser lenses focus the
beam onto a thin sample. Electrons transmitted through the sample are collected and

magnified by the objective, intermediate, and projector lenses. The final image is
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recorded by a camera.

The TEM electron path is:

Electron gun — condenser lenses — thin sample — objective lens —
intermediate/projector lenses — camera.

For HRTEM, high spatial resolution and stable electron optics are required. The
sample must be thin enough for electron transmission. For MCs and MSCs, electron-
beam damage can be significant, so low-dose imaging and careful interpretation are
often necessary.

For TEM analysis, the specimen should generally be electron-transparent, with a
typical thickness below 100 nm. For HRTEM imaging, a thinner region is required,
usually in 10-30 nm, to reduce multiple scattering and obtain clear lattice fringes.

Conventional TEM and HRTEM share similar column structures, including the
electron source, condenser system, objective lens, imaging lenses, camera/screen, and
vacuum system. HRTEM differs mainly by using optimized components, such as a
field-emission gun, smaller probe/aperture, high-resolution objective pole piece,
better aberration control, and high-resolution camera, which improve beam
coherence and spatial resolution. Switching from TEM to HRTEM only involves
adjusting operating conditions, not replacing major components, since the high-
resolution parts are integrated inside. TEM contrast is mainly amplitude-based from
electron scattering, whereas HRTEM relies more on phase contrast from interference

of transmitted electron waves.

Notes
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*  The sample should be thin and well dispersed on the TEM grid.

* Aggregation should be minimized to allow accurate size and morphology
analysis, thus sonication may be needed.

* Beam damage is a major concern for MCs, MSCs, and halide QDs.

* Low-dose imaging is recommended for sensitive samples.

* HRTEM lattice fringes should be interpreted carefully and compared with XRD
or FFT results.

* The absence of clear lattice fringes does not necessarily mean the material is

amorphous, especially for very small or beam-sensitive clusters.

1.5.6 Fourier Transform Infrared (FTIR) Spectroscopy

Purpose

FTIR spectroscopy is used to identify functional groups, ligand molecules,
surface coordination, and bond formation or cleavage. For MCs, MSCs, and QDs,
FTIR is especially useful for studying organic ligands and their interaction with the
inorganic core or cluster surface.

The FTIR spectrum is commonly divided into the functional-group region and
the fingerprint region. The functional-group region, typically >1500 cm™!, contains
characteristic vibrations such as O-H, N-H, C-H, and C=0 stretching. The fingerprint
region, usually in 1500-500 cm™!, contains complex stretching, bending, and skeletal
vibrations.

Principle

IR absorption occurs when molecular vibrations are accompanied by a change in
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dipole moment. Therefore, FTIR is particularly sensitive to polar bonds and
functional groups and metal-halide-related vibrations in asymmetric coordination

environments. A vibration is IR active when:

(Zg) +0 (1-19)

where p is the dipole moment and Q is the vibrational normal coordinate.

Instrument Structure and Optical Path

A typical FTIR spectrometer consists of an IR source, interferometer, beam

splitter, fixed mirror, moving mirror, sample holder, detector, and computer.

(a) Fixed Mirror
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Figure 1-11 The schematic diagrams of the (a) transmission mode and (b) attenuated

FFT

total reflectance (ATR) mode in the FTIR spectrometer.

As exhibited in Figure 1-11, the IR source emits broadband infrared light. The
beam enters a Michelson interferometer, where it is split into two beams by a beam
splitter. One beam travels to a fixed mirror, and the other travels to a moving mirror.
The two beams recombine and generate an interferogram. The recombined beam then
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passes through the sample and reaches the detector.

The FTIR optical path is:

IR source — beam splitter — fixed mirror/moving mirror — recombined
beam — sample — detector — Fourier transform — IR spectrum.

The interferometer is the key component of FTIR. Instead of measuring one
wavelength at a time, FTIR records an interferogram containing all infrared

frequencies and converts it into a spectrum using Fourier transform.

Notes

The background spectrum should be collected under the same conditions as the

sample.

*  Samples should be dry because water strongly absorbs in the IR region.

* For ATR-FTIR, good contact between the sample and ATR crystal is important.

*  Peak assignments should consider contributions from ligands, solvent residues,
and impurities.

*  For ligand-capped QDs or clusters, weak inorganic vibrations may be hidden by

strong organic ligand peaks.

1.5.7 Raman Spectroscopy

Purpose

Raman spectroscopy is used to study vibrational modes, lattice vibrations,
metal-halide bonding, structural distortion, phase changes, and symmetry changes.
For inorganic clusters and QDs, low-frequency Raman modes can provide

information about metal-halide framework vibrations, octahedral distortion, and

49



phonon behavior.

Raman is complementary to FTIR. Some vibrations that are weak or inactive in
IR may be strong in Raman, depending on molecular symmetry and selection rules.
Principle

Raman scattering occurs when incident photons interact with molecular
vibrations or lattice phonons and are inelastically scattered. Most scattered photons
have the same energy as the incident light, which is called Rayleigh scattering. A
small fraction of photons exchange energy with vibrational modes, producing Raman
scattering.

Raman activity requires a change in polarizability during molecular or lattice
vibrations. Thus, Raman spectroscopy is sensitive to non-polar and symmetric
vibrational units with highly deformable electron clouds, including C=C, C=C, S-S,
M-M bonds, and C-O-C units. It is also sensitive to metal-halide bonds, such as Pb-I,
Pb-Br, Ag-1, Bi-I, and Cu-l, because heavy atoms and soft ionic lattices generally
exhibit large polarizability. Changes in the peak number, position, intensity, and
linewidth often reflect lattice distortion, reduced symmetry, phase transitions, and

electron—phonon coupling. A vibration is Raman active when:

(S—g) %0 (1-20)

where a is the polarizability and @ is the vibrational normal coordinate.

The Raman shift is defined as:
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Av = r_1 1-21
VELRTT (1-21)
where A, is the incident laser wavelength and A is the scattered wavelength.

The unit for wavelength here is centimeters (cm).

Instrument Structure and Optical Path

A typical Raman spectrometer consists of a laser source, laser filter, beam
splitter or dichroic mirror, objective lens, sample stage, Rayleigh rejection filter,

spectrograph, grating, CCD detector, and computer.

Laser Source Beam Splitter

Microscope
Edge Filter

Pinhole e | cxm—

Collimating
Mirror [ |

Grating

Focusing
mirror

PMT Detector -

Figure 1-12 The schematic diagram of the Raman spectrometer equipped with a 785

nm laser source.

In Figure 1-12, the laser is focused onto the sample through the microscope's

objective lens. The sample scatters the incident light. The scattered light is collected
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by the same or another objective and directed into the spectrograph. Since Rayleigh
scattering is much stronger than Raman scattering, edge or notch filters are used to
remove the Rayleigh signal. The remaining Raman-scattered light is dispersed by a
grating and collected by a CCD detector.

The Raman optical path is:

Laser — filter — objective lens — sample — collected scattered light —
Rayleigh rejection filter — spectrograph/grating — CCD detector — Raman
spectrum.

Important components include the laser source, objective lens, notch or edge
filter, grating, and CCD detector. The laser wavelength and power must be chosen
carefully because some nanomaterials, especially halide perovskites, can be sensitive
to laser-induced heating or degradation.

Notes

* Laser power should be kept low enough to avoid heating, degradation, or phase
transformation.

* The excitation wavelength should be selected carefully to reduce fluorescence
background.

* Beam-sensitive halide materials require short exposure time and low laser power.

* Cosmic rays and fluorescence background should be checked during data
processing.

* Low-frequency Raman measurements require appropriate filters and careful

calibration.

52



*  Peak shifts and linewidth changes should be interpreted together with structural

and optical data.

1.5.8 Transient Absorption (TA)

Purpose

Transient absorption spectroscopy is used to study excited-state dynamics on
ultrafast to long timescales. It provides information about carrier cooling, exciton
formation, trapping, charge transfer, recombination, and energy transfer.

For MCs, MSCs, and QDs, TA is especially useful for studying how
photoexcited carriers relax after excitation. It can distinguish ground-state bleaching,
stimulated emission, and excited-state absorption.

Principle

TA is a pump—probe technique. A pump pulse first excites the sample, creating
excited-state populations. A delayed probe pulse then measures the absorption change
at different delay times.

The transient absorption signal is defined as:

AA(A, t) = Aexcitea(A t) — Aground @) (1-22)

The TA signal can be considered as a combination of different contributions:

AA = AAGSB + AASE + AAESA (1-23)

where GSB is ground-state bleaching, SE is stimulated emission, and ESA is

excited-state absorption.
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The decay kinetics fitting is the same as TRPL, but represents different

relaxation or recombination processes.

Instrument Structure and Optical Path

A typical TA setup consists of an ultrafast laser source, beam splitter, pump path,
probe path, delay stage, optical parametric amplifier or white-light generation system,
sample holder, detector, and data acquisition system. In our lab, the fundamental
beam is generated by the ytterbium-doped potassium gadolinium tungstate (Yb:KGW)
lasing medium (PHAROS, Light Conversion), outputting horizontally linearly
polarized light, with a frequency of 1030 nm at a power of 10 W, a repetition rate of

20 kHz and a pulse width of 159 fs.
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polarized (LCP) pump. (c) The layout and optical path in the monochromator in the

femtosecond laser system. Figures need to change.

As displayed in Figure 1-13, the laser output is split into two beams. One beam
is used as the pump to excite the sample. The other beam is used as the probe to
monitor absorption changes. A mechanical delay stage changes the optical path
length of the probe beam, controlling the delay time between pump and probe pulses.
The target pump excitation wavelength is generated from the signal or idler output of
the optical parametric amplifier (OPA) and subsequently frequency-doubled using a
second harmonic generation (SHG) crystal. Either the signal or the idler output of the
OPA can be selected by the wavelength selector for further use in the optical setup.
An optical chopper is used to periodically block the pump beam, allowing the
measurement of pump-induced absorption changes by comparing probe signals with
and without excitation. In the normal TA measurements, the pump polarization was
maintained at the target pump polarization at 0° using a wavelength-dependent Berek
rotator. For each pump wavelength, the HARPIA software automatically adjusted the
tilt and rotation angles of the Berek rotator to keep a consistent pump polarization
condition. The Glan-Tyler prism, a linear polarizer, may be used to check the
generated pure linear light. Neutral density filters were used to adjust the pump
fluence.

For spin-polarized TA measurements, the Berek rotator was manually adjusted
by tuning the tilt and rotation angles to generate circularly polarized pump light,

which is also wavelength dependent. The polarization state was optimized until the
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polarization visualization became as circular as possible, corresponding to left- or
right-circularly polarized excitation (LCP/RCP). A Glan-Taylor prism is used to
verify the generation of circularly polarized light. For an ideal circularly polarized
beam, the transmitted intensity remains nearly unchanged as the prism is rotated. For
the probe path, the angle of the quarter-wave plate is carefully adjusted to convert the
linearly polarized probe beam into circularly polarized light, while the polarization
state is monitored in real time using a motorized Glan-Taylor prism and the
associated software to observe shape changes. The optimized quarter-wave plate is
then positioned in the probe path after the sample for subsequent spin-resolved
measurements.

Several optical components in the setup employ different crystalline materials
according to their optical properties. The half-wave and quarter-wave plate are
fabricated from birefringent quartz, which exhibits a relatively small birefringence
(An = 0.009) and provides well-defined phase retardation for precise polarization
control. In contrast, the Berek rotator is usually made of calcite, a crystal with
significantly stronger birefringence (An =~ 0.17), nearly 20 times larger than that of
quartz. This large birefringence enables continuously tunable retardance through
adjustment of the crystal tilt and rotation angles, making the Berek rotator
particularly suitable for wavelength-dependent polarization control in ultrafast
spectroscopy experiments.

The white-light continuum (WLC) probe is generated by focusing femtosecond

laser pulses into a sapphire crystal. Unlike quartz and calcite, which are primarily
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used for birefringent polarization manipulation, sapphire serves as a nonlinear optical
medium for broadband supercontinuum generation. Under intense femtosecond laser
excitation, the refractive index of sapphire becomes intensity-dependent, n = ny +
n, 1. Since the laser pulse intensity varies with time, the refractive index also changes
temporally, producing self-phase modulation (SPM). This time-dependent phase
modulation broadens the spectrum of the incident pulse and generates a broadband
white-light continuum. Additional nonlinear effects, such as self-focusing and four-
wave mixing, can also contribute to spectral broadening. Sapphire is particularly well
suited for this application because of its high optical damage threshold, excellent
thermal stability, and wide transparency range.

The general TA optical path is:

Ultrafast laser — beam splitter — pump beam (90%) and probe beam
(10%).

For the pump path:

Pump beam — wavelength conversion/OPA if needed — chopper —
focusing optics — sample.

For the probe path:

Probe beam — delay stage — white-light generation or probe optics —
sample — spectrograph/detector.

After the pump and probe overlap at the sample, the transmitted probe light is
collected by the detector. By comparing the probe intensity with and without the

pump, the transient absorption signal is obtained.
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Notes

Pump fluence should be optimized to avoid multi-exciton effects, sample
degradation, or nonlinear artifacts.

Pump and probe beams must be spatially and temporally overlapped.

The sample should be stirred, flowed, or translated if it is sensitive to
photodegradation.

Solvent, substrate, and scattered pump signals should be checked using control
measurements.

White-light probe stability is important for good signal-to-noise ratio.

Kinetic fitting should consider overlapping processes such as carrier cooling,

trapping, recombination, and energy transfer.

1.5.9 X-ray Photoelectron Spectroscopy (XPS)

Purpose

XPS is used to analyze elemental composition, chemical states, oxidation states,

and surface chemical environments. It is a surface-sensitive technique and usually

probes the top few nanometers of the sample.

For MCs, MSCs, and QDs, XPS can confirm the presence of metal and halide

elements, determine oxidation states, and reveal surface ligand coordination or

surface oxidation. XPS typically has a probing depth of about 2—10 nm, while UV

photoelectron spectroscopy (UPS) is shallower and more surface-sensitive, with a

probing depth of approximately 1-5 nm due to the different photon energies used for

excitation.
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Principle

In XPS, incident X-rays eject core-level electrons from atoms in the sample. The
kinetic energy of the emitted photoelectrons is measured by an electron energy

analyzer. The binding energy is calculated using:

Eg=hv—Ex—¢ (1-24)
where Ep is the binding energy, hvis the incident X-ray photon energy, Ey is the
kinetic energy of the emitted photoelectron, and ¢ is the spectrometer work function.
Different elements have characteristic core-level binding energies. Chemical

shifts in binding energy provide information about oxidation state and local chemical

environment.

Instrument Structure and Electron Path

A typical XPS instrument consists of an X-ray source, sample stage, electron

lens system, hemispherical analyzer, detector, and ultra-high-vacuum chamber.
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Figure 1-14 The schematic diagram of the XPS spectrometer layout.

60



In Figure 1-14, the X-ray source irradiates the sample surface. Photoelectrons
are emitted from the top few nanometers of the sample. The emitted electrons are
collected and focused by electron lenses, then enter the hemispherical analyzer. The
analyzer separates electrons according to kinetic energy, and the detector records the
electron intensity.

The XPS signal path is:

X-ray source — sample surface — emitted photoelectrons — electron lens
— hemispherical analyzer — detector — XPS spectrum.

The ultra-high-vacuum environment is important because photoelectrons have
low kinetic energy and can be easily scattered by gas molecules. Charge
compensation may be required for insulating samples.

Notes

*  The sample surface should be clean and free from excessive contamination.

*  Air exposure should be minimized for oxidation- or moisture-sensitive samples.

* Charging effects should be corrected, often using charge compensation or
reference peaks.

e Peak fitting should use reasonable constraints, including spin—orbit splitting,
area ratios, and background selection.

e  XPS is surface-sensitive, so the measured composition may differ from the bulk
composition.

*  Sputtering should be used carefully because it may damage soft materials or

change oxidation states.
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1.5.10 X-ray Absorption Spectroscopy (XAS)

Purpose

XAS is used to study the electronic state and local coordination environment of
selected elements. It is especially useful for MCs, MSCs, and QDs because these
materials may have weak long-range crystallinity but still possess important local
structural order.

XAS can provide information about oxidation state, coordination number, bond
distance, local symmetry, and structural disorder. It is complementary to XRD and
XPS.

Principle

XAS measures the absorption of X-rays as a function of photon energy. When
the incident X-ray energy matches the energy required to excite a core electron to an
unoccupied state or continuum state, a sharp absorption edge appears.

XAS is usually divided into two regions:

XANES: X-ray absorption near edge structure. It is sensitive to oxidation state,
electronic structure, and coordination geometry.

EXAFS: extended X-ray absorption fine structure. The spectrum provides

information on local bond distance, coordination number, and disorder.

Instrument Structure and X-Ray Path
A typical XAS setup at a synchrotron beamline consists of a synchrotron X-ray

source, monochromator, slits, sample holder, ion chamber or fluorescence detector,

and data acquisition system.
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Figure 1-15 Schematic diagrams illustrating (a) the optical path of an X-ray
absorption spectroscopy (XAS) beamline and (b) the XANES and EXAFS regions in

a typical XAS spectrum.

In Figure 1-15, the broadband synchrotron X-ray beam first passes through a
monochromator, which selects the desired photon energy. The monochromatic X-ray
beam then passes through or interacts with the sample. Depending on the
measurement mode, the absorption signal can be collected in transmission mode,
fluorescence mode, or total electron yield mode.

The general XAS path is:

Synchrotron X-ray source — monochromator — slit/focusing optics —
sample — detector — XAS spectrum.

In transmission mode, ion chambers measure the incident and transmitted X-ray
intensities. In fluorescence mode, fluorescence photons emitted from the sample are
collected by a fluorescence detector. Fluorescence mode is especially useful for dilute
samples or thin films.
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Notes

* The correct absorption edge and energy range should be selected for the target
element.

* Reference compounds should be measured or used for oxidation-state
comparison.

e Sample thickness should be optimized to avoid over-absorption in transmission
mode.

*  Fluorescence mode is preferred for dilute samples or thin films.

* Radiation damage should be monitored, especially for halide and organic-
containing materials.

e EXAFS fitting should use physically reasonable coordination numbers, bond

distances, and disorder parameters.

1.6 References

(1)  Joudeh, N.; Linke, D. Nanoparticle Classification, Physicochemical Properties,
Characterization, and Applications: A Comprehensive Review for Biologists. J.
Nanobiotechnol. 2022, 20, 262. https://doi.org/10.1186/s12951-022-01477-8.

(2) Baig, N.; Kammakakam, I.; Falath, W. Nanomaterials: A Review of Synthesis
Methods, Properties, Recent Progress, and Challenges. Mater. Adv. 2021, 2 (6),
1821-1871. https://doi.org/10.1039/DOMA00S07A.

(3) Mekuye, B.; Abera, B. Nanomaterials: An Overview of Synthesis,
Classification, Characterization, and Applications. Nano Sel. 2023, 4 (8), 486—

501. https://doi.org/10.1002/nan0.202300038.

64



(4)

©)

(6)

()

(8)

)

(10)

Alivisatos, A. P. Semiconductor Clusters, Nanocrystals, and Quantum Dots.
Science 1996, 271 (5251), 933-937.
https://doi.org/10.1126/science.271.5251.933.

Li, Q.; Wu, K.; Zhu, H.; Yang, Y.; He, S.; Lian, T. Charge Transfer from
Quantum-Confined 0D, 1D, and 2D Nanocrystals. Chem. Rev. 2024, 124 (9),
5695-5763. https://doi.org/10.1021/acs.chemrev.3c00742.

Heatley, K. The Next Quantum  Revolution. ~MIT  Physics.
https://physics.mit.edu/news/the-next-quantum-revolution/ (accessed 2026-05-
02).

Dowling, J. P.; Milburn, G. J. Quantum Technology: The Second Quantum
Revolution. Philos. Trans. R. Soc. Lond. Ser. Math. Phys. Eng. Sci. 2003, 361
(1809), 1655—-1674. https://doi.org/10.1098/rsta.2003.1227.

Harrington, P. M.; Mueller, E. J.; Murch, K. W. Engineered Dissipation for
Quantum Information Science. Nat. Rev. Phys. 2022, 4 (10), 660-671.

https://doi.org/10.1038/s42254-022-00494-8.

Quantum  Technologies | Stanford Emerging Technology Review.
https://setr.stanford.edu/technology/quantum-technologies/2026 (accessed
2026-05-02).

The Fourth Industrial Revolution: what it means and how to respond. World
Economic  Forum.  https://www.weforum.org/stories/2016/01/the-fourth-
industrial-revolution-what-it-means-and-how-to-respond/ (accessed 2026-05-

02).

65



(11)

(12)

(13)

(14)

(15)

(16)

(17)

Boverhof, D. R.; Bramante, C. M.; Butala, J. H.; Clancy, S. F.; Lafranconi, M.;
West, J.; Gordon, S. C. Comparative Assessment of Nanomaterial Definitions
and Safety Evaluation Considerations. Regul. Toxicol. Pharmacol. 20185, 73 (1),
137-150. https://doi.org/10.1016/j.yrtph.2015.06.001.

Baalousha, M.; How, W.; Valsami-Jones, E.; Lead, J. R. Overview of
Environmental Nanoscience. In Frontiers of Nanoscience; Lead, J. R.,
Valsami-Jones, E., Eds.; Elsevier, 2014; Vol. 7, pp 1-54.
https://doi.org/10.1016/B978-0-08-099408-6.00001-3.

Yu, P.; Cardona, M. Fundamentals of Semiconductors: Physics and Materials
Properties; Springer, 1997; Vol. 1. https://doi.org/10.1007/b137661.

Kittel, C. Introduction to Solid State Physics, 8th ed.; Wiley: Hoboken, NJ,
2005.

Alivisatos, A. P. Perspectives on the Physical Chemistry of Semiconductor
Nanocrystals. J.  Phys. Chem. 1996, 100 (31), 13226-13239.
https://doi.org/10.1021/jp9535506.

Panthani, M. G.; Korgel, B. A. Nanocrystals for Electronics. Annu. Rev. Chem.
Biomol. Eng. 2012, 3, 287-311. https://doi.org/10.1146/annurev-chembioeng-
062011-081040.

Torimoto, T.; Kameyama, T.; Uematsu, T.; Kuwabata, S. Controlling Optical
Properties and Electronic Energy Structure of I-III-VI Semiconductor
Quantum Dots for Improving Their Photofunctions. J. Photochem. Photobiol.

C Photochem. Rev. 2023, 54, 100569.

66



(18)

https://doi.org/10.1016/j.jphotochemrev.2022.100569.
Kwon, Y.; Kim, S. Indium Phosphide Magic-Sized Clusters: Chemistry and
Applications. NPG Asia Mater. 2021, 13 (1), 37.

https://doi.org/10.1038/s41427-021-00300-4.

(19) Xu, K.; Vickers, E. T.; Luo, B.; Allen, A. C.; Chen, E.; Roseman, G.; Wang, Q.;

(20)

21)

(22)

(23)

Kliger, D. S.; Millhauser, G. L.; Yang, W.; et al. First Synthesis of Mn-Doped
Cesium Lead Bromide Perovskite Magic Sized Clusters at Room Temperature.
J. Phys. Chem. Lett. 2020, 11 (3), 1162-1169.
https://doi.org/10.1021/acs.jpclett.9b03700.

Vickers, E. T.; Chen, Z.; Cherrette, V.; Smart, T.; Zhang, P.; Ping, Y.; Zhang, J.
Z. Interplay between Perovskite Magic-Sized Clusters and Amino Lead Halide
Molecular Clusters. Research 2021, 2021, 6047971.
https://doi.org/10.34133/2021/6047971.

Busatto, S.; de Mello Donega, C. Magic-Size Semiconductor Nanostructures:
Where Does the Magic Come From? ACS Mater. Au 2022, 2 (3), 237-249.
https://doi.org/10.1021/acsmaterialsau.1c00075.

Shin, J.; Choi, M.; Kim, M.; Jeong, S. Semiconductor Clusters: Synthetic
Precursors for Colloidal Quantum Dots. Front. Nanotechnol. 2022, 4, 1069178.
https://doi.org/10.3389/fhano.2022.1069178.

Brus, L. E. Electron—Electron and Electron-hole Interactions in Small
Semiconductor Crystallites: The Size Dependence of the Lowest Excited

Electronic  State. J.  Chem. Phys. 1984, 80 (9), 4403-4409.

67



(24)

(25)

(26)

27)

(28)

https://doi.org/10.1063/1.447218.

Garcia de Arquer, F. P.,; Talapin, D. V.; Klimov, V. 1.; Arakawa, Y.; Bayer, M.;
Sargent, E. H. Semiconductor Quantum Dots: Technological Progress and
Future Challenges. Science 2021, 373 (6555), eaaz8541.
https://doi.org/10.1126/science.aaz8541.

Kagan, C. R.; Lifshitz, E.; Sargent, E. H.; Talapin, D. V. Building Devices
from Colloidal Quantum Dots. Science 2016, 353 (6302), aac5523.
https://doi.org/10.1126/science.aac5523.

Talapin, D. V.; Lee, J.-S.; Kovalenko, M. V.; Shevchenko, E. V. Prospects of
Colloidal Nanocrystals for Electronic and Optoelectronic Applications. Chem.
Rev. 2010, 110 (1), 389-458. https://doi.org/10.1021/cr900137k.

Protesescu, L.; Yakunin, S.; Bodnarchuk, M. L.; Krieg, F.; Caputo, R.; Hendon,
C. H.; Yang, R. X.; Walsh, A.; Kovalenko, M. V. Nanocrystals of Cesium Lead
Halide Perovskites (CsPbX3, X = Cl, Br, and I): Novel Optoelectronic
Materials Showing Bright Emission with Wide Color Gamut. Nano Lett. 2015,
15 (6), 3692-3696. https://doi.org/10.1021/n15048779.

Dey, A.; Ye, J.; De, A.; Debroye, E.; Ha, S. K.; Bladt, E.; Kshirsagar, A. S.;
Wang, Z.; Yin, J.; Wang, Y.; et al. State of the Art and Prospects for Halide
Perovskite Nanocrystals. ACS Nano 2021, 15 (7), 10775-10981.

https://doi.org/10.1021/acsnano.0c08903.

(29) Wang, H.; Kim, D. H. Perovskite-Based Photodetectors: Materials and Devices.

Chem. Soc. Rev. 2017, 46 (17), 5204-5236.

68



(30)

€2))

(32)

(33)

(34)

(35)

(36)

https://doi.org/10.1039/C6CS00896H.

Shellaiah, M.; Sun, K. W. Review on Sensing Applications of Perovskite
Nanomaterials. Chemosensors 2020, 8 (3), 55.
https://doi.org/10.3390/chemosensors8030055.

Murray, C. B.; Norris, D. J.; Bawendi, M. G. Synthesis and Characterization of
Nearly Monodisperse CdE (E = Sulfur, Selenium, Tellurium) Semiconductor
Nanocrystallites. J. 4Am. Chem. Soc. 1993, 115 (19), 8706-8715.
https://doi.org/10.1021/;200072a025.

Akkerman, Q. A.; Raino, G.; Kovalenko, M. V.; Manna, L. Genesis,
Challenges and Opportunities for Colloidal Lead Halide Perovskite
Nanocrystals. Nat. Mater. 2018, 17 (5), 394-405.
https://doi.org/10.1038/s41563-018-0018-4.

Saparov, B.; Mitzi, D. B. Organic—Inorganic Perovskites: Structural Versatility
for Functional Materials Design. Chem. Rev. 2016, 116 (7), 4558-4596.
https://doi.org/10.1021/acs.chemrev.5b00715.

Han, Y.; Yue, S.; Cui, B.-B. Low-Dimensional Metal Halide Perovskite Crystal
Materials: Structure Strategies and Luminescence Applications. Adv. Sci. 2021,
8 (15), 2004805. https://doi.org/10.1002/advs.202004805.

Smith, M. D.; Connor, B. A.; Karunadasa, H. I. Tuning the Luminescence of
Layered Halide Perovskites. Chem. Rev. 2019, 119 (5), 3104-31309.
https://doi.org/10.1021/acs.chemrev.8b00477.

Leung, T. L.; Ahmad, I.; Syed, A. A.; Ng, A. M. C.; Popovi¢, J.; Djurisi¢, A. B.

69



(37)

(38)

(39)

(40)

(41)

Stability of 2D and Quasi-2D Perovskite Materials and Devices. Commun.
Mater. 2022, 3 (1), 63. https://doi.org/10.1038/s43246-022-00285-9.

Blancon, J.-C.; Stier, A. V.; Tsai, H.; Nie, W.; Stoumpos, C. C.; Traor¢, B.;
Pedesseau, L.; Kepenekian, M.; Katsutani, F.; Noe, G. T.; et al. Scaling Law
for Excitons in 2D Perovskite Quantum Wells. Nat. Commun. 2018, 9 (1),
2254. https://doi.org/10.1038/s41467-018-04659-x.

Han, Y.; Cheng, X.; Cui, B.-B. Factors Influencing Self-Trapped Exciton
Emission of Low-Dimensional Metal Halides. Mater. Adv. 2023, 4 (2), 355—
373. https://doi.org/10.1039/D2MA00676F.

He, Y.; Liu, S.; Yao, Z.; Zhao, Q.; Chabera, P.; Zheng, K.; Yang, B.; Pullerits,
T.; Chen, J. Nature of Self-Trapped Exciton Emission in Zero-Dimensional
Cs2ZrClg Perovskite Nanocrystals. J. Phys. Chem. Lett. 2023, 14 (34), 7665—
7671. https://doi.org/10.1021/acs.jpclett.3c01878.

Liu, L.; Pan, K.; Xu, K.; Zhang, J. Z. Impact of Molecular Ligands in the
Synthesis and Transformation between Metal Halide Perovskite Quantum Dots
and Magic Sized Clusters. ACS Phys. Chem. Au 2022, 2 (3), 156-170.
https://doi.org/10.1021/acsphyschemau.1c00047.

Mule, A. S.; Mazzotti, S.; Rossinelli, A. A.; Aellen, M.; Prins, P. T.; van der
Bok, J. C.; Solari, S. F.; Glauser, Y. M.; Kumar, P. V.; Riedinger, A.; et al.
Unraveling the Growth Mechanism of Magic-Sized Semiconductor
Nanocrystals. J.  Am. Chem. Soc. 2021, 143 (4), 2037-2048.

https://doi.org/10.1021/jacs.0c12185.

70



(42)

(43)

(44)

(45)

Harrell, S. M.; McBride, J. R.; Rosenthal, S. J. Synthesis of Ultrasmall and
Magic-Sized CdSe Nanocrystals. Chem. Mater. 2013, 25 (8), 1199-1210.
https://doi.org/10.1021/cm303318f.

Peng, L.; Dutta, A.; Xie, R.; Yang, W.; Pradhan, N. Dot—Wire—Platelet—Cube:
Step Growth and Structural Transformations in CsPbBr3; Perovskite
Nanocrystals.  ACS  Energy  Lett. 2018, 3 (8), 2014-2020.
https://doi.org/10.1021/acsenergylett.8b01037.

Singh, V.; Priyanka; More, P. V.; Hemmer, E.; Mishra, Y. K.; Khanna, P. K.
Magic-Sized CdSe Nanoclusters: A Review on Synthesis, Properties and White
Light  Potential. ~ Mater.  Adv. 2021, 2 (4), 1204-1228.
https://doi.org/10.1039/DOMA00921K.

Peng, L.; Geng, J.; Ai, L.; Zhang, Y.; Xie, R.; Yang, W. Room Temperature
Synthesis of Ultra-Small, near-Unity Single-Sized Lead Halide Perovskite
Quantum Dots with Wide Color Emission Tunability, High Color Purity and
High  Brightness. = Nanotechnology 2016, 27  (33), 335604.

https://doi.org/10.1088/0957-4484/27/33/335604.

(46) Xu, K.; Vickers, E. T.; Luo, B.; Wang, Q.; Allen, A. C.; Wang, H.; Cherrette, V.;

(47)

Li, X.; Zhang, J. Z. Room Temperature Synthesis of Cesium Lead Bromide
Perovskite Magic Sized Clusters with Controlled Ratio of Carboxylic Acid and
Benzylamine Capping Ligands. Sol. Energy Mater. Sol. Cells 2020, 208,
110341. https://doi.org/10.1016/j.s0lmat.2019.110341.

Zhang, J. Z. A “Cocktail” Approach to Effective Surface Passivation of

71



(48)

(49)

(50)

(51)

(52)

Multiple Surface Defects of Metal Halide Perovskites Using a Combination of
Ligands. J.  Phys. Chem. Lett. 2019, 10 (17), 5055-5063.
https://doi.org/10.1021/acs.jpclett.9b01166.

Liu, L.; Xu, K.; Vickers, E. T.; Allen, A.; Li, X.; Peng, L.; Zhang, J. Z. Varying
the Concentration of Organic Acid and Amine Ligands Allows Tuning between
Quantum Dots and Magic-Sized Clusters of CH3;NH3PbBrs Perovskite:
Implications for Photonics and Energy Conversion. ACS Appl. Nano Mater.
2020, 3 (12), 12379-12387. https://doi.org/10.1021/acsanm.0c02894.
Friedfeld, M. R.; Stein, J. L.; Cossairt, B. M. Main-Group-Semiconductor
Cluster Molecules as Synthetic Intermediates to Nanostructures. /norg. Chem.
2017, 56 (15), 8689—-8697. https://doi.org/10.1021/acs.inorgchem.7b00291.
Kwon, Y.; Oh, J.; Lee, E.; Lee, S. H.; Agnes, A.; Bang, G.; Kim, J.; Kim, D.;
Kim, S. Evolution from Unimolecular to Colloidal-Quantum-Dot-like
Character in Chlorine or Zinc Incorporated InP Magic Size Clusters. Nat.
Commun. 2020, 11 (1), 3127. https://doi.org/10.1038/s41467-020-16855-9.
Zhang, H.; Vickers, E. T.; Erickson, S.; Guarino-Hotz, M.; Barnett, J. L.;
Ghosh, S.; Zhang, J. Z. Synthesis and Properties of Stable Amino Metal Halide
Molecular Clusters in the Solid State. J. Phys. Chem. Lett. 2022, 13 (45),
10543—-10549. https://doi.org/10.1021/acs.jpclett.2c02977.

Liu, L.; Pan, K.; Xu, K.; Peng, X.; Zhang, J. Z. Synthesis and Optical
Properties of Mn**-Doped Amino Lead Halide Molecular Clusters Assisted by

Chloride Ion. J. Phys. Chem. Lett. 2021, 12 (31), 7497-7503.

72



(53)

(54)

(55)

(56)

(57)

(58)

https://doi.org/10.1021/acs.jpclett.1c02243.

Zhou, C.; Lin, H.; Worku, M.; Neu, J.; Zhou, Y.; Tian, Y.; Lee, S.; Djurovich,
P.; Siegrist, T.; Ma, B. Blue Emitting Single Crystalline Assembly of Metal
Halide Clusters. J. Am. Chem. Soc. 2018, 140 (41), 13181-13184.
https://doi.org/10.1021/jacs.8b07731.

Zhou, C.; Lin, H.; Tian, Y.; Yuan, Z.; Clark, R.; Chen, B.; Burgt, L. J. van de;
Wang, J. C.; Zhou, Y.; Hanson, K.; et al. Luminescent Zero-Dimensional
Organic Metal Halide Hybrids with near-Unity Quantum Efficiency. Chem. Sci.
2018, 9 (3), 586-593. https://doi.org/10.1039/C7SC04539E.

Lin, H.; Zhou, C.; Chaaban, M.; Xu, L.-J.; Zhou, Y.; Neu, J.; Worku, M.;
Berkwits, E.; He, Q.; Lee, S.; et al. Bulk Assembly of Zero-Dimensional
Organic Lead Bromide Hybrid with Efficient Blue Emission. ACS Mater. Lett.
2019, 7 (6), 594-598. https://doi.org/10.1021/acsmaterialslett.9b00333.

Zhou, C.; Xu, L.-J.; Lee, S.; Lin, H.; Ma, B. Recent Advances in Luminescent
Zero-Dimensional Organic Metal Halide Hybrids. Adv. Opt. Mater. 2021, 9
(18), 2001766. https://doi.org/10.1002/adom.202001766.

Zeitz, D. C.; Win, A. A.; Zhang, J. Z. Distinguishing Metal Halide Molecular
Clusters from Perovskite Magic Sized Clusters in the Synthesis of Metal
Halide Perovskite Nanostructures. J. Chin. Chem. Soc. 2023, 70 (8), 1609—
1617. https://doi.org/10.1002/jccs.202300195.

Cherrette, V. L.; Babbe, F.; Cooper, J. K.; Zhang, J. Z. Octahedral Distortions

Generate a Thermally Activated Phonon-Assisted Radiative Recombination

73



(59)

(60)

(61)

(62)

(63)

Pathway in Cubic CsPbBr; Perovskite Quantum Dots. J. Phys. Chem. Lett.
2023, 74 (39), 8717-8725. https://doi.org/10.1021/acs.jpclett.3¢02568.
Khvichia, M.; Chou, K.-C.; Lee, S.; Zeitz, D. C.; Zou, S.; Li, Y.; Zhang, J. Z.
Ultrafast Photoinduced Charge Carrier Dynamics of L-Cysteine and
Oleylamine Stabilized CsPbBr3; Perovskite Quantum Dots Coupled with Gold
Nanoparticles.  J. Chem.  Phys. 2024, 161 (11), 114704.
https://doi.org/10.1063/5.0222815.

Shi, W.; Zhang, X.; Xie, C.; Chen, H. S.; Yang, P. Blue Emitting CsPbBrs3:
High Quantum Confinement Effect and Well-Adjusted Shapes (Nanorods,
Nanoplates, and Cubes) toward White Light Emitting Diodes. Adv. Opt. Mater.
2024, 12 (7),2302129. https://doi.org/10.1002/adom.202302129.

Liu, Y.; Ma, Z.; Zhang, J.; He, Y.; Dai, J.; Li, X.; Shi, Z.; Manna, L. Light-
Emitting Diodes Based on Metal Halide Perovskite and Perovskite Related
Nanocrystals. Adv. Mater. 2025, 37 (25), 2415606.
https://doi.org/10.1002/adma.202415606.

Deng, C.; Huang, Q.; Fu, Z.; Lu, Y. Ligand Engineering of Inorganic Lead
Halide Perovskite Quantum Dots toward High and Stable Photoluminescence.
Nanomaterials 2024, 14 (14), 1201. https://doi.org/10.3390/nano14141201.
Guarino-Hotz, M.; Barnett, J. L.; Pham, L. B.; Win, A. A.; Cherrette, V. L.;
Zhang, J. Z. Tuning between Methylammonium Lead Bromide Perovskite
Magic-Sized Clusters and Quantum Dots through Ligand Assisted

Reprecipitation at Elevated Temperatures. J. Phys. Chem. C 2022, 126 (32),

74



(64)

(65)

(66)

13854—13862. https://doi.org/10.1021/acs.jpcc.2¢04384.

Zeitz, D. C.; Cherrette, V. L.; Creech, S. A.; Li, Y.; Ping, Y.; Zhang, J. Z.
Ultrafast Spin Relaxation of Charge Carriers in Strongly Quantum Confined
Methylammonium Lead Bromide Perovskite Magic-Sized Clusters. ACS Phys.
Chem. Au 2024, 4 (6), 610-614.
https://doi.org/10.1021/acsphyschemau.4c00051.

Shi, Y.; Yang, J.; Lu, Z. Perovskite Quantum Dots-Based Blue Light-Emitting
Diodes: Advantages, Strategies, and Prospects. Photonics 2026, 13 (2), 151.
https://doi.org/10.3390/photonics13020151.

Chu, P.-L.; Huang, W.-L.; Chu, S.-Y. Passivation of Surface Defects by X-Type
Short-Chain Ligands for High Quantum Yield and Stable CsPbX3 Quantum
Dots Synthesis and Application in WLEDs. ACS Appl. Opt. Mater. 2023, 1 (1),

513-522. https://doi.org/10.1021/acsaom.2¢c00151.

(67) Shi, J.; Cohen-Kleinstein, B.; Zhang, X.; Zhao, C.; Zhang, Y.; Ling, X.; Guo, J.;

(68)

(69)

Ko, D.-H.; Xu, B.; Yuan, J.; et al. In Situ Iodide Passivation Toward Efficient
CsPbls Perovskite Quantum Dot Solar Cells. Nano-Micro Lett. 2023, 15 (1),
163. https://doi.org/10.1007/s40820-023-01134-1.

Zhu, N.; Xu, K.; Xing, J.; Zhang, J.; Dai, J. Ionic Liquid Passivation
Eliminates Low-n Quantum Well Domains in Blue Quasi-2D Perovskite Films.
ACS  Appl.  Mater.  Interfaces 2021, 13 (48), 57540-57547.
https://doi.org/10.1021/acsami.1c15879.

Cherrette, V. L.; Zeitz, D.; Khvichia, M.; Cooper, J. K.; Ping, Y.; Zhang, J. Z.

75



Enhancing the Photoexcited Carrier Spin Relaxation Lifetime in CsPbBr;3
Perovskite Quantum Dots by 2®Pb Isotope Enrichment. J. Phys. Chem. Lett.

2025, 16 (13), 3336-3342. https://doi.org/10.1021/acs.jpclett.5c00123.

76



2 Synthesis and Properties of Stable Amino Metal Halide

Molecular Clusters in Solid State

2.1 Abstract

Nano-sized  molecular  clusters (MCs) 12 12
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and solid state have been synthesized using ligand-
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assisted reprecipitation and spin-coating, separately. ~ *° ® Wavelen o) 508

The optical properties studies from ultraviolet—visible (UV-vis) absorption and
photoluminescence (PL) show the first electronic absorption and PL band of the MCs
at 401 nm and 411 nm, respectively, for both the solution and solid state samples that
exhibit good stability in ambient conditions. Low temperature PL spectra below 30 K
show vibronic peaks indicative of single size or very narrow size distribution of the
MCs. Based on Raman, XRD and TEM measurements, a layered structural model is
proposed for the MCs with BTYA ligand capping on the surface of corner shared

tilted [PbBrs]* octahedra framework. The stable and retained structure of MCs in

solid form is promising for photonics applications.

2.2 Introduction

Molecular clusters (MCs) are small particles with single size or very narrow size

distribution.!® They have attracted considerable interest due to their unique
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properties, including tunable size and shape at the molecular scale, and the possibility
of serving as building blocks for larger structures such as nanocrystals (NCs) or bulk
crystals. Recently, MCs based on metal halides and capping ligands have been
reported. For example, Zhou et al. synthesized (CoNH20)7(PbCls)Pb3zCli1 metal halide
clusters exhibiting blue emission peaked at 470 nm with cationic ligand CoNHao',
showing photoluminescence quantum efficiency (PLQE) of 83 + 1%.! Vickers et al.
has found PbX>-BTYA (X = CI, Br or I') MCs with PbX;, framework capped with
neutral ligand butylamine (BTYA), which lack the A component in conventional
metal halide perovskites (MHP) ABX3 (A = Cs* or MA*, B = Pb*" or Sn**, X = CI,
Br or I') formula.? They exhibit bluer absorption and emission bands compared with
MHP nanocrystals (NCs)*> or quantum dots (QDs)*®* or magic sized clusters
(MSCs)’!! due to smaller size, ranging in 335-515 nm for absorption peaks and 344-
519 nm for PL peaks depending on the halides. Their ultrasmall size, sharp
absorption and emission bands, with full width at half maximum (FWHM) around 10
nm, are attractive for potential photonic applications such as blue single photon
emitters.>>12

Earlier attempts have been made to determine the structure of the PbX>-BTYA
MCs using the extended X-ray absorption fine structure (EXAFS) technique, and
then several tentative structural models were proposed.”? However, it has been

challenging to determine their structure directly using techniques such as XRD and

TEM because the MCs tend to grow into larger structure or aggregate upon drying
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into solid form.>*!*!* To produce isolated MCs in solid state is essential for their
structural determination as well as for device applications.

In this work, we report the first successful synthesis and characterization of
isolated MCs based on PbBr; and neutral capping ligands BTYA in solid state that
have identical optical properties as MCs in solution state. Structural studies based on
Raman, XRD and TEM led to the proposal of a structural model based on layered
structure with corner shared tilted [PbBrs]* octahedra and BTYA capping ligands on
the surface. Vibronic features in low temperature PL data provide evidence of
exciton-phonon coupling and single size or very narrow size distribution of the MCs.
Good stability is observed under ambient conditions, which is attributed to the strong

ligand coordination effect on the [PbBr]* octahedra surface.

2.3 Results and Discussion

Figure 2-1 shows the absorption and PL spectra of PbBr>-BTYA MCs in
solution and solid state. For MCs in solution, as shown in Figure 2-1 (a), the first
absorption and PL emission peaks are at 401 nm and 411 nm, respectively, and PL
band has an FWHM of 10 nm, which is in good agreement with previous reports in
our group and indicates a single or narrow size distribution of MCs.>* The PL Stokes
shift is only 10 nm, indicating a low density of defects within the bandgap due to
strong passivation of the surface with BTYA ligand.*>!> More interestingly, when we
transfer the sample from solution to solid state using spin-coating, the absorption and
the emission peaks do not shift at all, as shown in Figure 2-1 (b). This is significant

since it indicates that the MCs in solid state retain their properties as in solution,
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which is crucial for device applications since solid state is the form that is usually

required. As reported previously, clusters tend to grow into larger structure or

aggregate upon drying into solid form from solution.??!31416.17
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Figure 2-1 Optical properties of PbBr,-BTYA MCs in solution and solid state. (a)
UV-vis absorption spectra and PL spectra of PbBr,-BTYA MCs in solution state.
Inset: images of MCs in solution state under ambient light and 365 nm UV light. (b)
UV-vis absorption spectra and PL spectra of PbBr2-BTYA MCs in solid state. Inset:

images of MCs in solid state under ambient light and 365 nm UV light.

To confirm that the formation of MCs involves both PbBr, and BTYA, a series
of control experiments were conducted. First, the UV-vis absorption and PL spectra
of solution of toluene, DMF, BTYA and MC precursors were characterized. As seen
in Figures 2-2 (a) and (b), there are no peaks observed in both absorption and PL
spectra for pure solution of toluene, DMF or BTYA in the spectral range of 300-800
nm. For the MC precursor solution, there are broad absorption and emission bands
observed, indicating the interaction between PbBr; and BTYA in solution in the form

of different kinds of lead bromide complexes assisted with BTYA, for example,
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PbBrs, PbBrs*>.!® However, there are no sharp spectral features observed indicative
of the formation of nanocrystals or nanoclusters with regularly arranged microscopic
structures.!” Moreover, Figures 2-2 (c) and (d) show a comparison of the UV-vis and
PL spectra of PbBr. and PbBr,-BTYA MCs in solution and solid state. Only the
PbBr-BTYA MCs solution and film sample exhibit characteristic peaks, which
clearly indicates that the spectral features of MCs around 400 nm originates from a

combination of PbBr; and BTYA, not PbBr; alone.
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Figure 2-2 (a) UV-vis absorption spectra and (b) PL spectra of solution of toluene,
DMF, BTYA and MC precursor. (c) UV-vis absorption spectra and (d) PL spectra of

PbBr> solution, PbBr» precipitate in solution, PbBr; film, PbBr-BTYA MCs
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precipitate in solution and PbBr2-BTYA MCs in film.

Figure 2-3 shows low temperature dependent PL spectra from 20 K to 290 K. In
Figure 2-3 (a), at 7= 290 K, a single emission peak is observed at 416 nm (indicated
by a solid blue arrow), which we identify as arising from band edge recombination.
The slight red shift of the 416 nm peak compared with 411 nm is possibly due to
different PL instruments use that may not be calibrated identically. As 7 <240 K, a
second low energy (long wavelength) peak can be seen centered at 440 nm (hollow
blue arrow), which persists down to 7= 20 K. This could be attributed to shallow

%19 or self-trapped excitons (STEs) states?*2!, which

surface-defect related trap states
are ~ 160 meV below the conduction band according to the energy difference
between the 416 nm peak and red-shifted 440 nm peak. Figure 2-3 (b) focuses on PL
in the range 20-100 K to highlight the change in the band edge emission intensity as

temperature is decreased.
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Figure 2-3 Low temperature dependent PL spectra of PbBr2-BTYA MCs film. (a) PL
spectra dependent on different temperature from 20 K to 290 K and the two main
peaks around 416 nm and 440 nm redshift gradually as the temperature goes down.
(b) PL spectra focused on temperature from 20 K to 100 K, among which the interval
is 10 K. (¢) PL intensity, (d) FWHM and (e) emission energy based on different

temperature from 20 K to 290 K. (f) PL spectra focused on the 444 nm (left main
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peak) and 418 nm (right main peak) bands with several shoulder peaks around 418

nm band at 20 K.

Figures 2-3 (c), (d), and (e) show the spectral analysis of the PL data at low
temperature. The emission intensity, spectral FWHM, and peak emission energy are
plotted varying with temperature 7 in Figures 2-3 (c), (d), and (e), respectively. The
minor blue-shift of emission energy with increasing 7 could be due to thermally-
induced excitonic emission.?? And the spectral broadening indicated by the FWHM
increasing with 7 is expected with increased inhomogeneous broadening. However,
while peak energy and FWHM monotonically change with 7, the emission intensity
shows a clear maximum around 7 = 160 K.

The FWHM is fitted to®?:

Top
[(T) =Ty + 0T + 52—
Ly 2-1)

where I'(T) is the FWHM, I, is the inhomogeneous contribution, o and I, the
excitonic coupling constants for acoustic and optical phonons, respectively, and Ej, is

the optical phonon energy. The fitting reveals o to be insignificant, implying the
optical phonon contributions dominate. The phonon energy is approximately 64 meV.

Figure 2-3 (f) zooms in on the band edge PL at 7= 20 K and reveals a series of
closely-spaced emission peaks. From the lowest energy peak at 2.913 eV, the
spacings are roughly 34 meV (274 cm™), 17 meV (137 cm™) and 33 meV (266 cm’
1, all close to phonon frequencies to be discussed later. These vibronic peaks

indicate strong exciton-phonon coupling and that the MCs are single sized or have
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very narrow size distribution, since such features would be unexpected if there is a
broad size distribution.

The stability of the MCs in solution and solid state was studied by monitoring
their absorption and PL spectra over time under different conditions involving light,
oxygen and moisture factors.”*** First, the stability of PbBr.-BTYA MCs in their
native environment was studied, in which MCs are precipitates and in solution state.
All the samples were kept under ambient environment (room temperature and one
atmosphere) and characterized without further protection. Figures 2-4 (a) and (b)
show the UV-vis and PL spectra of PbBr2-BTYA MCs within 30 days. There is a
small variation in peak position in both absorption or PL spectra, which is attributed
to subtle size changes during storage.>!> The intensity of both absorption and PL
decreases over time. On the 30" day, the intensity is only at 20% of its initial
intensity, suggesting the degradation of the emissive MCs in solution under ambient
environment. Interestingly, the MCs did not seem to grow larger or aggregate in
solution since the spectral position does not change over time, with the peaks only
shifting 2-3 nm within 30 days, reflecting the structural stability of isolated MCs due

to strong ligand passivation.>>!”
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Figure 2-4 PbBr-BTYA MCs stability test in solution and solid state. (a) UV-vis
absorption spectra and (b) PL spectra of PbBr2-BTYA MCs in solution state. (c) UV-
vis absorption spectra and (d) PL spectra of PbBr.-BTYA MCs in solid state stored
for 15 days in five different ambient conditions including in air (1), without light (2),
without light and oxygen (3), without light, oxygen and moisture (4), and without

light, oxygen, moisture at low temperature (0 °C) (5).

To study the stability of MCs in solid state, a series of experiments under
different conditions were conducted up to 45 days, including film samples stored in
air (1), without light (2), without light & oxygen (3), without light, oxygen and
moisture (4), and without light, oxygen and moisture at low temperature (0 °C) (5).

Figures 2-4 (c) and (d) show the absorption and PL spectra of all the PbBr.-BTYA
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MCs on the 15" day. The absorption and emission peaks fluctuate within a narrow
range (absorption peaks at 4 nm, while PL peaks at 2 nm) for all five samples, which
was attributed to subtle size differences when synthesizing. Surprisingly, the
individual sample does not experience any peak change over 15 days, which
indicates the MCs are stable and the original structure is retained even under ambient
environment. This stability is attributed to the strong coordination of N atom in
BTYA ligand to Pb**, which also provides exceptional passivation for the metal
halide surface defects.?® According to the absorption and PL spectra in Figures 2-5
and 2-6 separately, the intensity decreases gradually as the storage time increases.
The solid control samples in air show no optical properties for absorption and
emission on the 30" day due to the degradation. However, by excluding light
irradiation alone, it is possible to elongate the emissive properties to 45 days.
Therefore, light plays a key role in long-term stability of PbBr-BTYA MCs. Other
variables such as oxygen, moisture and low temperature deteriorate less on the

stability compared with light within 45 days test.
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Figure 2-6 Stability tests based on PL spectra of PbBr2-BTYA MCs film samples in

five different conditions, including in air (1), without light (2), without light and
oxygen (3), without light, oxygen and moisture (4), and without light, oxygen,
moisture at low temperature (0 °C) (5) within 45 days. The random shapes of tails
were caused by the glass substrate scattering due to lack of a film sample holder for

PL spectrometer.
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Raman spectroscopy and XRD were utilized to provide structural information
on the MCs. First, PbBr>-BTYA MCs were characterized in solution at high Raman
vibrational frequency region to understand the interaction between ligand and PbBr».
Figure 2-7 (a) shows the Raman spectra of the solvent DMF, ligand BTYA, the
mixture of PbBr; powder and BTYA solution, and the PbBr.-BTYA MCs solution
(PbBr2 powder and BTYA solution were dissolved in DMF solvent first and then
precipitated in toluene). Comparing DMF and PbBr-BTYA MCs solution, the
spectra are dominated by peaks from DMF, which is likely due to the dominance of
DMEF in the solution. Comparing BTYA solution with PbBr2/BTY A mixture solution,
the peaks of BTYA solution in 398 cm™, 797 cm!, 1299 cm™ and 1441 cm! shift to
higher vibrational frequency in the PbBro/BTYA mixture solution. These peaks are
ascribed to C-N torsion, NH; torsion, C-H; twist and C-H bending, respectively.?’-*8

This shift in the PbBr2/BTYA solution suggests the interaction between the BTYA

ligand and PbBr», likely through the amine group.*’
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Figure 2-7 Raman spectra of PbBr-BTYA MCs at high and low vibrational

frequency to show ligand interactions and MCs phonon vibrational frequencies,
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respectively. (a) Raman spectra of components of PbBr2-BTYA MCs in solution state.
(Solvent DMF, ligand BTYA, mixture of PbBr, powder and BTYA solution, and
PbBr2-BTYA MCs in solution). (b) Raman spectra of PbBr,-BTYA MCs in solid state

at different Z axis heights.

The PbBr-BTYA MCs were characterized in solid state in the low Raman
vibrational frequency region to determine the vibrational phonon modes of MCs.
Figure 2-7 (b) shows several vibration peaks at low frequencies on different
thicknesses of solid films. The peak assignments are summarized in Table 2-1. The
peaks retain the same position on different film thicknesses, indicating the same MCs
structure on different thicknesses of films and confirming the interaction between
ligand and octahedra. Based on the assignments, an initial structure is proposed with
corner shared tilted [PbBrs]* octahedra as framework and BTYA ligand interacting

with Pb%" on the surface.

Table 2-1 Assignments for Raman peaks of solid PbBr2-BTYA MCs.

Raman Shift (cm™) Assignment
58 Octahedra distortion
74 Butylamine lurching
87 Butylamine lurching
104 Butylamine lurching
132 Butylamine lurching
260 C-N torsion
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322 C-N torsion

XRD was used to determine the crystal structure of PbBr.-BTYA MCs. The
PbBr-BTYA MCs diffraction pattern in Figure 2-8 exhibits peaks at 6.4 °, 12.8 °,
19.3°,21.4°,258°,324°,35.8 °and 39.1 °, which is different from conventional
diffraction peaks of perovskite CsPbBr3 crystals or MAPbBr3 crystals at 15.3 °, 21.7
°,30.7 °.3%3! This demonstrates that MCs formed crystalline structure that is different
from the cubic structure of conventional ABX; perovskite.’® In addition, the contrast
with pure PbBr> crystal illustrates that PbBr.-BTYA MCs are no longer remaining
PbBr; orthorhombic structure, which confirms interaction between the ligand BTYA
and PbBr> (the pure PbBr. XRD data were compared to the JCPDS PDF no. 31-
0679). Interestingly, the XRD peaks show regular degree intervals at 6.4 °, which
corresponds to 1.4 nm distance according to Bragg’s law. This XRD result matches
the reported layered Ruddlesden-Popper (BA):PbBrs (BA = butylammonium)
perovskite crystals when the number of metal halide octahedral layers is one.*** It is
also similar to other reported layered structures that show the close XRD peak
positions and regular XRD peaks degree interval.>> All the reports not only show
comparable XRD results, but also analogous optical absorption and emission
properties. This led us to propose that the PbBr.-BTYA MCs have a similar layered

structure as depicted later in Figure 2-10.3%3¢
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Figure 2-8 X-ray diffraction pattern of PbBr2-BTYA MCs film and PbBr; film. The

club sign stands for PbBr,-BTYA MCs phase and spade sign stands for PbBr» phase.

Figure 2-9 shows TEM images of PbBr.-BTYA MCs. Based on images of 40
MCs in Figure 2-9 (a), an average size of 2.0 + 0.4 nm is calculated. Figure 2-9 (b)
shows the high-resolution TEM (HRTEM) image of the MCs that reveal clear lattice
fringes indicating good crystallinity of the PbBr.-BTYA MCs. The interplanar
spacing is measured to be 0.259 nm, which corresponds to (010) crystal plane and
proves that octahedra are tilted between two adjacent (010) planes since one Pb-Br
bond is about 0.3 nm in the Br shared Pb-Br-Pb bond between two octahedra.’* The

TEM results confirm the crystal size and crystalline nature of PbBr2-BTYA MCs,
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rather than disordered or amorphous as one may expect based on their expected

molecular nature.

(a)

Figure 2-9 TEM images of PbBr2-BTYA MCs. (a) TEM images of PbBr.-BTYA
MCs films. Inset: size distribution of MCs. (b) High-resolution TEM (HRTEM)
images of PbBr2-BTYA MCs films showing crystal lattice. Inset: enlarged HRTEM

images showing interplanar spacing along (010) planes.
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Based on the above structural characterizations, we propose a structure for the
MCs based on corner shared tilted octahedra as the framework and BTYA ligand for
coordination and passivation on the surface, as illustrated in Figure 2-10. The
[PbBre]* octahedra are tilted based on the Raman vibrational frequencies and
interplanar spacing from HRTEM. The lone pair electrons in N atom in the amine
group of the BTYA ligand likely coordinate with Pb?" to form a stable complex.?
BTYA also serves as a capping ligand for cationic defects on the surface like Br-

vacancy. Van der Waals' interaction between hydrocarbon tails of BTYA likely leads

34,37

to the formation of stable layered structures.

© Bromine atom
Bromine vacancy

——N Butylamine

’, 0.6 nm

< 0.5 nm

N

1.4 nm

Figure 2-10 Proposed layered structure for PbBr2-BTYA MCs capped with BTYA
ligand. The Br atoms on the surface are replaced by N atoms in BTYA mostly on the
top and bottom sides of [PbBrs]* octahedra framework through N to Pb coordination

bond. Some lateral sides of the Br atom can also be replaced by N atoms due to the
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electroneutrality principle.

2.4 Conclusion

In summary, stable nano sized PbBr,-BTYA MCs have been synthesized in
solid state as well as in solution state that show identical absorption and emission
properties. The results indicate that the MCs have the same structure in solid and
solution, unlike other small sized clusters synthesized in solution, which often tend to
grow into larger structure or aggregate upon drying to solid, making them
challenging for applications. MCs have narrow electronic absorption and emission
bands with a small Stokes shift, suggesting the low density of defects due to strong
surface passivation. Low temperature PL spectra show interesting vibrionic features
that indicate exciton-phonon coupling and single size or narrow size distribution of
the MCs. Furthermore, the MCs show good stability in solid and solution under
ambient environment. Structural studies based on Raman, XRD and TEM led to the
proposal of a layered structure of the MCs with corner shared tilted octahedra
framework and BTYA ligand coordinating to Pb’>" on the surface. This study
demonstrates that the facile process made amino metal halide MCs can retain their
properties as isolated structures in solid form, making them promising for device

applications in the future.

2.5 Experimental Methods

Materials
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N,N-Dimethylformamide (DMF) 99.5% was purchased in Fisher Scientific.
Butylamine (BTYA) 99.5%, toluene 99.9% and lead bromide (PbBrz) 98% were
purchased in Sigma-Aldrich.

Synthesis of PbBr>-BTYA MCs in solution

First, 0.20 mmol PbBr, was dissolved in 500 uL. DMF. Then, 2.00 mmol BTYA
was added and dissolved with the help of sonication. Next, 100 uL of the precursor
solution was injected quickly into 5.00 mL toluene stirring at 1300 rpm. Then, about
20 pL of colloidal sample was transferred into a 700 puL cuvette with 2 mm path
length filled with toluene as anti-solution (680 pL) for UV-vis absorption and PL
measurements.

Synthesis of PbBr:-BTYA MCs in solid film

The glass substrates were pre-cleaned with soap, sonicated with deionized water
for 20 minutes, and sonicated with acetone for 20 mins. After the cleaning, the
substrates were left in the oven to dry.

The solid films were prepared with spin-coater set at the speed of ramp at 500
rpm for 10 s, followed by 3000 rpm for 30 s. About 70 pL of the MC precursor
solution was used for spin-coating.

An alternative procedure of preparing a film was the drop-casting method by
dropping several droplets of precursor solution on the center of glass substrate until
filling the whole surface and waiting to be dried naturally in the ambient
environment, which was mainly prepared for thick films towards XRD and Raman

measurements.
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Spectroscopic measurements

UV-vis absorption spectra were measured with an Agilent Technologies Cary 60
UV-Vis spectrophotometer. Fluorescence spectra were measured using a HORIBA
Jobin Yvon Fluoromax-3 spectrofluorometer and all samples were excited at 365 nm.
For low temperature PL measurements, PbBr,-BTYA MCs sample was loaded into
an Advanced Research Systems DMX-20 cryostat and excited at 365 nm with a UV
lamp. The emitted PL was collected and dispersed onto a charged-coupled device
(CCD) using a Princeton Instruments Acton 2300 Spectrometer (resolution ~ 0.18
nm). At a vacuum of 90 pTorr, PL was recorded every 10 K between 20 and 290 K.

Raman analysis was performed using a Thermo Fisher DRX3 Raman Micro
Spectrometer. The laser excitation source was a diode laser (Aex = 785 nm). Spectra
were recorded under the following conditions: stainless steel substrate, 50x objective,
collect exposure time 30s for eight accumulations, laser power 1.5 mW (in focus) and
aperture 50 um slit. Raman spectra were recorded from ~5 different sample spots,
depending on the homogeneity of the sample.
XRD measurement

X-ray diffraction (XRD) patterns were collected on a Bruker D8 Discover
Diffractometer using Cu Ka radiation (40 kV and 40 mA) with degrees per step and
time/step parameters of 0.02 degrees per step and 0.5 s/step, respectively, at 20 angle
from 1.5 to 40 °. X-ray diffraction patterns were plotted in Origin and the XRD
diffraction pattern of pure PbBr, was compared to JCPDS PDF no. 31-0679.

TEM measurement
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After preparing the colloidal sample with the precipitation method assisted by
the antisolvent toluene, the solution was under sonication for 15 mins before
dropping onto a hexagonal, 400 mesh copper grid with carbon support film of
standard 3-4 nm thickness (Electron Microscopy Sciences, CF400H-Cu-UL) and
allowed to dry in ambient environment.

HRTEM was performed at the National Center for Electron Microscopy
(NCEM) at the Lawrence Berkeley National Laboratory Molecular Foundry on an
FEI UT Tecnai microscope operated at 200 kV acceleration voltage. The images

were analyzed with ImageJ and Gatan Digital Microscope software.
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3 Ultrafast Study of Excited State Dynamics of Amino

Metal Halide Molecular Clusters

3.1 Abstract
The excited state dynamics of ligand-
passivated PbBr. molecular clusters (MCs) in

solution have been investigated for the first time

PoBry ﬂ Delector>

BTYA
MCs

using femtosecond (fs) transient absorption

spectroscopy. The results uncover a transient

bleach (TB) feature peaked around 404 nm, matching the ground state electronic
absorption band peaked at 404 nm. The TB recovery signal can be fitted with a triple
exponential with fast (10 ps), medium (350 ps), and long (1.8 ns) time constants. The
medium and long time constants are very similar to those observed in the TRPL
decay monitored at 412 nm. The TB fast component is attributed to vibrational
relaxation in the excited electronic state while the medium component with dominant
amplitude is attributed to recombination between the relaxed electron and hole. The
small amplitude long component is assigned to electrons in a relatively long-lived
excited electronic state, e.g., triplet state or shallow trap state due to defects. This

study provides new insights into the excited state dynamics of metal halide MCs.

3.2 Introduction

Recently, metal halide molecular clusters (MCs) have been subject to increasing
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interest due to their unique characteristics such as much smaller size and larger
surface-to-volume (S/V) ratio compared to typical metal halide perovskite quantum
dots (PQDs).!"* Their extremely small size results in stronger quantum-confined and
bluer optical absorption and emission than PQDs.*!° In addition, they are potential
intermediates to larger perovskite structures including PQDs and can be used to study
the growth mechanisms of larger structures.?>!!

Ligand-passivated PbBr. MCs exhibit first excitonic absorption and emission
band peaked around 402 and 410 nm, respectively, which are bluer than both
corresponding PQDs and perovskite magic-sized clusters (PMSCs).>*8 Unlike their
larger perovskite counterparts, the key difference among them is that metal halide
MCs lack the A component that is present in PQDs and PMSCs with ABX3
composition, as demonstrated by past work from our lab.? Also, further study showed
that metal halide MCs can be generated alongside PQDs and PMSCs even when the

t.12 More recent structural study incorporating Raman, XRD,

A component is presen
and TEM suggests that PbBr-BTYA MCs consist of a possible layered structure
where the layers are composed of tilted, corner-sharing [PbBrs]* octahedra with a
particle size of 2.0 + 0.4 nm.® Although past work has shed insights into metal halide
MCs’ optical and structural properties, the excited state dynamics of the ligand-
passivated PbBr, MCs that are relevant to many potential optoelectronic applications
have not been studied yet.

In this work, fs laser transient absorption spectroscopy was used to probe the

excited state dynamics of ligand-passivated PbBr, MCs in a transient absorption
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configuration. The results reveal a relatively short overall excited state lifetime on the
order of 350 ps, which is consistent with the relatively low photoluminescence
quantum yield (PLQY) of 4%. The radiative and nonradiative lifetimes extracted
from the observed lifetime and PLQY indicate that exciton decay is dominated by a

nonradiative pathway.

3.3 Results and Discussion

To acquire a transient absorption (TA) signal, an ideal sample is clear or nearly
transparent. Stable MCs can be synthesized only with amine ligands, but they tend to
be opaque. To achieve this, the PbBr,-BTYA MCs precursor was modified by adding
an acidic ligand, namely valeric acid, which results in a clear MC solution.'?

Figure 3-1 shows the absorption and PL spectra of clear PbBr,-BTYA MCs in
solution, where the first electronic absorption and emission bands appear at 404 nm
and 412 nm, respectively. The addition of valeric acid results in a nominal peak
position difference of 3 nm for the absorption and 1 nm for the PL when compared
with the PbBr,-BTYA MCs reported previously, attributed to a minor difference in
particle size.>” The change in precursor composition for the synthesis of clear PbBr»-
BTYA MCs allows us to generate a sample that is sufficiently transparent for the fs
TA study, as shown in the Figure 3-1 inset. In addition, the PL spectrum shows a full
width at half maximum (FWHM) of 10 nm, indicative of the narrow size distribution
of this MC species.>%"!213 Moreover, the Stokes shift observed between absorption

and PL emission is only 8 nm and there is no PL from trap states observed.
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Figure 3-1 Optical properties of clear PbBr.-BTYA MCs in solution. UV-vis
absorption spectrum (red) and PL spectrum (blue) of clear PbBr,-BTYA MCs in
solution state. Inset: images of clear MCs in solution state under ambient light and

365 nm UV light.

To determine the exciton dynamics of PbBr>-BTYA MCs, fs TA of colloidal
PbBr-BTYA was measured in a pump-probe laser configuration (layout can be
found at Chapter 1, 1.5 Instrument Section). The TB spectra were collected with a
pump wavelength of 370 nm, at a low pump power of 0.1 pJ/pulse and probed by
white light in the 350-550 nm region.

The control experiments for TB signal of PbBr2-BTYA MCs were conducted to
rule out the solvent toluene influence. Figure 3-2 shows the transient absorption
spectra of the solvent toluene probed at 404 nm under 0.1, 0.3 and 0.5 pJ/pulse. From
the spectra, an outstanding spike can be easily seen near to due to coherent
interference between the pump and probe light. More importantly, there is no
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transient bleach signal shown from toluene under any pump powers, which rules out

the TB signal of solvent for the PbBr.-BTYA MCs.
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Figure 3-2 Transient absorption spectra of the solvent toluene probed at 404 nm and

excited at 370 nm under 0.1, 0.3 and 0.5 pJ/pulse pump powers.

Figure 3-3 shows TB spectra across the probe wavelength region of 390-440 nm
from -1 to 100 ps (Figure 3-3a), from -1 to 4000 ps (Figure 3-3b), and a kinetic trace
extracted from the peak TB signal at 404 nm from -1 to 4000 ps (Figure 3-3c). Both
the spectra in Figure 3-3 (a) and the kinetic trace in Figure 3-3 (c) have been
modified to remove a strong positive feature immediately preceding to. This feature is
attributed to coherent interference artifact induced between the pump and probe
pulse.'*! Importantly, the spike was also seen in the toluene blank where no sample
was present, confirming the removed feature near to does not have a contribution
from the sample itself. In Figure 3-3 (a), the TB signal first decreases to a minimum,

limited by the laser pulse width, and then gradually recovers to zero. The TB band
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shows a maximum signal around 404 nm, which matches the first electronic

absorption band peak at 404 nm.
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Figure 3-3 Transient bleach spectra of PbBr.-BTYA MCs with excitation (pump)

wavelength at 370 nm and probe wavelength in 390-440 nm region and pump power
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at 0.1 pwJ/pulse (plotted in (a) 3D on the -1-100 ps time scale, (b) 2D over -1-4000 ps
time scale and (c) TB profile and associated fitting for TB profile at 404 nm in -1-
4000 ps).

In Figure 3-3 (b), the contour plot shows the 2D evolution of the TB signal in
terms of both delay time and wavelength. Consistent with Figure 3-3 (a), the
strongest TB signal appears around 404 nm and recovery to baseline persists over the
probe range. The aforementioned coherent pump-probe interference is also shown
here as a positive feature (red and green region) just before to across the range of
probed wavelength. 2!

Figure 3-3 (c) is a TB decay profile at 404 nm plotted from -1-4000 ps with the
associated fitting from 0-4000 ps shown in the inset. The TB recovery for pump
power of 0.1 pJ/pulse is well fitted with a triple exponential function with time
constants of 10 ps, 350 ps, and 1.8 ns. Similar TB profiles were measured with other
excitation wavelengths of 360 nm and 380 nm, indicating that the dynamics are not
dependent on excitation (pump) wavelength.?°

Figure 3-4 shows the TA kinetics and spectra of PbBr2-BTYA MCs under 0.1
wJ/pulse pump power. From Figure 3-4 (a), the maximum TB intensity is increasing
but the maximum TA intensity is decaying with time evolving. The TA signal
decayed completely after about 0.2 ps, showing the lifetime of TA is short. However,
this is close to the time resolution of the laser system, which is around 0.159 ps.
Figure 3-4 (b) shows the TA/TB kinetics probed at 404 nm and 416 nm. The coherent

interference artifact shows up in both kinetics profiles near t=0. The TB signal decays
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and recovers to 0 difference absorption in the whole probing time scale from 0- 4000
ps, while the TA signal rises and decays to 0 difference absorption in less than 1 ps

and is mixed with the coherent artifact.
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Figure 3-4 TA/TB spectra and kinetics of PbBr2-BTYA MCs probed with 370 nm
pump under 0.1 pJ/pulse pump power. (a) TA/TB spectra at 0.1, 0.2 and 0.3 ps delay

time. (b) TA/TB kinetics probed at 404 nm and 416 nm.
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To determine the possible power dependence of the excited state dynamics, TB
results were measured with different pump powers. Figure 3-5 shows the TB profiles
of PbBr2-BTYA MCs probed at 404 nm under a range of pump powers. The artifact
spike near to not reflecting a true decay feature has been removed for ease of
visualization of the data. The TB profiles show that the peak amplitude near to
increases with increasing pump powers. The amplitude of the fast component
increases linearly in the low power region (0.1-0.3 pJ/pulse) but more than linearly
with power under higher pump powers (0.4-0.5 pJ/pulse). However, since the
amplitude becomes very small at lower power, it is not determined if the fast time
constant has a real pump power dependence, although based on both the time
constants and amplitudes, there appears to be a transition to the non-linear regime
under higher pump power. Usually, a shorter lifetime is expected for higher power
when nonlinear effects, such as exciton-exciton annihilation or Auger recombination,
are involved.??* The fitting parameters, including amplitudes and time constants
under five pump powers corresponding to Figure 3-5, are summarized in Tables 3-1
and 3-2. The parameters Aj, Az, and Az denote amplitude and 711, 12 and T3 denote
time constant at fast, medium and slow components, respectively. In Table 3-1, the
short, medium, and long time constants are fixed, while in Table 3-2, the medium and
long time constants are fixed, and the short time constants are not fixed.

To better assess the linear and nonlinear regions, the fast component time
constants were held constant at 10 ps as shown in Table 3-1. In this way, it was

determined that the amplitudes transition from a linear to more than linear increase at
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high pump powers. In Table 3-2, this distinction is supported by allowing the fast
component to vary during fitting, the result of which shows a decreasing trend in the
fast component time constants and a corresponding increase in amplitude
transitioning from linear at low pump powers to more than linearly at high pump
powers. Both the 350 ps and 1800 ps decay time constants for medium and slow
components were also held constant for all the fits based on the fitting result from
TRPL due to the greatly improved signal-to-noise ratio and will be discussed later. To
avoid possible nonlinear effects, we focus our discussion on the lower pump powers
data that are in the linear regime as determined by the fast component amplitude and

time constants.
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Figure 3-5 Transient bleach profile of PbBr2-BTYA MCs under the pump powers at

0.1, 0.2, 0.3, 0.4 and 0.5 pwJ/pulse, respectively, probed at 404 nm and excited at 370
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nm. Inset: the power dependence of the fast component amplitude shows a linear

process under low pump powers and a nonlinear process under high pump powers.

Table 3-1 Summary of parameters used to fit the transient bleach spectra at different

pump powers with fixed tauls.

Components 0.1 pJ/pulse 0.2 pJ/pulse 0.3 pJ/pulse 0.4 pJ/pulse 0.5 pJ/pulse

A 2+1 4.5+0.9 71 1242 2143
1 (49%) (58%) (70%) (81%) (77%)
11 (ps) 10+6 1042 1042 1042 1042
A 1.5+0.4 2.6+0.3 22404 2.140.4 3.2+0.8
? (37%) (33%) (22%) (14%) (12%)
T (ps) 350490 350+40 350+70 350+70 350490
A 10.6+0.3 0.7+0.2 -0.8+0.4 -0.8+0.4 342
3 (14%) (9%) (8%) (5%) (11%)
3 (ps) 18004900  1800+500 18004900  1800+900  1800+900

Table 3-2 Summary of parameters used to fit the transient bleach spectra at different

pump powers with varied tauls.

Components 0.1 pJ/pulse 0.2 pJ/pulse 0.3 pJ/pulse 0.4 pJ/pulse 0.5 pJ/pulse

A 241 -4.5+0.9 71 1342 2243
1 (49%) (60%) (69%) (78%) (76%)

1 (ps) 10+6 1443 9+2 7+1 7+1
Az -1.5+0.4 2.140.2 2.540.5 -3.420.7 5+1
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(37%) (28%) (25%) (20%) (17%)

1 (ps) 350490 350+40 350+70 350+70 350490
A -0.6+0.3 -0.9+0.3 L0.7+0.4 -0.3+0.2 241
: (14%) (12%) (6%) (2%) (7%)

1 (ps) 1800+900 1800+500 1800£900 18004900 18004900

Figure 3-6 shows the TRPL profile of the PbBr;-BTYA MCs measured at 412
nm following excitation at 370 nm. The selection of excitation bluer than the
absorption peak at 404 nm is to allow better separation of the PL emission from the
excitation light that can interfere with the TRPL measurement. The TRPL profile can
be fitted with two time constants of 350 ps and 1.8 ns in an error of less than 0.2%,
which are used for the medium and long time constants of the TB results. The details
of the TRPL double-exponential fitting parameters can be found in Table 3-3, where
A denotes the amplitude, T denotes the time constant, and subscripts 1 and 2 denote
the fast and slow components.

Therefore, we suggest that the 350 ps component in TRPL and the 350 ps
component in TB correspond to the same dynamic process while, similarly, the 1.8 ns

component observed in both TRPL and TB are due to the same dynamic process.
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Figure 3-6 TRPL profile of PbBr2-BTYA MCs monitored at 412 nm following
excitation at 370 nm based on time-correlated single photon counting (TCSPC)

measurements.

Table 3-3 Summary of parameters of the TRPL fitting results.

Components 412 nm
Al 1219+6
71 (ps) 350+10
Ao 231+6
T2 (ns) 1.80+0.02

To help gain deeper insight into exciton decay dynamics, the PLQY was
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measured using quinine sulfate as a reference and used along with the TB results to
extract the radiative and nonradiative lifetimes. Figure 3-7 shows the fitted slopes
collected from both quinine sulfate and PbBr.-BTYA MCs. The absorption of both
samples was measured in the range of 0.02-0.1 optical density (OD) to facilitate a
linear relationship between integrated PL intensity and absorption. The PLQY of
PbBr-BTYA MCs was calculated as 4%, and after combining the PLQY result with
the lifetime of the dominant component of 350 ps, which we consider as the observed
excited state lifetime tobs, the radiative and nonradiative lifetimes were calculated
based on Equations (3-1) and (3-2). The radiative lifetime is calculated as ~9 ns, 24
times longer than the nonradiative lifetime of ~365 ps, indicating that the dynamics

are dominated by nonradiative decays.*>*°

=—+— (3-1)

$pL = TO:S (3-2)
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Figure 3-7 The linear correlation between integrated PL intensity versus absorption

of quinine sulfate and PbBr2-BTYA MCs.

Figure 3-8 illustrates the key dynamic processes in photoexcited PbBr.-BTYA
MCs that we propose based on the spectroscopy and dynamics results. This model
only illustrates the exciton dynamics under low pump powers, where there are no
nonlinear dynamic processes that tend to occur under high pump powers, such as
two-photon decays, exciton-exciton annihilation, and Auger recombination, which
often complicate data analysis. Under low pump powers, upon photoexcitation, an
electron is generated in the excited electronic state and a hole in the ground state,
forming an exciton.?”-? If possessing excess kinetic energy, the electron will relax to
the bottom of the excited electronic state through vibrational relaxation via electron—
phonon coupling. The relaxed electron can recombine radiatively, resulting in PL, or

nonradiatively with the hole in the ground electronic state, resulting in a medium
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decay lifetime (~350 ps) in TB which corresponds to a fast component (~350 ps) in
TRPL.2® The small amplitude slow component (1.8 ns) observed in both TB and
TRPL is tentatively attributed to a relatively long-lived triplet or trap state that is
coupled to the first excited electronic state responsible for the primary dynamics
observed (dominant 350 ps decay with large amplitude). The dynamics signal
observed is always a sum of the TA signal from the excited electronic state and the
TB signal from the ground electronic state. What is observed depends on the relative
intensity of the TA versus TB signals at a specific probe wavelength and at a specific
time during the dynamic process. At the 404 nm probe wavelength, TB is dominant
and used by us to analyze the dynamics. Because the signal we measured involves
both TA and TB with opposite signs, the amplitude and lifetime of the signal
measured may have complex dependence on pump powers, however, the TB is
dominating according to the transient absorption spectra shown in Figure 3-4. Thus,
we should use both amplitude and lifetime to analyze possible power dependence,

such as linear versus nonlinear effects.
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Figure 3-8 A proposed model for key dynamic processes in PbBr.-BTYA MCs,
including vibrational relaxation in the excited electronic state, recombination of
relaxed electron and hole, a dissociative excited electronic state that leads to the
overall short excited state lifetime, and a long-lived (>1 ns) triplet state or trap state
that is coupled to the excited electronic state responsible for the primary dynamics

observed including the PL and TRPL results.

The triple exponential decay of the TB signal indicates that the overall dynamics
process is not a simple sequential or parallel process but involves energy transfer in
the reverse direction, noted in Figure 3-8 as an upward curved arrow.?"*” This back
energy transfer process is usually expected to be much slower than the forward
process.?” Due to the limited dynamics data available such as all relevant time or rate

constants, at present it is not possible to do meaningful kinetic modeling of the

122



overall dynamics of the MCs studied. Instead, based on our previous kinetic
modeling of PQDs,?*?” we suggest that a likely reverse process is a back energy
transfer from vibrationally relaxed states to hot states in the excited electronic state,
which could result in the multiple exponential features observed. Overall, we
attribute the short decay of 10 ps to vibrational relaxation in the first excited
electronic state, the medium 350 ps decay to the recombination of the relaxed
electron with the hole, and the long 1.8 ns decay to a relatively long-lived electronic
state, which is coupled to the first excited electronic state and mediates its dynamics.
The relatively narrow absorption band and small Stokes shift between the absorption
and PL bands indicate a flat potential energy surface (PES) for the excited electronic
state. The dominant nonradiative decay of the first excited electronic state could be
due to strong coupling to a dissociative excited electronic state. On the other hand,
the moderate lifetime of the first excited electronic state observed (dominated by the
350 ps component) suggests that this state is bound and not directly dissociative in
itself.

However, if the MCs are more solid-like, an explanation of the dynamics using
an electronic band structure would be more appropriate.?® In this case, the 10 ps fast
decay component may be attributed to the trapping of the charge carriers (electron or
hole) into shallow trap states or self-trapped excisions (STE), while the 350 ps slow
component is attributed to the recombination of trapped electron and hole following
trapping. The 1.8 ns slow decay would be likely due to some long-lived deep trap

states that are coupled to and mediate the dynamics of the shallow trap states. Similar
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to the above analysis, a reverse process is required to account for the multiple
exponential decays observed, and we suggest de-trapping from the shallow trap states
to the conduction band (CB) as the reverse process. If this explanation is correct, the
narrow absorption band and small Stokes shift between the absorption and PL bands
would suggest that the trap states are shallow or near the band edge, about 60 meV
below the CB edge. Also, the relatively low PLQY of 4% indicates the trapped
carriers or trapped excitons, similar to self-trapped excitons, which decay primarily

nonradiatively and are usually attributed to deep trap states due to defects.?*-*°

3.4 Conclusion

In summary, the excited state dynamics of PbBr» MCs passivated with
butylamine and valeric acid were studied using fs TA spectroscopy. A TB profile
peaked at 404 nm shows a recovery that can be fitted with a triple exponential with a
fast (10 ps), medium (350 ps) and slow (1.8 ns) component. These decay components
are attributed to vibrational relaxation within the first excited electronic state, relaxed
electron-hole recombination coupled to a dissociative electronic state, and another
long-lived excited electronic state. A PLQY of 4% is consistent with the overall
moderately long excited state lifetime of these metal halide MCs, which is revealed
for the first time using ultrafast laser spectroscopy. The results are important for
gaining a deeper understanding of the photophysics of metal halide clusters and

related metal halide perovskite clusters.
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3.5 Experimental Methods

Materials

N, N-Dimethylformamide (DMF) 99.5% was purchased from Fisher Scientific.
Butylamine (BTYA) 99.5%, toluene 99.9% and lead bromide (PbBrz) 98% were
purchased from Sigma-Aldrich. Valeric acid (VA) 99% was purchased from Alfa

Aesar. All reagents were used as received without further purification.

Synthesis of clear PbBr>-BTYA MCs in solution

First, 0.20 mmol PbBr; was dissolved in 500 uL. DMF. Then, 2.00 mmol VA
was added and sonicated for 15 s until dissolved. Subsequently, 2.00 mmol BTYA
was added and sonicated for 15 s until dissolved. Next, 100 pL of the precursor
solution was injected quickly into 5.00 mL toluene under robust stirring at 1300 rpm.
Finally, 20 pL of the colloidal sample was injected into a 700 pL cuvette with a 2
mm path length filled with toluene (680 pL) as anti-solution for characterization
using UV-Vis absorption and PL spectroscopy. To perform ultrafast laser transient
absorption (TA) measurements, the sample was further dissolved by injecting 1.00
mL of the colloidal sample into 6.00 mL of toluene for a total 1:300 dilution, and the

diluted solution was transferred to a 2 mm light path cuvette.

Spectroscopic measurements

125



UV-vis absorption spectra were measured with an Agilent Technologies Cary 60
UV-Vis Spectrophotometer with a xenon source lamp. PL spectra were acquired
using a HORIBA Jobin Yvon Fluoromax-3 spectrofluorometer.

Transient bleach (TB) measurements were taken using a Light Conversion
femtosecond laser system. The pump and probe beams were generated by a
ytterbium-doped potassium gadolinium tungstate (Yb:KGW) lasing medium
(PHAROS, Light Conversion) with a fundamental output frequency of 1030 nm at a
power of 10 W, a repetition rate of 20 kHz and pulse width of 159 fs. 90% of the
fundamental beam was pathed through an optical parametric amplifier (ORPHEUS,
Light Conversion) to produce tunable pump wavelengths and a nonlinear second
harmonic generating unit (LYRA, Light Conversion) was employed to attain the
pump wavelength of 370 nm. The generated probe beam was routed to the sample
located in an ultrafast spectroscopy unit (HARPIA, Light Conversion) where the
temporal alignment was controlled via an automated translating stage.

10% of the fundamental beam was routed around the OPA to the HARPIA unit,
passing through a white light supercontinuum generating crystal to produce the probe
light spectrum before being directed to the sample. Due to the sample absorbance
falling in the UV region, a lens telescope and second harmonic generating unit were
added to the probe beam path to achieve a probe region between 350 and 500 nm.

Data was collected using the corresponding Light Conversion HARPIA Service

App software and using an Oxford Instruments Andor spectrometer. The transient
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bleach recovery data were fitted in Origin software with a built-in triple exponential
decay function y = A1*exp(-x/t1) + Ax*exp(-x/t2) + Az*exp(-x/t3).

TRPL was conducted via the time-correlated single photon counting (TCSPC)
measurements, using the Light Conversion equipment previously described in a
similar layout to the TA measurements, but with the addition of a 400 nm long pass
filter to remove the pump beam from the beam path after excitation, the probe light
off, and the chopper disabled. The measurement was taken using a 370 nm excitation
wavelength at minimum pump power, using a 10 s collection time, and recorded
using a photomultiplier tube affixed to an Oxford Instruments Andor Kymera
spectrometer and using the corresponding HARPIA service app data acquisition
software. The data was processed using Origin and was fit using a built-in double

exponential function y = Ar*exp(-x/t1) + Ax*exp(-x/t2).
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4 Low Frequency Vibrational Modes of Two-Dimensional

Lead-Free Metal Halide Double Perovskites

4.1 Abstract
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methylphenethylammonium) were

synthesized with a hydrothermal method. The crystal structure of MPA-AgBils was
determined using single-crystal X-ray diffraction (scXRD). Powder XRD (pXRD)
data suggest that the crystal structure of MPA-CuBils is more complex than that of
MPA-AgBils. UV-Vis electronic absorption spectra of these perovskites reveal a
bandgap of 2.03 eV for both. Short exciton lifetime from TRPL results and low PL
intensity of the Cu-based perovskite suggest a high density of trap states within the
bandgap. Low frequency Raman spectra of both materials show distinct peaks and a
slightly higher frequency for the Cu-based perovskite than the Ag-based perovskite.
Density functional theory (DFT) calculations were conducted to simulate the low
frequency Raman spectra and help explain the different phonon modes, which are
collective vibrations of metal halide bond bending and stretching within the Ag- and

Cu-centered octahedra coupled with MPA libration and twisting within the inorganic
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layer. The DFT theory also quantified octahedral distortions in the two perovskites.
This combined experimental and computational study provides new insights into the

low frequency vibrations of 2D perovskites.

4.2 Introduction

Metal halide (MH) perovskites attract increasing attention because of their
exceptional optoelectronic properties, highly tunable composition, and facile
synthesis.! Now, perovskites of different dimensions (i.e., 3D, 2D, 1D, and 0D)
have been synthesized*® and reported with defined structures and controlled
properties. Intriguing properties, particularly a more substantial quantum
confinement effect, were observed as dimensionality decreases.”!

However, 3D perovskites suffer from undesirable attributes such as
environmental instability and Pb toxicity. 2D perovskites hold superior chemical
stability, as well as tunable structures and properties.!! Large organic cations such as
methylphenethylammonium (MPA) are essential for constructing 2D perovskites.
The MPA cation plays dual roles in the perovskite: the -NH. terminal forms N-
H---halogen hydrogen bonds anchoring the inorganic framework, and the bulky
aromatic backbone exerts a pronounced steric effect that induces octahedral
distortion, thereby enabling structural control over material properties.'? Also, chiral
MPA is potentially useful for chiral metal halides for applications such as circularly
polarized luminescence (CPL) and chirality-induced spin selectivity.!>!* In the 2D
perovskites, the metal cations dominate in determining the structural and optical

properties. To replace toxic Pb, Ag(I), Cu(I) and Sn(II) metal halide perovskites have
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been explored and found to have exceptional optical properties, with Cu-halide
clusters exhibiting more disordered structures.!®!® Among the metals, Ag-Bi double
halide perovskites remain highly promising due to their exceptional stability and
optoelectronic properties, and their atomic and electronic structures have been well
studied.!12! Raman spectra were utilized as a simple way to interrogate structural
changes because of the characteristic changes in the vibrational modes when
transitioning, for example, from 3D to 2D.! In the low-frequency Raman region, the
metal halide bond vibrations will be prominent and were studied for Ag-Bi-based
perovskite structures. The Raman signals change after replacing Ag with Cu due to
the varied Bi-I and Cu-I bond lengths,!!*! but assignment of these modes and the
structural insight they could afford remain elusive.

There are many reports about the determination of the structures of low-
dimensional perovskite materials by X-ray diffraction (XRD).?? %% In contrast, studies
of their structures using Raman spectroscopy are less common, especially for 2D
layered double perovskites, due to the difficulty in acquiring high-quality data in the
low frequency region. Such low frequency phonon modes (<200 cm™) can reveal
interaction between layers and provide atomic-level information about the role of
hydrogen bonding or van der Waals forces in the crystal structure. For example, the
THz Raman modes for layered structures, such as MoS; and WSe,, reflect shear or
breathing modes between the layers.?’? In the high frequency “fingerprint” region
(>200 cm), Raman spectra are used for chemical bond and functional group

identification.’'* Density functional theory (DFT) calculations can be used to
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predict Raman peaks and link them to specific vibrational modes.**** By combining
experimental data with DFT simulations, the low frequency Raman spectra can
reveal the large-scale spatial structure of the crystal, whereas the conventionally
studied high-frequency Raman modes are sensitive primarily to the local structure.
Here, by using a hydrothermal method, MPA-CuBils and MPA-AgBils (MPA,
methylphenethylammonium) perovskites were prepared. Single-crystal XRD
demonstrates that the Ag-based perovskite exhibits a 2D layered structure, aligning
with previously reported data.!> Simulated and experimental powder XRD, Raman,
and IR data for the Cu-based perovskite indicate that its structure is more complex
than that of the Ag-based perovskite, with evidence of multiple phases. Nevertheless,
the UV-Vis absorption and PL spectra show a similar electronic structure and the
Tauc plot shows the same bandgap at 2.03 eV for both materials. From the TRPL
results, a shorter exciton lifetime is extracted in the Cu-based perovskite, which we
ascribe to distortion-induced trap states in the structure. In addition, first-principles
DFT calculations were performed to simulate the low frequency vibrational modes

and structural distortion of the two 2D layered double perovskites.

4.3 Results and Discussion

4.3.1 Optical Properties
Figure 4-1 shows the UV-Vis electronic absorption spectra and Tauc plot of the
MPA-AgBilg and MPA-CuBils. In Figure 4-1 (a), the absorption peaks reside at 330

and 550 nm for both materials, and the Cu-based perovskite has a slightly broader
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absorption spectrum shape, suggesting a more complex composition for Cu. From the
Tauc plot in Figure 4-1 (b), the bandgaps of both materials were determined to be

2.03 eV, indicating no change in the bandgap between Ag- and Cu-based perovskites.
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Figure 4-1 UV-Vis electronic absorption spectra (a) and Tauc plot (b) of MPA-
AgBils and MPA-CuBils.

Figure 4-2 shows the PL spectra and TRPL profiles of the two materials. In
Figure 4-2 (a), a narrow emission peak is observed at 548 nm with a full width at half
maximum (FWHM) of 50 nm for MPA-AgBils. A 550 nm main emission peak was
also observed for MPA-CuBils, with another shoulder peak at 472 nm. The PL shape
of the Cu-based perovskite is broader than that of the Ag-based perovskite,
suggesting a more distorted structure.®> The 472 nm peak is attributed to the
transition associated with Cu. Meanwhile, the PL intensity of the Cu-based
perovskite is one order of magnitude lower than that of the Ag-based perovskite,
indicating more non-radiative recombination and a high density of trap states. The
TRPL in Figure 4-2 (b) shows exciton lifetimes of the Ag and Cu-based perovskites

and both materials exhibit long decay curves to 4000 ns. The TRPL curves are fitted
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with a bi-exponential function, and the average lifetime (zavg) was calculated based on
the following equations:**°

AT +A,T5
Tavg = i i 4-1)
A1T1+A2T2

where 41 and A> denote fast and slow component amplitudes, 71 and 7> denote fast
and slow component time constants. The zayg resolves to be 348+40 and 326+40 ns
for microcyrstalline MPA-AgBilgs and MPA-CuBils, respectively, with the lifetime of
the Cu-based perovskite being 22 ns shorter. After considering the margin of errors,
no exciton lifetime difference is observed at ~550 nm between two crystalline
materials, implying the same decay channels at ~550 nm, possibly due to domination
by Bi metal energy levels. The slightly shorter exciton lifetime indicates more trap

states in MPA-CuBils, possibly involving oxidized Cu compounds.
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Figure 4-2 (a) PL spectra of MPA-AgBils and MPA-CuBils, excited at 278 nm and
254 nm, respectively. (Excitation at 303 nm for the Ag-based perovskite shows the
same PL peak at 548 nm.) (b) TRPL spectra of Ag- and Cu-based perovskites. Ag-
based perovskite: excited at 278 nm and monitored at 548 nm. Cu-based perovskite:

excited at 260 nm and monitored at 550 nm.
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The TRPL profiles were recorded using the time-correlated single-photon
counting (TCSPC) technique. Ag-based perovskite was excited at 278 nm and
monitored at 548 nm, and Cu-based perovskite was excited at 260 nm and monitored

at 550 nm. The profiles are fit using the function:
Y =yo + A,eF/™) 4 4,e(-*/T2) (4-2)

where 41 and 4> denote fast and slow component amplitudes, 71 and 7> denote
fast and slow component time constants. The detailed fitting parameters are

summarized in Table 4-1.

Table 4-1 Summary of fitting parameters of the TRPL results.

Components Ag @ 548 nm Cu @ 550 nm
Yo 1.9+0.4x10* 1.1£0.5%1073
A 0.5+0.1 1.6+0.2
(45%) (62%)
71 (nS) 300+40 5+£2
Az 0.6%0.1 1.0+0.2
(55%) (38%)
T2 (nS) 380+40 330+40
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4.3.2 Morphology and Crystal Structures of MPA-AgBils and MPA-
CuBils

Figure 4-3 shows the morphology and shape of the MPA-AgBils and MPA-
CuBils crystals. MPA-AgBilg forms slabs around 100 um in size with a roughly 20
um distance between the cracks (Figure 4-3 (a.b), which we attribute to weak van der
Waals forces between the organic layers. MPA-CuBils forms small rods with a
length of about 10 pm (Figure 4-3 (c,d)). From the images, the crystallinity of the
Cu-based perovskite is not comparable to that of the Ag-based perovskite. We were
unable to grow single-crystals of MPA-CuBilg suitable for X-ray structure

determination, however, SEM confirms that microcrystals are present.
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Figure 4-3 SEM images of the MPA-AgBils (a, b) and MPA-CuBils (c, d) crystals.
The green labels show the size of individual crystals and the distance between the
cracks along the cleavage direction.

Figure 4-4 shows the powder XRD pattern of MPA-AgBils and MPA-CuBils to
confirm the 2D layered structure. In Figure 4-4 (a), the diffraction peaks for the Ag-
based perovskite were observed at 10.6, 15.8, 20.5, 25.5, 27.6, 30.3, 32.6, 37.7, 41.1,
and 47.0°. The 10.6, 15.8, 20.5, 27.6, 32.6, 37.7° diffraction peaks match with
reported XRD data of MPA-AgBils films, indicating a 2D layered structure in our
case.!* For the Cu-based double perovskite, in addition to the diffraction peaks
observed for the Ag-based perovskite, there are new peaks at 12.1, 22.4, 29.4, 32.5,
38.0 and 44.4°. Closer examination of the experimental XRD peaks in Figure 4-4 (b)

reveals different intensities in the same diffraction peaks between two perovskites.
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We were able to grow diffraction-quality single crystals of MPA-AgBils and solve
and refine its crystal structure (vide infra). The Ag-1 bonds that are parallel to the ¢
axis are 2.665(3) and 2.683(3) A long, and the equatorial Ag-I bond lengths range
from 3.335(6) to 3.524(6) A, indicating a distorted octahedra structure of [Agls]”". In
contrast, all the Bi-I bonds fall within a narrow range from 3.023(5) to 3.112(5) A
(see Figure 4-5). As Cu® (0.77 A) has a much smaller radius than Ag" (1.15 A) and
Bi** (1.03 A), more distorted [Culs]> octahedra are expected.*® According to Jahn-
Teller distortion theory, the octahedrally coordinated transition metals Cu”, Ag" will
split eg orbitals to stabilize the double perovskites by elongating or shortening the
metal halide bonds, leading to a crystal symmetry-breaking.*! The XRD pattern of
the Cu-based perovskite retains most of the characteristic peaks of the Ag-based
counterpart but exhibits additional peaks, suggesting a similar but more complex
composition, possibly due to multiple phases arising from oxidized Cu compounds or

unreacted starting materials.
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Figure 4-4 Powder XRD pattern of the MPA-AgBilg and MPA-CuBilg. (a) The
experimental and simulated XRD pattern comparison. (b) Overlaid plots of

experimental XRD results of MPA-AgBils and MPA-CuBils.

Figure 4-5 shows the structure of the MPA-AgBils double perovskite in which
layers of the organic S-p-MPA cation alternate with inorganic [AgBils]*. The
inorganic layer features vertex-sharing [Agls]°~ and [Bils]*>~ octahedra. Three of the I
atoms were each disordered across two closely spaced positions, as was the Ag atom.
The bond metrics in Table 4-2 were calculated using the centroid for each pair of
disordered atoms. The Bi-I distances range from 3.023(5) to 3.112(5) A and the 1-
Bi-I angles closely approach those of an octahedron. The Ag-I distances exhibit a
much greater distribution. As expected, the Ag(I) center adopts a linear geometry
with two tightly bound I atoms, I3 and I9, at distances of 2.665(3) and 2.683(3) A,
respectively. The remaining four 1 atoms are vertices shared with the [Bils]>
octahedra and the Ag-I distances are substantially longer, ranging from 3.335(6) to

3.524(6) A. These four Ag—I interactions are paired with a short distance (3.335(6) or
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3.388(4) A) trans to a long distance (3.423(7) or 3.524(6) A). The I-Ag-I angle with
the tightly bound, non-bridging I atoms is nearly linear, but the remaining equatorial
I atoms exhibit a greater range of angles, with one cis [-Ag—I angle even exceeding
105°. Although the Bi and Ag atoms are arrayed on a nearly centrosymmetric lattice,
with the Ag atoms almost coincident with Bi—Bi centroids, the tilting of the octahedra
(Figure 4-5) breaks the overall inversion symmetry between the layers. The structure
has a 2| screw symmetry axis, and there are 4 unique molecular cations per unit cell.
The detailed crystal and refinement data for MPA-AgBilg perovskite can be found in

Table 4-3.
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19 113

Figure 4-5 (a) View of the layered structure of MPA-AgBilg along a with S-B-MPA
cations as balls and sticks and Bi and Ag as polyhedra. (b) One vertex-bridged
Agle/Bilg pair shown as polyhedra. (c¢) The same atoms and orientation as (b) but
without polyhedral and atom labels corresponding to Table 4-2. (d) View of the
inorganic layer along ¢ with atoms shown as balls and sticks. (¢) The same
orientation as (d) but with Ag and Bi polyhedra. For all depictions, disordered Agl,

I1, 111, and 115 atoms are represented with a single sphere at the position of the
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centroid of the two disordered atoms. Color code: C black, N blue, H white, Ag grey,

Bi magenta, I purple.

Table 4-2 Selected bond lengths in angstrom and bond angles in degree. M is Ag or

Cu. I3 and 19 are out of plane, and the rest are in plane.”

Bond | Ref.Exp.Ag” | Exp.Ag(A) | AgPBE (A) | CuPBE (A)
(A)
Bil-11 3.0907(16) 3.112(5) 3.074 3.024
Bil-I5 3.0896(15) 3.0816(8) 3.036 2.982
Bil-17 3.0762(14) 3.0721(8) 3.081 2.995
Bil-I11 3.0512(19) 3.025(6) 3.016 2.967
Bil-113 3.078(2) 3.1077(9) 3.046 2.964
Bil-I15 3.039(2) 3.023(5) 2.960 2.880
MI-11 3.368(4) 3.388(4) 3.076 2.783
M1-13 2.669(3) 2.665(3) 2.758 2.560
M1-19 2.663(3) 2.683(3) 2.758 2.568
MI-I11 3.603(4) 3.423(7) 3.044 2.689
M1-113 3.681(5) 3.524(6) 3.062 2.767
MI-115 3.418(4) 3.335(6) 2.977 2.733
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Bond Ref. Exp. Ag (°)® | Exp.Ag(°) | Ag PBE (°) | Cu PBE (°)
I11-Bil-113 179.29(6) 177.01(13) | 170.973 172.159
115-Bil-11 175.55(5) 176.99(10) | 173.347 98.671
17-Bil-I5 179.05(5) 178.65(3) 177.983 176.447
115-Bil-113 87.03(6) 91.84(12) 103.554 106.188
I5-Bil-113 90.84(5) 89.26(5) 92.999 93.734
I5-Bil-115 89.04(5) 89.82(8) 88.285 85.859
3-M1-19 176.33(17) 177.95(16) | 173.341 171.093
115-M1-111 176.00(10) 176.92(17) | 169.376 79.631
11-M1-113 174.49(11) 178.07(13) 81.511 171.257
3-M1-111 84.71(9) 87.54(13) 82.427 84.811
3-MI1-11 92.06(11) 91.39(11) 89.949 91.337
11-M1-111 105.11(9) 105.34(13) | 104313 101.782

“ Agl, I1, 12, and I3 were each disordered across two positions in the experimental
Ag-based structure. These bond metrics were calculated using the centroid of the two

disordered atom positions.

Table 4-3 Crystal and refinement data for MPA-AgBils perovskite.

Empirical formula CscHssAgBilgN4O
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Formula Weight
Temperature (K)
Wavelength (A)
Crystal system
Space group
Point group
a (A)

b (A)
¢ (A)

B
Volume (A?)

VA
Peate (Mg/m?)
Crystal size (mm?)
0 range (°)
Total reflections
Unique reflections
Parameters
Completeness
Rint
Ri (I> 20)

R (all data)
wR2 (I> 20)
wR: (all data)
Goodness of fit, S

1894.91
104(6)
1.54184
monoclinic
P2,
C;
9.56840(10)
16.7665(2)
16.5699(2)
102.5080(10)
2595.19(5)
2
2.425
0.11 x 0.04 x 0.02
5.464 to 134.154
31574
9260
510
100.0
0.0436
0.0285
0.0309
0.0689
0.0700
1.042

Figures 4-6 (a) and (b) show the DFT-optimized crystal structures of MPA-

AgBils and MPA-CuBilg along the in-plane (equatorial) and out-of-plane (axial)

directions (detailed lattice parameters in Table 4-4). Both exhibit a 2D layered



structure. The structures were optimized starting from the crystal structure of MPA-
AgBils.!? In Figures 4-6 (c) and (e), the hydrogen bond lengths are slightly longer in
the Ag-based perovskite, with a range from 3.427 to 5.157 A, than in Cu-based
perovskite, which span from 3.232 to 4.775 A, indicating a longer distance between
the organic and inorganic layers. In Figures 4-6 (d) and (f), the Cu-I bonds are shown
to be shorter than Ag-I bonds, and the metal halide bond lengths between Ag/Cu-I
and Bi-I bonds are unmatched in the corner-connecting direction, along the equatorial
plane. Specifically, the metal halide bonds in both octahedra are compressed with
two axial bonds of 2.758 A, four equatorial bonds ranging from 2.977 to 3.067 A in
the Ag-based perovskite and two axial bonds of ~2.568 A, four equatorial bonds
ranging from 2.689 to 2.783 A in the Cu-based perovskite, indicating a Jahn-Teller
distortion. The Jahn-Teller distortion allows empty metal d orbitals with low enough
energy to mix with filled non-metal p orbitals, stabilizing a distorted geometry.*>*>43
These Jahn-Teller distortions are present in the Cu and Ag-centered octahedra, but
not in Bi-centered octahedra, due to Bi’s fully occupied d-orbitals. These are
evidenced by the relatively large distortion index (D) values obtained for Cu and Ag-
centered octahedra compared to Bi (Table 4-8), with Bi octahedra having values near
1x10 in the theoretical structures and values of 2.97x102 in the Cu-centered

octahedra and 4.26x107 in Ag-centered octahedra.
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2000009
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Figure 4-6 DFT-PBE-simulated crystal structure of the (a) MPA-AgBilg and (b)
MPA-CuBilg viewed along the a and ¢ axes. Ag, Bi, and Cu-centered octahedra are
shown in silver, magenta, and blue colors. (c) The hydrogen bond lengths between N
and I atoms between the organic and inorganic layers in MPA-AgBils and (d) Ag-I,
Bi-I bond lengths inside the octahedra. (¢) The hydrogen bond lengths between N and
I atoms between the organic and inorganic layers in MPA-CuBilg and (f) Cu-I and
Bi-I bond lengths inside the octahedra. The hydrogen atoms are omitted for clarity in

figures (c) and (e). All bond lengths are in A.
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Table 4-4 The summary of the experimental and calculated lattice parameters of

MPA-XBilg (X=Ag or Cu) single crystal.”

a (A) b (A) c(A) £0©) Unit-cell Temp

Volume (K)
(bohr?)

Exp. Ag 9.657 17.051 16.754 102.503 18173.7 290

structure

from

literature'’

Exp. Ag 9.568 16.767 16.570 102.508 17232.1 104

structure in

this work

Theory Ag 8.728 15.891 16.047 101.651 14711.2 0

structure

(PBE)

Theory Ag 8.339 15.178 15.367 101.398 12866.4 0

structure

(LDA)
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Theory Ag 8.566 15.423 15.408 101.701 13452.2 0
structure

(PBE+GD2)

Theory Cu 8.239 14.880 15.035 101.763 12178.0 0
structure

(PBE)

“The a and y angles are both 90° in monoclinic crystal system.

4.3.3 Low Frequency Raman Vibration Modes

Figure 4-7 shows the comparison between experimental and calculated Raman
and IR spectra for crystalline MPA-AgBils and MPA-CuBils. The experimental data
were adjusted to remove temperature dependence to generate the reduced Raman
spectra** (see treatment method in Experimental Section 4.5), and the theoretical data
were treated with a 6 cm™ Gaussian broadening to match the experimental result. The
original Raman spectra with temperature dependence are shown in Figure 4-8 for
comparison. Figures 4-7 (a) and (b) show the comparison of experimental and
calculated Raman spectra in the low frequency range from 0-200 cm™. The broad
low-energy Raman bands from the experiment indicate strong molecular interactions
within the perovskites.*> For both materials, the theoretical results match the
experimental peaks except that theory shows a separate peak at 140 cm™! for the Ag-

based perovskite and 174 cm™ for the Cu-based one. One reason for the mismatch
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between the experimental and theoretical Raman spectra is that disorder from thermal
or other causes is inevitably present in the structure, which changes interactions
between neighboring unit cells and leads to shifts and broadening of vibrations,
especially of low-frequency vibrations.*’ In contrast, the DFT calculations use an
idealized crystal structure without disorder. In the high-frequency region from 200-
1800 cm™ in Figures 4-7 (c) and (d), the theoretical peak positions match the
experimental Raman data, but this is not the case for the intensities. Comparison of
the IR spectra in Figures 4-7 (e) and (f) shows good agreement for both the peak
positions and intensities. Together with the comparison of XRD patterns, these
results suggest a correspondence between the DFT-simulated crystal structures and

the actual crystal structures.
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Figure 4-7 The Raman and IR spectra of MPA-AgBils (red legend) and MPA-
CuBils (blue legend). (a, b) Low frequency (0-200 cm™') Raman spectra; (c, d) High
frequency Raman spectra (200-1800 cm™); (e, f) IR spectra (400-2000 cm™).
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Figure 4-8 Experimental Raman spectrum in the low frequency region (0-200 cm-1)
with temperature dependence.

To decipher the character of the low frequency vibrational modes, the DFT
calculations were conducted and compared to the experimental results. Only the most
significant contributions to each vibrational peak are shown here to match the
experimentally measured ones, though 636 modes in total are obtained from the
calculation, with the subset in the range 0-200 cm™' shown by vertical lines at the
bottom of Figures 4-9. It should be noted that the motions repeat periodically in each
unit cell of the lattice. Comparing the low frequency Raman spectra between Ag- and
Cu-based perovskites, more and broader peaks are generated from the Cu-based
perovskite based on the DFT computation. This could be due to the stronger
hydrogen bond between the organic and inorganic layer, which broadens the
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vibrational peak and a more distorted lattice structure and lower symmetry, leading to

more vibrational modes.***® A

summary of the vibrational modes interpretation is
listed in Table 4-5.

Figure 4-9 shows the assignment of experimentally measured vibrational
modes from Raman spectra of MPA-AgBils and MPA-CuBils aided with simulated

Raman spectra below 200 cm’

. We provide here only the most dominant
characteristics of each mode, and where a distortion or motion is mentioned without
specifying whether it is in or out of plane, the distortion has components in both
directions. In the Ag spectrum, the peak at 31 cm™ is ascribed to both in-plane and
out-of-plane bond angle distortions of octahedra, coupled with tilting of the Ag
octahedra. The mode at 54 cm™ is assigned to octahedra bond angle distortions and
in-plane and out-of-plane motion of Bi and Ag centers. The mode at 111 cm™ arises
from in-plane bond length distortions and out-of-plane Bi bond length distortions.
The mode at 129 cm™! consists of in-plane bond length distortions on both octahedra,
bond angle distortions of Bi-centered octahedra, out-of-plane Ag bond length

distortions, and in-plane motion of Bi. The peak at 140 cm!

consists of in-plane
bond-length distortions on both octahedra, and motion of Bi centers.

In the Cu spectrum, at 33 cm’!, the dominant motions are octahedra bond angle
distortions coupled with in-plane motions of the octahedral centers. The peak at 59
cm! is characterized by angle distortions of both in-plane and out-of-plane octahedra

bonds, with significant contributions from motion of Cu atoms. At 76 cm™!, in-plane

bond angle distortions on both Cu and Bi octahedra, bond angle distortions of out-of-
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plane Cu-I bonds, and tilting of Bi-centered octahedra are dominant. At 111 cm™, Cu
centers move in plane, Cu octahedra exhibit in-plane bond angle distortions, and both
Cu and Bi octahedra display bond length distortions. At 132 cm™!, Cu atoms move in
plane, Cu octahedra undergo bond angle distortion, both Bi and Cu octahedra have
in-plane bond length distortions, and Bi octahedra have bond length distortions along
out-of-plane Bi-I bonds. The 151 cm™! mode includes in-plane bond length distortions
on Bi and Cu octahedra, while Cu atoms move in plane. The peak at 174 cm’!
contains bond length distortions of octahedra, and significant NH3 group rotation on
MPA molecules. In both the Ag-containing and Cu-containing materials, all peaks
listed in this range exhibit libration and internal twisting of MPA molecules coupled

to the vibration of the inorganic layers.

158



(a) —— Experiment
—— Theory

Intensity (a.u.)

ALl |l|h, -

25 50 75 100 125 150 175 200
Raman shift (cm'1)

(b) Experiment 132
——— Theory
174
Cu-based perovskite

Raman 111

Intensity (a.u.)

0 25 50 75 100 125 150 175 200
Raman shift (cm'1)

Figure 4-9 Reduced experimental and theoretical (with 6 cm™ Gaussian broadening)
Raman spectra of (a) MPA-AgBils and (b) MPA-CuBils. Solid vertical lines show all
the individual mode positions and intensities in the DFT calculation within the 0-200
cm’! range.

Table 4-5 Summary of experimental and theoretical vibration modes in the low

Raman frequency region (0-200 cm™) of MPA-AgBils and MPA-CuBils.

MPA-AgBils (cm™) MPA-CuBils (cm™)
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Experiment  Theory Assignment Experiment  Theory Assignment
31 31 Ag-1-Bi bending 32 33 Cu-I-Bi bending
53 54 Ag-1-Bi bending 43 59-76  Cu-I-Bi bending
[-Cu-I bending/
I-Ag/Bi-1
101-116 111 & 107 111 I-Cu/Bi-I
stretching )
stretching
I-Ag/Bi-1 I-Cu/Bi-1
121 129 g 123 132 Cu/B:
stretching stretching
I-Ag/Bi-1 I-Cu/Bi-1
140 . 142 151 e
stretching stretching
MPA librating
174 I-Cu/Bi-1I
stretching

A. Low Frequency Raman Vibration

Perovskite

Modes Elaboration of MPA-AgBils

Density-functional perturbation theory calculations were applied to calculate and

understand the vibrational modes of MPA-AgBilg with the computational method

described in the Experimental Section number 10. The mode illustrations are in

Figure 4-10, and the symmetry and description of different modes are summarized in

Table 4-6.
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Figure 4-10 Low frequency vibration modes in the crystal structure as calculated for

MPA-AgBil;g perovskite, shown from two different perspectives.

Table 4-6 Full description of the assignments of the vibration modes in the low

Raman frequency region (0-200 cm™) of the Ag-based 2D double perovskite.

Peak Freq. of Symmetry Description Mode #
Frequency | Main Mode

[em™] [em™]

31 29.9 A In- and out-of-plane bond angle 9

distortions of octahedra. Ag
octahedra tilt.
54 52.1 A Bond angle distortions. In-plane | 31
and out-of-plane motion of Bi
and Ag centers.
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111 111.3 B In-plane bond length distortion 77
on octahedra. Slight bond length
distortion along out-of-plane I-

Bi-I bonds.

129 127.6 A In-plane bond length distortion 92
on octahedra. Bond angle
distortion on Bi-centered

octahedra. Symmetric bond
length distortion on out-of-plane

[-Ag-I bonds. In-plane motion of

Bi centers.

140 142.8 A In-plane bond-length distortion | 103
of octahedra. Motion of Bi

centers.

In all modes, molecules librate and have some degree of internal twisting. Where a
distortion or motion is mentioned without specifying whether it is in or out of plane,
the distortion has components in both directions. A and B are Mulliken symbols,
irreducible representations for point group C>, where A is symmetric and B is
antisymmetric. The peak position after applying 6 cm™ Gaussian broadening is given

in the first column, and the dominant mode from DFT is given in the second column.
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B. Low frequency Raman Vibration Modes Elaboration for MPA-CuBils

Perovskite

The simulation of the Raman vibration modes is based on DFT calculations. The
mode illustrations are in Figure 4-11, and the symmetry and description of different

modes are in Table 4-7.
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Figure 4-11 Low frequency vibration modes in the crystal structure as calculated for

the MPA-CuBilg perovskite, shown from two different perspectives.

Table 4-7 Full description of the assignments of the vibration modes in the low

Raman frequency region (0-200 cm™) of the Cu-based 2D double perovskite.

Peak Frequency Freq. of Main Mode Symmetry Description Mode #
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[em™]

[em]

33

46.6

Octahedra bond angle distortion.
In-plane motion of octahedral

centers.

11

59

61.3

Angle distortion of in-plane and
out-of-plane octahedra bonds.

Motion of Cu.

21

76

76.4

In-plane bond angle distortion of
in-plane bonds. Bond angle
distortion of out-of-plane Cu
octahedra bonds. Tilting of Bi

octahedra.

33

111

109.2

Cu centers move in plane. In-plane
Cu octahedra bond angle distortion.

Octahedra bond length distortion.

54

132

132.4

Bond angle distortion on Cu
octahedra. In-plane bond length
distortion of both Bi and Cu

octahedra. Slight bond length

67
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distortion of out-of-plane Bi
octahedra bonds. Cu atoms move in

plane.

In-plane bond length distortion on
151 153.2 A Bi and Cu octahedra. Cu atoms

move in plane.

NH3 group rotation. Bond length

174 171.8,175.8 A 90, 92

distortion of octahedra.

In all modes, molecules librate and have some degree of internal twisting. Where a
distortion or motion is mentioned without specifying whether it is in or out of plane,
the distortion has components in both directions. A and B are Mulliken symbols,
irreducible representations for point group Ci, where A is symmetric and B is
antisymmetric. The peak position after applying 6 cm™ Gaussian broadening is given

in the first column, and the dominant mode from DFT is given in the second column.

4.3.4 Density of States

Figure 4-12 presents the calculated partial vibrational density of states (VDOS)
of MPA-AgBilg and MPA-CuBilg based on the DFT-optimized crystal structures.
The VDOS figures describe the number of vibrational states in each unit frequency
and the partial VDOS describes how individual elements contribute to the total

vibrational states, which is shown over a 0-3300 cm™ frequency range. In Figure 4-
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12 (a), in the 0-500 cm™' region, the main contributions to vibration involve C and H,
while contributions from Bi, Ag, and I are at their strongest compared to the rest of
the spectrum. In the 500-1500 cm™' region, these contributions from Bi, Ag, and I are
less present and are superseded by contributions from C, H and N atoms. In the
vicinity of 3000 cm™!, characteristic high frequency vibrations involving H atoms, for
example, N-H or C-H stretching, are observed. After replacing Ag with lighter Cu
(Figure 4-12 (c)), vibrations with higher frequency were observed.

In the enlarged low frequency regions in Figure 4-12 (b) and (d), there is a
pronounced vibrational contribution from Bi element near 55 cm’! in the Ag-based
perovskite, but that contribution peak shifts slightly to 60 cm™ and broadens in the
Cu-based one. This demonstrates that Bi contributes significantly to low frequency
modes, involving bond bending with Bi, and makes a greater contribution when Cu
metal is involved. Ag contributes around 70 cm'and a broader peak is
observed from Cu atoms in the 60-140 cm™range, indicating that Cu
contributes more pronouncedly in low-frequency vibrations than Ag. This is likely
due to the smaller mass of Cu and greater bond strength.*’*® The I
atom contributes to vibrations in the 80-150 ¢cm region for both materials, with
slightly higher frequency for MPA-CuBils. The observation that the I atoms
contributed to higher frequencies in Cu than Ag highlights that 1 atoms couple
strongly to metal (Bi, Ag, and Cu) atoms, and the shift reflects structural differences
in bonding geometry and octahedral distortion, as shown in Table 4-8. C and N show

broad contributions across the low frequency range in both perovskites. These mode

172



peaks are broad and overlap with inorganic lattice motions, showing that the MPA

twisting and rocking vibrations are coupled with the inorganic layer.
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Figure 4-12 Calculated partial vibrational density of states (VDOS) of (a, b) MPA-

AgBilg and (c, d) MPA-CuBils.

For MPA-AgBils, the experimental Raman vibration modes reside at 31, 53,
101, 116, and 121 cm™', while for MPA-CuBils, the vibration modes are at 32, 43,

107, 123, and 142 cm™'. According to Hooke’s law,

1 k

f=5dm (*3)

_Zn m

where k is the force constant, m is the reduced mass, f is the frequency.*’ After

treating the atoms and bonds as harmonic oscillators, & is directly proportional to
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bond strength. Since the mass of Cu is smaller than the Ag and the force constant of a
Cu-I bond (173 N/m) at is higher than that of an Ag-I bond (145.8 N/m),**® the
vibrational frequencies of Cu-based perovskite are expected to shift to higher
positions as can be confirmed by experimental results with an increase from 101 to
107, 116 to 123 and 121 to 142 cm™!, respectively.

Some researchers have combined experiments and DFT simulations to assign
the peaks to the vibration modes in low frequency Raman. For example, Quarti ef al.
attributed the vibrational frequency at 62 cm! to Pb-I bending, 94 cm™ to Pb-I
stretching in inorganic layers and the libration of organic cations at 119 and 154 cm!
in the CH3NH3Pbls 3D structure.'® Other studies exploited single crystal XRD to help
elucidate the structural distortion, such as A site libration and metal halide bond
length and angle changes that account for the low frequency vibrational peaks in 2D
perovskites.?

In terms of the optical properties of double perovskites, previous reports
revealed via partial density of states (PDOS) that they are mainly dominated by the
inorganic layer.!>* The valence band maximum (VBM) is largely contributed by I
Sp states with a small contribution from Ag 4d and Bi 6s states and the conduction
band minimum (CBM) is mainly contributed by the Bi 6p orbitals.***° From our
PDOS (Figure 4-13) and band structure (Figure 4-14) and calculations, we found that
the band edges are mostly due to p-orbitals from I atoms, with small contributions
from Ag d-orbitals and Cu d-orbitals in the VBM and Bi p-orbitals in the CBM. Our

calculations give a bandgap of 1.6 eV for the Cu-based perovskite and 2.1 eV for the
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Ag-based perovskite, showing a substantial difference between the two, unlike the
bandgaps determined from the Tauc plots. While it is unsurprising that our DFT
results do not quantitatively match the experimental bandgap, it is unclear why there
is such a discrepancy in the difference between the two structures’ bandgaps.
Possible reasons are given below.

The partial electronic density of states (PDOS) was calculated using DFT with
PBE to determine the atomic orbital character of the band edges. The same input
parameters used for relaxation of the structure were used for the SCF and non-SCF
calculations to obtain the DOS, except for a 4 x 4 x 4 unshifted k-grid with Blochl’s

tetrahedron method for Brillouin-zone integrations®' being used for the non-SCF

calculation.
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Figure 4-13 Partial electronic density of states for (a) Ag-based perovskite, and (b)
Cu-based perovskite. Energies are plotted with reference to the valence band

maximum (VBM).
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4.3.5 Band Structure

The band structure is calculated using plane-wave DFT with the PBE functional
on the relaxed theoretical structures to show the band gap of the two systems. SeeK-
path was used to obtain the k-path.>>* For the bandstructure calculation on the
theoretical Ag- and Cu-based perovskite structures, there are 30 points between each
high-symmetry point. 340 bands for Ag-based perovskite and 320 bands for Cu-based
perovskite are calculated in total, but we only depict those closest to the band edges
in Figure 4-13. All inputs for the SCF are the same as used for relaxation.

Both band gap transitions are direct at the I' and B points in the Brillouin zone.
We have found that the top of the valence band is composed of I p-orbitals, with
small contributions from Ag or Cu d-orbitals, and the bottom of the conduction band
is composed of Bi p-orbitals and I p-orbitals. Our calculations show a band gap
difference of about 0.5 eV, with the Cu-based perovskite having a theoretical bandgap
of 1.6 eV, and the Ag-based perovskite having a bandgap of 2.1 eV. There are a
variety of factors that can lead to discrepancy between theory and experiment, but it’s
not clear from our calculations why the experimental band gaps are similar. We
confirmed via random-phase approximation optical absorption calculations in
BerkeleyGW?>* that the lowest transition in the Cu-based perovskite is dipole-allowed.
Additionally, we did not include the spin-orbit coupling (SOC) effect in our
calculations, which, while typically PBE is comparable to the true bandgap, could
account for some discrepancy between our theoretical results and experiment. Spin-

orbit coupling may be especially relevant due to the presence of heavy elements Bi
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and I in our structure.*>> Compared to the experimentally obtained values of the
bandgaps of 2.03 eV for both Ag and Cu structures, the theoretical value for the Cu-
based perovskite is smaller, and the theoretical value of the Ag-based perovskite is
higher. Previous work'® on the 1D organic metal halide hybrid CsHasNsPbsCly
resulted in a difference of 0.27 eV, a nearly 8% difference between DFT with PBE
and experiment. Our results show a difference of 21% for the Cu-based perovskite,
and a 3% difference for the Ag-based perovskite compared to experiment. It appears
that in the Cu-based perovskite spin-orbit coupling, excitonic, and quasiparticle

effects do not cancel closely®® and must be directly accounted for in calculations.
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Figure 4-14 Band structure for (a) the Ag-based perovskite, and (b) the Cu-based
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perovskite. Energies are plotted with reference to the valence band maximum (VBM).
(c) The high-symmetry points in the Brillouin zone as used in the band structure of

Ag- and Cu-based perovskites.

In other work on 1D organic metal halide hybrids, specifically C4sN>H14PbBr4,
the VBM was dominated by p-orbitals of Br, while the CBM was dominated by p-
orbitals of Pb.>’ In a study of 2D lead bromide perovskites, VBM had strong Br p-
orbital character followed by Pb s-orbitals, and the CBM had strong Pb p-orbital
character.’® Our results match with the existing trend of the VBM being dominated
by metal and the CBM having significant contributions from halide (I, Cl, or Br) p-
orbitals. In each case, the halide atom is a major contributor to the band edges, with
the metal atoms affecting the size of the band gap, but not significantly changing the
character or shape of the band edges. It is expected that the contribution from Ag and
Cu would be less than the contribution from iodine in the density of states because

there are more iodine atoms in the unit cell.

4.3.6 Octahedral Parameters

There are four octahedra in each unit cell, but only two of the four octahedra are
unique, by symmetry. We calculated octahedral parameters, including bond-length
deviations (D), tilting (Dsiir), in- and out-of-plane tilting defined with respect to the (0
0 1) plane®® (Din and Do), and bond angle variance (¢°) as defined in Ref.*® Code
from Ref.>® is used to calculate the octahedral tilt distortion parameters, while D, ¢°

are calculated with VESTA.®® We have calculated ADgi; as the difference between the
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largest and smallest Diic angles for a given structure. Each similarly labeled iodine
atom in the three structures is in a similar molecular environment between the three
structures due to the orientation of the organic molecules, even if bonded to different
metal atoms (Ag or Cu). The centroid (midpoint here for two same atoms) of
disordered atomic sites was used to calculate the octahedral parameters of
experimental structures obtained from single-crystal XRD.

As shown in Figure 4-15 and Table 4-8, the arrangement of Cu octahedra in
MPA-CuBilg is more distorted than the Ag octahedra in MPA-AgBilg based on ADyi,
and therefore MPA-CuBils has the greater inversion symmetry-breaking. In Table 4-
8, the bond length distortion of Bi octahedra is about the same in both theoretical Cu
and Ag structures, but the bond angle variance of Bi octahedra is much higher in the
Cu theoretical structure. Cu and Ag-centered octahedra have greater bond length
distortion than Bi, due to Jahn-Teller effects. Ag has greater bond angle variance than
Bi, but Bi has more than Cu. DFT underestimates the disparity between Ag/Cu and
Bi octahedra within a structure. The level of distortion between Bi atoms in the
theoretical Cu-based and Ag-based structures differs. The bond length distortion
index D is nearly identical (1.07 in Cu vs 1.05 in Ag). However, the bond angle

variance, 62, is quite different (70.53% in Cu and 38.63°% in Ag).
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Figure 4-15 Octahedral tilt angles for (a) the experimental Ag-based perovskite

structure, (b) the theoretical Ag-based perovskite structure, and (c) the theoretical Cu-

based perovskite structure.

Table 4-8 Octahedral tilt angles and parameters for the Ag-based and Cu-based

perovskites. Each iodine has one equivalent site within the unit cell, by symmetry. I1

is equivalent to 12, I11 is equivalent to 112, 113 is equivalent to 114, and I15 is

equivalent to 116. D is the distortion index (bond length). ? (degrees?) is the bond

angle variance.

Structure

Vertex

Diriie (°)

Dout (°)

Din (°)

AD4yire (°)

D (x10?)

Bi

D (x10)

M=Ag,Cu

c* ()

Bi

6’ ()

M=Ag,Cu
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I1 19.07 | 18.37 | 5.21
I11 22.88 | 21.04 | 9.21
Exp. Ag 13.72 1.01 10.42 3.39 83.58
I13 14.06 | 12.53 | 6.43
I15 2778 | 27.04 | 6.63
1 18.13 | 17.50 | 4.83
11 25.48 | 23.52 | 10.10
Exp. Ag" 9.72 0.56 11.70 2.39 | 106.81
113 19.05 | 15.30 | 11.48
s | 27.85 | 26.07 | 10.15
I1 22.83 | 21.86 | 6.78
11 32.21 | 31.16 | 8.64
Theory Ag 17.84 1.05 4.26 38.63 | 53.89
113 14.38 | 13.58 | 4.76
115 28.69 | 27.33 | 9.08
I1 23.26 | 22.54 | 5.89
11 33.18 | 33.16 | 1.10
Theory Cu 19.71 1.07 2.97 70.53 | 44.65
113 13.47 | 10.78 | 8.13
115 | 28.46 | 26.06 | 11.85
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*Each similarly labeled iodine atom in the three structures is in a very similar
molecular environment between the three structures due to the orientation of the
organic molecules, even if bonded to different metal atoms (Ag or Cu).

One application of a highly distorted structure is to induce a larger Rashba effect
to modulate the spin lifetime, because the lattice distortion could break the inversion
symmetry in the crystal, which arises from the organic cation rotation and unmatched
metal halide bonds.’***"%2 The Rashba effect will split the electronic band into finer
structures and affect the spin-related excited state lifetime.®* % To this end, we have
calculated octahedral distortion parameters, in particular, ADi;, which is an indicator
of inversion symmetry breaking and has been tied to chiral light emission. We can
compare the octahedral parameters, as a measure of distortion, for the experimental
Ag structure and theoretical Ag and Cu structures. These parameters have been used
as predictors of experimental properties such as broadband emission, band gaps, and
exciton trapping. In particular, Smith ez. al. found that broadband emission upon
near-ultraviolet excitation becomes more intense with increasing out-of-plane angle
distortion.’ Additionally, larger values of ADy: indicate inversion symmetry-

3967 which enables chiral emission.’®®® Larger octahedra tilt angles also

breaking,
show wider bandgaps and greater exciton trapping.®””® We find that DFT

overestimates the level of angle distortion compared to experiment, as quantified by

ADxii, in agreement with previous work.>®
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4.4 Conclusion

In conclusion, crystalline MPA-AgBils and MPA-CuBilg were successfully
synthesized using a hydrothermal method. Their structural, photophysical and Raman
vibration modes have been studied. The structure of MPA-CuBils is more complex
than that of MPA-AgBilg, as confirmed by XRD. This enhanced complexity may
stem from oxidation. The optical studies show a similar electronic band structure and
the same bandgap, and more trap states are inferred for the Cu-based perovskite from
the TRPL measurements, implying structural distortion and strong electron—phonon
coupling. The vibrational modes of the Cu-based perovskite are at higher frequencies
than those of the Ag-based perovskite due to stronger metal halide bonds and smaller
metal mass. Furthermore, the decreased exciton lifetime supports stronger electron—
phonon coupling in the more distorted Cu-containing perovskite. The vibrational
modes for both Ag- and Cu-based Pb-free double perovskites are fully investigated
by first-principles DFT simulation and assigned to metal halide bond bending and
stretching in the octahedra, coupled to vibrations of the organic layer of the 2D
perovskites. At higher vibrational frequencies, stronger vibrational motion from the
organic layers in the structure manifests for both perovskites. DFT also shows a
slightly larger lattice distortion for the Cu-based perovskite compared to the Ag-
based perovskite, as indicated by ADyiic value. Induced centrosymmetry-breaking by
lattice distortions may open a new avenue to achieve larger Rashba effects in double

perovskites.

183



4.5 Experimental and Computational Methods
1. Materials

Ag 0O (99+%) was purchased from Acros, Cu20O (97%) was purchased from
Aldrich, and Bi203 (99.99%) was purchased from Thermo Scientific. (S)-(+)-b-
methylphenethylamine (S-B-MPA) and hydroiodic acid (57 wt% in H20, 99.99%)

were purchased from Sigma-Aldrich without any further purification.

2. Synthesis of MPA-AgBils and MPA-CuBils

Agr0O (0.232 g, 1.00 mmol) or Cu20 (0.143 g, 1.00 mmol) and Bi,O3 (0.476 g,
1.00 mmol) were dissolved in 48 wt% aqueous HI solution (diluted to 48 wt% from
57 wt%) (20 mL) under heating at 120 °C, and medium-speed stirring, resulting in a
red solution. Subsequent addition of S-B-MPA (0.540 g, 4.00 mmol) to the hot
solution led to the formation of a red precipitate, which subsequently redissolved
with continued stirring, ending up with a red solution. The solution was then cooled
to room temperature and concentrated by evaporation to yield red crystals of the

product, followed by a rinse with ethyl acetate three times.

3. SEM Measurements
Scanning electron microscopy (SEM) images were acquired with Thermo
Scientific Scios 2 DualBeam, equipped with an Oxford Instruments AZtecLive Ultim

Max 100 EDS detector.

4. Spectroscopy Measurements

The electronic absorption spectra of the powder were measured with a UV2600
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variable slit UV-Vis spectrophotometer based on reflection mode (converted to
absorption via Kubelka-Munk function) from Shanghai Tianmei Scientific Instrument.
The scanning speed was set at 600 nm/min, and the slit width was set at 5.0.

The photoluminescence (PL) spectra of the samples were acquired at room
temperature using an Edinburgh Instruments FLS1000 fluorescence photometer with
an Xe900 excitation source and a PMT1700 detector.

Time-resolved photoluminescence (TRPL) profiles of samples were determined
at room temperature using the Edinburgh pF2 light source of the FLS1000

fluorescence photometer from Edinburgh Instruments.

5. Single Crystal X-ray Diffraction (scXRD)

A single crystal of (S-MPA)4AgBils was selected under a microscope, loaded
onto a MiTeGen polyimide sample loop using Type NVH Cargille immersion oil, and
mounted onto a Rigaku XtalLAB Synergy-S single-crystal diffractometer. The crystal
was cooled to 100 K under a stream of nitrogen. Diffraction of Cu Ka radiation from
a PhotonJet-S microfocus source was detected using a HyPix6000HE hybrid photon
counting detector. Screening, indexing, data collection, and data processing were
performed with CrysAlisPro. The structures were solved using SHELXT and refined
using SHELXL following established strategies.”!”> All non-H atoms were refined
anisotropically. C-bound H atoms were placed at calculated positions and refined
with a riding model and coupled isotropic displacement parameters (1.2 x Ueq for
non-methyl C-H atoms and 1.5 x Uegq for methyl groups). Crystal structure

visualization was performed with Mercury.”*
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6. Powder X-ray Diffraction (pXRD)

Powder XRD patterns were collected on a Bruker D8 Discover Diffractometer
using Cu Ka radiation (40 kV and 40 mA) with degrees per step and time/step
parameters of 0.02 degrees per step and 0.4 s/step, respectively, at 26 angle from 10
to 60°. The simulated pXRD pattern is based on the MPA-AgBilg scXRD data at 290

K from Li’s work.'® The theoretical pXRD patterns were simulated via VESTA.

7. Low Frequency Raman Spectroscopy (0 cm™ to 200 cm™)

Low frequency Raman spectra were acquired by an Olympus BX51 microscope
equipped with an ONDAX THz-Raman spectroscope probe. 976 nm excitation laser
was generated at the source (THz-Raman) with a power of 500 mW, and the power
onto the sample is about 150 mW after decaying. The built-in amplified spontaneous
emission filter and notch filter enable measurements of Raman signals down to 5 cm”
I"and we can still attain data down to 0 cm™' with uncertainties. Signal was captured
by using a 10X objective lens (Olympus, NA = 0.3, FN = 26.5). The Raman
scattering signal was directed into spectrograph (Andor SR-303i-B, 300 1/m, Blaze
1000) through fiber optics (Diamond USA) and eventually detected by InGaAs CCD

(Andor DU90A). Each spectrum was accumulated from 90 scans (1s/scan).

8. High Frequency Raman Spectroscopy (200 cm™! to 1800 ¢cm™)
High frequency Raman spectra were acquired using a Thermo Fisher DRX3
Raman microspectrometer. The laser excitation source was a diode laser (Aex = 785

nm). Spectra were recorded under the following conditions: stainless-steel substrate,
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50x% objective, collect exposure time 30 s for five accumulations, laser power 30 mW

(in focus), and aperture 50 um slit.

9. FTIR Spectroscopy

The FTIR spectra of the perovskites were collected using a PerkinElmer FTIR
Spectrum Two series spectrometer with a universal ATR sampling accessory (UATR).
This solid FTIR uses a high refractive index diamond to apply pressure on the solid
samples and guide the beam up to a few microns to the samples. To make the IR

signal intensities consistent, the force applied to all the samples was at 100 N.

10. DFT Calculation

We performed first-principles density-functional perturbation theory’
calculations as implemented in Quantum ESPRESSO’® on R-MPA-XBils (X=Ag, Cu)
with the Perdew-Burke-Ernzerhof (PBE)’” exchange-correlation functional to predict
and understand its vibrational modes (Raman and IR). PBE was used for both
structural relaxation and for the calculation of Raman frequencies. Another
exchange-correlation functional, Local Density Approximation (LDA), was used to
calculate the Raman tensor as a separate calculation, as calculation of the Raman
tensor is not yet implemented for PBE in Quantum ESPRESSO version 7.2, allowing
us to obtain Raman intensities. The calculation of intensities as implemented in
Quantum ESPRESSO is described in Lazzeri et al.’® We selected PBE as our
exchange functional due to its closer agreement with the experimental lattice
parameters compared to LDA and PBE with Grimme dispersion correction, version 2

(GD2)”® (Table 4-3). Norm-conserving scalar-relativistic pseudopotentials from
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ONCVPSP (Optimized Norm-Conserving Vanderbilt Pseudopotential) code version
3.3.0 with standard accuracy were used as obtained from Pseudo Dojo.3%%!

Relaxation fixed at the experimental lattice parameters resulted in imaginary phonon

modes.

For the Ag-based perovskite, we ran a variable-cell relaxation calculation
starting from the experimental XRD structure of (R-MPA)sAgBils from Ref.!* The R-
version of the structure was used for simulation, and all the properties would be
identical for R and S enantiomers.’® The unit cell has 212 atoms. The planewave
cutoff energy is 56 Ry. Energy convergence thresholds are 10® Ry. Our variable-cell
relaxation forces thresholds are set to 10 Ry/bohr. Our self-consistency convergence
thresholds for the ground state are set to 10"'® Ry. The BFGS geometry optimization
algorithm is used for structural relaxation, with the trust radius set to 10~ bohr. The
components of the stress tensor were converged to a magnitude of less than 1 kbar.
We use only the I'-point for k-point sampling, given the large unit cell. We use 1071
for the phonon convergence threshold. These strict thresholds for both structural
relaxation and calculation of phonons were required to accurately obtain the lowest
frequency phonon modes — at less stringent thresholds, imaginary phonon modes
were obtained. We combine PBE Raman frequencies with LDA Raman intensities
and apply the acoustic sum rule. Our methods for MPA-CuBilg are the same, starting
again from the experimental Ag-based structure of Ref.,!* but substituting Cu atoms

for Ag before structural relaxation.
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The DFT results are a temperature-independent reduced Raman spectrum.
Temperature dependence has been removed from the experimental Raman spectra, to
generate a reduced Raman spectrum, by multiplying the experimental intensity by the

temperature factor**:
_hw
) (1 —e kT ) (4-4)

where o is frequency in s, % is the reduced Planck constant (1.054571817x1073* J-s~

1, k is the Boltzmann constant (1.380649x1072* J-K™"), and T is the temperature in

Kelvin (293 K).
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5 Ni Doping Effect on the Spin Lifetime in CsPbBr3 QDs

5.1 Abstract

Quantum applications, such as
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on the spin lifetime in the CsPbBr3
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spin flips during electron-defect scattering

perovskite QD system. The synthesized
Ni-doped QDs exhibit several nanometers of blue-shift absorption and PL peaks
compared to pristine ones. SEM shows a cubic shape and a 10-20 nm size. The XRD,
Raman, and XPS measurements suggest that Ni** goes into the host CsPbBr; QDs
lattice. Further, from the semi-quantitative EDS study, the Ni doping concentrations
are 0.1%, 0.3%, and 0.8%, with Ni-to-Pb loading ratios of 25%, 33%, and 50%,
respectively. With the ultrafast pump—probe system and the spin-selective pump, the
spin dynamics of the pristine and Ni-doped CsPbBr3 QDs were studied and extracted
via the single exponential decay function. The extracted spin lifetime shows a rise
from 1.4 to 1.7 ps and then a drop to 1.1 and 0.9 ps as the Ni doping content
increases, and the spin relaxation mechanism was explained by the domination of the
Elliott—Yafet (EY) mechanism. The doping concentration influences both surface

passivation and defect formation within the lattice, thereby determining the dominant
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spin relaxation pathway in this 3D perovskite quantum dot system.

5.2 Introduction

Owing to their facile synthesis, low cost, abundant tunability, and exceptional
optoelectronic properties, metal halide (MH) perovskites have emerged as a hot class
of research materials over the past decade, since the report utilizing MAPbI3 as the
light absorber.! Besides their well-known applications in photovoltaics, metal halide
perovskites have also been widely explored for light-emitting diodes,?
photodetectors,® lasers,* and other emerging optoelectronic applications.’ Their
compositional tunability, strong light-matter interaction, defect tolerance, and
solution processability make them highly versatile semiconductor platforms. More
recently, their strong spin—orbit coupling (SOC), together with structural inversion
asymmetry, has attracted increasing interest in spin-related optoelectronics.®’ In non-
centrosymmetric metal halide perovskites, the combination of SOC and broken
inversion symmetry can induce Rashba- or Rashba—Dresselhaus-type spin splitting,
enabling the generation, detection, and manipulation of spin-polarized carriers.®®
Therefore, metal halide perovskites are emerging as promising candidates for
spintronics, spin-optoelectronics, and quantum-information-related photonic
applications.

With the growing demand for energy-efficient computing and information
processing, the use of spin degrees of freedom has become an important strategy for

developing next-generation low-power and quantum-related technologies.”!? In these
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applications, the spin lifetime is a key parameter because it determines how long spin
information can be preserved before decoherence.!! However, although strong SOC
is beneficial for efficient spin generation and manipulation, it can also accelerate spin
relaxation.'® For example, composition-dependent studies on lead halide perovskites
showed that the room-temperature spin lifetime increases as the molar mass
decreases, suggesting that SOC plays a dominant role in carrier spin relaxation.'*!?
Similarly, lead-free CsSnBr3; nanocrystals, which have weaker SOC than lead halide
perovskites, exhibited prolonged room-temperature spin lifetime while still
maintaining efficient optical orientation.'* Therefore, partially replacing heavy-metal
components or introducing dopants provides a practical route to tune spin relaxation
in metal halide perovskites.

Doping can modify the local lattice structure, electronic states, defect
environment, and metal-halide orbital interactions, thereby affecting both carrier
dynamics and spin relaxation pathways.'> For example, Cheng et al. reported dopant-
induced slow spin relaxation in CsPbBr; perovskite nanocrystals and demonstrated
that metal-ion doping can effectively prolong spin lifetime in quantum-confined
perovskite NCs.!¢ This suggests that dopant engineering is a promising strategy for
optimizing perovskite materials for spin-based optoelectronic and quantum-related
applications.

The spin relaxation in metal halide perovskites is generally discussed in terms of
three major mechanisms: Elliott—Yafet (EY) scattering, D’yakonov—Perel’ (DP)

relaxation, and electron-hole exchange (EHE) interaction.!>!*!""° In the EY
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mechanism, SOC mixes spin-up and spin-down states, so spin flips occur during
momentum-scattering events such as electron—phonon or electron—defect
scattering.!%?® Therefore, stronger scattering generally leads to faster spin relaxation.
Temperature-dependent studies on CsPbBr; and MAPbBr3 perovskite quantum dots
showed that the carrier spin lifetime of CsPbBr; increases significantly at lower
temperature, which was mainly attributed to the EY mechanism modulated by
reduced electron—phonon interaction at cryogenic temperatures.?’ In contrast, the DP
mechanism usually dominates in systems with broken inversion symmetry.!”! In this
case, spin relaxation arises from spin precession in an effective spin—orbit field
between scattering events; increased momentum scattering can interrupt the spin
precession process and thus prolong the spin lifetime, giving an opposite scattering
dependence compared with the EY mechanism.!®?! The EHE mechanism is an
intrinsic excitonic spin relaxation pathway, where electron—hole exchange interaction
drives exciton spin precession without requiring external scattering.'*?> Such
exchange-related fine-structure splitting and exciton spin dynamics have been
observed in perovskite nanocrystals, highlighting the importance of excitonic effects
in quantum-confined perovskites.

Ni2* was selected as the dopant because of its paramagnetic 3d® electronic
configuration, which can introduce localized magnetic moments into CsPbBr3 NCs
and potentially interact with photogenerated carriers. Such magnetic dopants may
modulate spin relaxation dynamics through carrier—spin coupling, impurity scattering,

localized electronic states, and local lattice perturbation.!®?* In addition, the ionic-
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size mismatch between Ni** and Pb?*" may induce local structural distortion or
symmetry perturbation, which could influence Rashba-type spin splitting associated
with SOC and broken inversion symmetry. Inspired by previous reports showing that
dopant-induced carrier trapping can suppress EHE-mediated spin relaxation in
CsPbBr3; NCs, where Bi doping prolonged the spin relaxation time from ~4.4 ps to
~24.6 ps, Ni** doping is expected to tune EHE-, EY-, and SOC-related spin-
dephasing pathways.'®2°

In this paper, we report the Ni doping effect on the spin lifetime in the CsPbBr;3
system. Absorption and PL spectra peaks showed a blue shift in the doped samples,
and XRD and TEM revealed a decrease in lattice spacing, indicating incorporation of
Ni into the host lattice without altering the host cubic structure. By selecting the right
circularly polarized pump, the spin lifetime exhibited a non-monotonic dependence
on Ni concentration, increasing at low doping levels and decreasing at higher doping

levels. An optimal spin lifetime was obtained at a Ni/Pb ratio of 25%. This is

explained by the domination of the EY mechanism.

5.3 Results and Discussion

Figure 5-1 shows the UV-Vis absorption and PL spectra of pristine and Ni-
doped CsPbBr3 QDs dispersed in toluene in solution state. The absorption spectra
exhibit peaks at 508, 505, 502, and 504 nm for pristine and 25%, 33%, 50% Ni-
loaded CsPbBr3 QDs. Correspondingly, PL spectra show peaks at 513 and 506-508
nm for pristine and Ni-doped CsPbBr; QDs. The absorption and PL peaks blue-

shifted after the introduction of Ni, with absorption peaks shifting by 3-6 nm and PL
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peaks shifting by 5-7 nm, respectively, which is in accordance with the blue shift
after Ni doping in such QDs reported in the literature.?>?® The blue shift is probably
due to the lattice size contraction after incorporation of the Ni ion ((Pb*' ions (r =
1.19 A) vs Ni** ions (r = 0.69 A)) and negligible effect on the bandgap structure of

host CsPbBr; because no obvious new optical features are observed.?”-*

a) o025 b
( ) 0.0 e ( ) 10l 506-508 513
— S| T S o

0.20 — 25% Ni loaded CsPbBr; QDs
> — 33% Ni loaded —25% Ni loaded
2 ' L= = 50% b loaded] 08 339% Ni loaded
8 015} = ——50% Ni loaded
= S N 2 06}
c ~oo —.502 N\ k)
o N C
S o10} = |
5 > 04
o o
8 oosf 0.2}
<

0.00 0.0

300 350 400 450 500 550 425 450 475 500 525 550 575 600
Wavelength (nm) Wavelength (nm)

Figure 5-1 Optical properties of pristine and Ni-doped CsPbBr; QDs in solution
state. (a) UV-vis absorption and (b) PL spectra of pristine and Ni-doped CsPbBr3

QDs. Inset in (a) is the enlarged absorption peaks around 500 nm.

SEM images in Figure 5-2 (a) and (b) demonstrate a cubic shape and a
dispersed size distribution of 10-20 nm, indicating homogeneous particle size and
sufficient control over the conditions during hot-injection synthesis.? TEM images in
Figure 5-2 (c) and (d) show a decrease in the lattice spacing of the (200) plane from
3.28 A to 3.04 A with the rise of Ni ion, which exhibits the shrinkage of the lattice

spacing and implies the incorporation of Ni in the lattice.>*!
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Figure 5-2 SEM images of (a) pristine and (b) 25% Ni-loaded CsPbBr3; NCs under a
100 um scale bar. High-resolution TEM (HRTEM) images of (c) pristine, (d) 25%

Ni-loaded CsPbBr3 NCs under a 5 nm scale bar.

To determine the change in lattice structure after the introduction of Ni%* into
host QDs, the powder XRD experiment was performed. Figure 5-3 (a) shows the
XRD pattern of the pristine and Ni-doped samples deposited on the borosilicate glass
substrate. In the pristine sample, the diffraction peaks at 15.2°, 21.4°, and 30.7°
match well with the cubic phase in the standard Powder Diffraction File (PDF) card
(PDF#52-0752).3%32 As displayed in enlarged XRD pattern of Figure 5-3 (a), the
incorporation of the Ni** into the CsPbBrs lattice leads to a slight broadening and a

shift to a lower degree (from 30.7° to 30.66°, 30.64°, and 30.6°) compared to the
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pristine sample at the (200) crystal plane. This result suggests that Ni** enters the
host lattice and induces local structural disorder, thus deteriorating the crystal quality.
Raman spectra in Figure 5-3 (b) show a gradual shift to higher frequencies of the
transverse optical (TO) phonon modes in CsPbBr3 QDs, which implies the short bond
length and stronger bond strength as more small-sized Ni are in the lattice. At the
same time, the Ni-Br bond vibration peaks start to emerge and grow stronger in the
treated samples.>*** All the measurements so far agree well with the presence of Ni

doping in the CsPbBrs; lattice.
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Figure 5-3 (a) XRD pattern and zoomed-in XRD pattern focusing at (200) crystal

plane and (b) Raman spectra of the pristine and Ni-doped CsPbBr3; QDs.

Figure 5-4 shows XPS spectra as a supplemental experiment confirming the
elemental composition and Ni doping in the pristine and treated samples. Taking 25%
Ni-loaded QDs as examples, the Br 3d, Cs 3d, Ni 2p, and Pb 4f signals of the
interested elements were observed, indicating the successful doping of the Ni element

into the host crystal. In Figure 5-5, Ni 2p12 and 2ps. states exhibit binding energies
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of 869.8 eV and 854.5 eV. By comparing the Ni 2p XPS signals of the pristine and
Ni-doped samples, it is further confirmed that doping occurs within the treated
crystal lattice. These observations demonstrate that the synthesized samples are as
designed. The corresponding Ni doping content is studied and confirmed by the EDS.
As shown in Table 5-1, the Pb % content decreases while the Ni % content increases.

The detailed Ni doping concentrations across the whole lattice are 0.2%, 0.3%, and

0.8% for the 25%, 33%, and 50% Ni-loaded samples, according to EDS.
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Figure 5-4 XPS images of the 25% Ni-loaded CsPbBr3; NCs. The figures are binding
energy of (a) Br 3d, (b) Cs 3d, (c) Ni 2p, (d) Pb 4f, and (e) survey spectra,

respectively, showing Ni is present.

213



(a) (b)
Ni2p1 ~ Ni2p3
B 1 /
] 500e5] L K
0 5.0095_M”’ ® e 1
< 40085 40065
£ 3.00e5 t  3.00e5]
g 2.00e5- g 2.00e5 |
O 1.00e5] O 1.00e5]
0.00e0 olooeo-
900 880 860 840 820 900 880 860 840 820
Binding Energy (eV) Binding Energy (eV)
(c) (d)
6.005 Ni2p3
. e Ni2p1
. ol 5.00e5 -
5.00e5 Nogr  N2o3
e ] w 400e5 S L
~  4.00e5/ - -
2 1 £ 3.00e5
E 3.00e5, c
l © 2.00e5
8 2.00e5 S
1.00e5 ] 1.00e5
0.00€0 0000l —
880 860 840 820 880 860 840 820
Binding Energy (eV) Binding Energy (eV)

Figure 5-5 XPS spectra of the pristine and 25 %, 33 %, 50 % Ni-loaded CsPbBr3

QDs, showing Ni element signal in the Ni-loaded QD samples.

Table 5-1 Elemental compositions of pristine and Ni-doped CsPbBr3 QDs

determined by EDS.
Pb Ni Cs Br Total
Pristine 19.9 0 19.3 60.7 100
25% 19.1 0.2 15.3 65.5 100
33% 18.5 0.3 14.8 66.4 100
50% 15.7 0.8 14.5 69.1 100
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To avoid high-exciton-density effects such as exciton—exciton annihilation and
Auger recombination, the pump power was kept as low as possible in our system,
namely 25 nJ per pulse.*3® In Figure 5-6 (a-d), the absorption peak positions
blueshift by 3-6 nm for Ni-doped samples, in accordance with the UV-Vis absorption
spectra. By comparing TB spectra of pristine and Ni-doped QDs, we find that
incorporating Ni** alters the dynamics of ground-state bleach recovery. A feature at a
longer wavelength of 513 nm shows up and decays to 0 quickly after 100 ps. This is
probably due to a shallow local trap state induced by Ni, which changes the band
structure.’” Figure 5-6 (e) displays the TB average recovery time extracted from the
double exponential fitting. The fitting method and average time are based on
equations (1) and (2) below. The average recovery time first rises, then decays with
increasing Ni doping. This means that a small amount of Ni doping can passivate
lattice defects and improve the exciton lifetime; in contrast, excessive Ni doping can
degrade crystal quality and induce additional local trap states, thereby decreasing the
exciton lifetime.?® This result is also supported by the TRPL fitting data shown in
Figure 5-6 (f). A detailed summary of fitting parameters is provided in Tables 5-2

and 5-3.
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2 2
A1T1+A2T2

T = — 5-2
avg A1T1+A2T2 ( )

Table 5-2 Fitting parameters of the transient bleach recovery kinetics of pristine and

Ni-doped CsPbBr3 QDs under 450 nm excitation.

Pristine 25% Ni 33% Ni 50% Ni

Al 05+01  -05+01  -05+0.1  -0.6+0.1
11 (ps) 74 £ 6 60 + 3 50 +2 58+ 4

As 03+0.1  -02+01  -03+0.1  -02+0.1

12 (ps) 965+ 100 1362 +300 1015+ 100 456 + 100

Tovg(ps)  882£100 1244200 927+100 365100

Table 5-3 Fitting parameters of TRPL decay traces of pristine and Ni-doped

CsPbBr3; QDs, excited at 400 nm and monitored their respective peak positions.

Pristine 25% Ni 33% Ni 50% Ni

Al 04+0.1 04+0.1 0.5+0.1 09+0.1
71 (ns) 0.6 +0.1 1.2+0.1 1.1+0.1 0.2+0.1
Az 0.6 +0.1 0.5+0.1 0.5+0.1 04+0.1

T2 (ns) 44+0.1 51+0.1 54+0.1 3.7£0.1

Tavg(ns)  4.10.1 4.4+0.1 4.6 0.1 3.3+0.1

217



In Figure 5-7 (a-d), the transient absorption traces obtained under co-circularly
and counter-circularly polarized pump—probe configurations exhibit opposite
recovery behaviors, consistent with previous reports from our group.?*** For
comparison, the signals were normalized to their long-time delay values, where the
transient response approaches the baseline. This normalization enables direct
comparison of the spin-dependent signal amplitudes and facilitates extraction of the
spin dynamics from the difference between the co- and counter-circularly polarized
measurements.

In the co-circularly polarized configuration (c*/c*), the probe interrogates the
same spin-selective transition that has been populated by the circularly polarized
pump pulse. As a result of state filling in the conduction band, the absorption is
reduced, producing a strong transient spin signal, as shown in Figure 5-7 (a)-(d).

In contrast, counter-circular probing (¢'/c°) addresses transitions involving the
opposite spin channel, which remains largely unoccupied immediately after
excitation. Therefore, the corresponding spin signal is significantly weaker.

The difference between the co- and counter-circularly polarized signals reflects
the degree of spin polarization and can be expressed as: S(t) x (c/6") — (6'/57). The
temporal decay of S(t) provides direct access to the spin relaxation dynamics of the
system and these dynamics can be influenced by several mechanisms, such as
Elliott—Yafet scattering, D’yakonov—Perel relaxation, and electron-hole exchange

interactions.!®!%2! The detailed spin relaxation fitting result is presented in Table 5-4.
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Figure 5-7 Decay trace (a-d) and fitting (smoothed curve) (e) of the spin relaxation

of the pristine and 25%, 33%, 50% Ni-loaded CsPbBr; QDs probed at their

absorption peak in TA spectra.
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Table 5-4 Fitting parameters of spin relaxation dynamics of pristine and Ni-doped

CsPbBr3; QDs under RCP excitation at 450 nm.

Pristine 25% Ni 33% Ni 50% Ni

Al 17404  1.6+0.1  22£03  3.9+06
t(ps)  1.4+03 1.740.1 1.1£0.1  09=0.1

Tavg(ps) 1.4+03 1.7+ 0.1 1.1+0.1 0.9+0.1

The spin relaxation dynamics exhibit a non-monotonic dependence on Ni*
doping concentration. In our previous study on the spin relaxation mechanism in
CsPbBr3 crystals, we suggested that spin relaxation in CsPbBr; quantum dots is
primarily governed by the EY mechanism. This conclusion was supported by the
absence of the strong temperature dependence typically associated with the DP
mechanism.?*® These findings suggest that the EY mechanism is likely the dominant
spin relaxation pathway in the present system. As shown in Figure 5-8, under right-
circularly polarized excitation (¢°), spin-selective optical transitions are governed by
angular-momentum conservation, with Amj = +1. A o pump with angular
momentum -h preferentially excites carriers from the valence band to the conduction
band with a specific angular momentum projection, e.g., mj=+1/2, leading to the
polarization in the spin state population of m;j=-1/2 over that of m;=+1/2 in the
conduction band. At low doping levels, the incorporation of Ni*" effectively
passivates surface defects and reduces trap-assisted scattering as evidenced by the

increased photon lifetime, thereby enhancing spin lifetime. This improvement can be
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attributed to the suppression of spin relaxation channels associated with defect-
mediated EY mechanism, in which spin flips occur during momentum-scattering
events such as electron—defect or electron—phonon scattering.>

However, as the Ni*" concentration increases, the introduction of localized
magnetic moments and impurity states becomes dominant. These local states enhance
spin-defect scattering via inducing more trap states, thereby favoring spin relaxation.
In addition, the increased impurity density can promote carrier localization, further
contributing to spin decoherence. The competition between defect passivation at low
doping levels and impurity-induced scattering at higher concentrations results in the

observed non-monotonic behavior of spin lifetime.
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Figure 5-8 Proposed spin relaxation pathways in the pristine and 25 %, 33 %, 50 %

Ni-loaded CsPbBr3; QDs. Ni-to-Pb ratios are 1%, 1.6%, and 5% according to the EDS

results.

5.4 Conclusion

The pristine and Ni-doped CsPbBr; QDs were synthesized via the hot injection

method, and their crystal structure, electronic structure, doping concentrations, and
transient absorption and spin dynamics were investigated. Ni doping doesn’t

dramatically change the host cubic crystal structure but introduces local lattice
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distortion and symmetry breaking. The doping concentrations are revealed at 0.2%,
0.3%, and 0.8%, respectively, with increasing loading conditions, indicating a low
doping level despite a high Ni-to-Pb loading ratio. The spin relaxation mechanism in
Ni-doped CsPbBr; is primarily governed by the EY and EHE interactions, with
lattice defects playing a critical role in determining the dominant spin relaxation
pathway. Further mechanistic studies are required, such as low-temperature spin
experiment, which is the key to distinguishing the EY and DP mechanisms. This
study may be conducive to understanding how magnetic dopants regulate the spin

lifetime in perovskite materials.

5.5 Experimental Methods

1. Materials

CsBr (99.9%) was purchased from Fisher Scientific, PbBr> (98%) was
purchased from Thermo Scientific, and NiBr2 (98%) was purchased from Sigma-

Aldrich. All the chemicals were as received without any further purification.

2. Synthesis of CsPbBr3 QDs and Ni doped CsPbBr3 QDs

Undoped and Ni-doped CsPbBr3 nanocrystals (NCs) were synthesized using a
hot-injection method reported previously. Cesium source, cesium oleate, was first
prepared, by loading Cs>CO3 (0.407 g), oleic acid (OA, 1.5 mL), and 1-octadecene
(ODE, 20 mL) into a 50 mL three-neck flask. The mixture was stirred under vacuum
at 130 °C for 1.5 h until Cs2CO3 was completely dissolved. The resulting cesium

oleate solution was then cooled to 100 °C and kept for later use.
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For the synthesis of undoped CsPbBr3 NCs, PbBr (0.276 g), ODE (20 mL), OA
(2 mL), and oleylamine (OAm, 2 mL) were added to a 100 mL three-neck flask. The
mixture was dried under vacuum at 120 °C for 30 min with continuous stirring. The
temperature was then rapidly increased to 180 °C, followed by swift injection of the
pre-prepared cesium oleate precursor solution (1.6 mL). After 5-10 s of reaction, the
flask was immediately cooled to room temperature using an ice-water bath to
terminate nanocrystal growth.

The crude product was purified by centrifugation at 5000 rpm for 10 min. The
collected precipitate was re-dispersed in hexane and centrifuged again at 5000 rpm
for 10 min. The resulting supernatant was collected and used for further
characterization and measurements.

The Ni-doped CsPbBr; NCs were synthesized using the same procedure as
CsPbBr3; NCs, except using a mixture of PbBr; and NiBr; as the source. The 25%,
33%, and 50% Ni loading ratios in this work correspond to 1:3, 1:2, and 1:1 molar

ratios of NiBr2 to PbBr», respectively.

3. Spectroscopy Measurements (Absorption, PL and Transient Absorption

Spectra)

UV-vis absorption spectra were measured with an Agilent Technologies Cary 60
UV-Vis Spectrophotometer with a xenon source lamp. The photoluminescence (PL)
spectra were acquired using a HORIBA Jobin Yvon Fluoromax-3

spectrofluorometer.
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Transient bleach (TB) measurements were performed using a Light Conversion
femtosecond transient absorption spectroscopy system. Laser pulses were generated
by a ytterbium-doped potassium gadolinium tungstate (Yb) laser source (PHAROS,
Light Conversion) operating at a fundamental wavelength of 1030 nm with an
average power of 10 W, a repetition rate of 20 kHz, and a pulse duration of 159 fs.

Approximately 90% of the fundamental output was directed into an optical
parametric amplifier (ORPHEUS, Light Conversion) to generate tunable excitation
wavelengths. The pump wavelength of 450 nm was produced through frequency
conversion in a second-harmonic generation module (LYRA, Light Conversion). The
pump beam was then directed to the sample housed within the transient absorption
spectrometer (HARPIA, Light Conversion).

The remaining 10% of the fundamental beam was routed directly to the
HARPIA unit and focused into a sapphire crystal to generate a white-light
supercontinuum probe through self-phase modulation and other nonlinear optical
processes. The broadband probe covered the spectral range of 350-800 nm,
encompassing the absorption region of the samples studied. The temporal delay
between the pump and probe pulses was controlled by an automated motorized
translation stage.

Transient absorption data were acquired using the Light Conversion HARPIA
software in conjunction with an Oxford Instruments Andor spectrometer. The
transient bleach recovery dynamics were analyzed in Origin by fitting the data with a

built-in bi-exponential decay function: y = Aj*exp(-x/t1) + Ax*exp(-x/t2).
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Spin-polarized transient absorption measurements were performed using the
femtosecond laser system described above with additional components to generate
and analyze circularly polarized light. The fundamental laser output was horizontally
linearly polarized and passed through a motorized Berek rotator, which was adjusted
to generate either left- or right-circularly polarized pump pulses by selecting
appropriate crystal tilt and rotation angles.

The probe beam, which remained horizontally linearly polarized, passed through
the sample and was subsequently converted into circular polarization using a quarter-
wave (A/4) plate. The circularly polarized probe was then analyzed by a Wollaston
prism, which separated the orthogonal polarization components. These signals were
simultaneously detected by two visible-array detectors coupled to an Oxford
Instruments spectrometer.

The circular polarization of the pump beam was verified using a Glan—Taylor
polarizer, while the probe circularity was optimized and confirmed using a motorized
polarizer and photodiode system. Data acquisition was performed using the Light
Conversion Dual Detection software in conjunction with an Oxford Instruments
Andor spectrometer. The transient bleach recovery data were fitted in Origin

software using a built-in single-exponential decay function: y = A1*exp(-x/t1).

Time-resolved photoluminescence (TRPL) was conducted via the time-correlated

single photon counting (TCSPC) measurements, using the Light Conversion equipment

previously described in a similar layout to the TA measurements, but with the addition

of a 420 nm long pass filter to remove the pump beam from the beam path after
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excitation, the probe light off, and the chopper disabled. The measurement was taken
using a 400 nm excitation wavelength at minimum pump power, using a 10 s collection
time, and recorded using a photomultiplier tube affixed to an Oxford Instruments Andor
Kymera spectrometer and using the corresponding HARPIA service app data acquisition
software. The data were processed in Origin and fit with a built-in bi-exponential

function, y = Ar*exp(-x/t1) + Ax*exp(-x/t2).

4. SEM and TEM Measurements

CsPbBr3; QDs and Ni-doped CsPbBr3 QDs powders were redispersed in hexane
and later dropped onto a hexagonal, 400 mesh copper grid coated with carbon film of
standard 3-4 nm thickness (Electron Microscopy Sciences, CF400H-Cu-UL) and
allowed to dry in an ambient environment. SEM images were acquired with Thermo
Scientific Scios 2 DualBeam, equipped with an Oxford Instruments AZtecLive Ultim
Max 100 EDS detector.

We used the same prepared samples from the SEM measurement for the TEM
characterization. TEM and HRTEM (high-resolution TEM) were performed at the
National Center for Electron Microscopy (NCEM) at the Lawrence Berkeley
National Laboratory Molecular Foundry on an FEI UT Tecnai microscope operated
at an acceleration voltage of 200 kV. The images were analyzed with Gatan Digital

Microscope and ImageJ software.

5. Powder X-ray Diffraction (pXRD)
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Powder XRD patterns were collected on a Bruker D8 Discover Diffractometer
using Cu Ka radiation (40 kV and 40 mA) with degrees per step and time/step
parameters of 0.02 degrees per step and 0.4 s/step, respectively, at 20 angle from 10
to 60°. The simulated pXRD pattern is based on the MPA-AgBilg scXRD data at 290

K from Li’s work.®? The theoretical pXRD patterns were simulated via VESTA.

6. Raman Spectroscopy

Raman spectra were acquired using a Thermo Fisher DRX3 Raman
microspectrometer. The laser excitation source was a diode laser (Aex = 785 nm).
Spectra were recorded under the following conditions: stainless-steel substrate, 50x
objective, collect exposure time 30 s for five accumulations, laser power 30 mW (in

focus), and aperture 50 pum slit.

7. XPS Spectroscopy

The elemental composition and chemical state were obtained on the surface and
at depths of 2-10 nm in the sample by X-ray photoelectron spectroscopy (XPS) using
a Thermo Fisher K-alpha system, with the binding energy calibrated against the C 1s

peak of graphite.

8. EDS Spectroscopy

Several regions of interest were located using energy-dispersive X-ray
spectroscopy (EDS) elemental mapping on the Thermo Fisher Scientific Apreo Field-

Emission scanning electron microscope (SEM) at UCSC. The SEM is equipped with
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an Oxford Instruments UltimMax energy dispersive spectrometer (EDS) that uses the

AZtec software, allowing for real-time element mapping.
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Appendix

6 New Insights into Non-Thermal Plasma-Assisted

Polyvinyl Alcohol Depolymerization Catalyzed by TiO2

6.1 Abstract

In this study, we investigated Oradicals .=~ S m 7 gt
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TiO,. Scanning electron microscopic (SEM) studies showed the absence of highly
viscous tar and carbonaceous residues on the surface of PVA and TiO:. In the absence
of TiOz, PVA particles exhibited micron-sized holes on their surfaces, whereas in the
presence of TiO., the surface roughness of PVA particles was observed at the
submicron scale. These observations suggest that TiO. facilitates the even
distribution of non-thermal plasma at a submicron scale, leading to a more uniform
depolymerization of PVA surfaces. Raman, Fourier transform infrared (FTIR)
spectroscopy and X-ray absorption spectroscopy (XAS) showed that (i) the surface of
residual PVA contains mainly ketone functional groups and less C-H bonds than the
pristine PVA and (ii) further confirmed the absence of highly viscous tar and

carbonaceous residues on both used TiO2 and residual PVA. The nuclear magnetic
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resonance (NMR) and mass spectrometry (MS) analyses suggested the PVA is
growing back to poly polyvinyl acetate (PVAc) by esterification reaction, and the
ethers are produced by the acetal reaction between PVA and aldehyde. The
transmission electron microscopic (TEM) and X-ray diffraction (XRD) analysis
indicated no major crystal structural change of the TiO catalyst after the plasma
reactions. This study demonstrates that non-thermal plasma-assisted
depolymerization is a viable alternative to thermal depolymerization, offering the
unique advantage of converting polymer wastes into gaseous small organic molecules
without generating recalcitrant viscous tar and carbonaceous residues on the surfaces

of the polymer and TiO: catalysts.

6.2 Introduction

Consumer polymers, also known as commodity polymers, have significantly
benefited our society because of their low cost, lightweight nature, ease of processing,
and durability. These characteristics have led to the widespread adoption of consumer
polymers in numerous industries, including packaging, automotive, construction,
electronics, and healthcare.!”> However, their durability poses substantial challenges
for their disposal.®"!° Polymer wastes enter our ecosystem, contaminating oceans and
land, and infiltrating our food chain through microplastics.!!™"* Despite the
seriousness of polymer waste pollution, efforts in upcycling and recycling polymer
waste have been limited. For example, only about 5% of the 1 trillion plastic bags
used annually in the US are recycled.!*!®

A major obstacle to the recycling of polymer waste is downcycling, which
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produces materials of lower value than the cost required for the recycling process.
Thermal depolymerization methods, including pyrolysis and catalytic cracking, can
be considered upcycling under specific conditions where high yields of high-value
small organic molecules are generated. However, these methods require high thermal
energy, i.e., high temperatures (over 300°C), to break polymer bonds, and face
challenges in the disposal of carbonaceous species, coking, and tar formation.!%!’
Depolymerization at lower temperatures could alleviate these issues. Many non-
thermal plasma-assisted depolymerizations have shown a wide range of gas, liquid,
and solid products, depending on the type of polymer, plasma, and operating
conditions.!®?° These studies are summarized in Table 6-1. However, most plasma-
treated polymers show tar or coke products, or they don’t report the related
information. This hinders further practical applications in the industry as the
carbonaceous species, coking, and tar can cover the catalyst and container surface,
mix with products, and make the container hard to clean up and catalyst and valuable
products challenging to separate’'*? In addition, the conventional thermal cracking
method, which consumes huge energy, produces heavy pollution and is against the
green economy and environment nowadays.

We have recently conducted low-temperature depolymerization of polyvinyl
alcohol (PVA) with non-thermal air and nitrogen plasma generated by dielectric
barrier discharge (DBD) in the presence and absence of TiO,.” PVA was used as a
model polymer because of its variety of chemical bonds: C-C, C-H, C-O, and O-H;

TiO> was used because of its partial and total oxidation activity as well as its
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stability.”> The high energy electrons in the plasma can break down the chemical
bonds and actively react with the gas reactants and generate excited species, such as,
free radicals, excited atoms, ions and molecules, followed by the initial chemical
reaction in the depolymerization process.>*?* The major gaseous products were found
to be acetaldehyde, propionaldehyde, methane, CO>, and CO. The presence of
oxygen and TiO:2 can further enhance the yields toward aldehyde products. A key
issue remaining to be addressed is the residual polymers and catalysts. Are there
byproducts such as carbonaceous species, coke, and tar present on the surface of
polymers and catalysts? The presence of these species will significantly decrease the
activity of non-thermal plasma in contacting the raw polymer waste for
depolymerization; the presence of these species on the TiO> surface will impede its
catalytic activity.

In this study, residual polymers with and without TiO2 as a catalyst after non-
thermal air CO; and N> plasma-assisted depolymerization were characterized using
an array of techniques, including scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray diffraction (XRD), Raman spectroscopy, Fourier
transform infrared spectroscopy (FTIR), X-ray absorption spectroscopy (XAS),
nuclear magnetic resonance spectroscopy (NMR), and mass spectrometry (MS).
SEM images showed the absence of highly viscous tar and carbonaceous residues on
the surface of PVA and TiO,, and the presence of TiO: enables the surface roughness
of PVA particles at the submicron scale, indicative of even distribution of non-

thermal plasma and depolymerization reaction on the PVA surface. Raman, FTIR,
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and XAS spectroscopy showed evidence of decreased alcohol groups and generated
ketone groups in residual PVA. The NMR and MS suggested the poly polyvinyl
acetate (PVAc) and the cyclic cross-linking ether structures such as PVA-PVAc-PVA-
acetal (O-CHsCH2-O) and PVA-PVAc-PVA-propional (O-CHs:CH2CH2-O). For the
catalyst TiO2, the TEM and XRD analysis indicated no major crystal structural

change of the TiO; catalyst after the plasma reactions.

6.3 Results and Discussion

6.3.1 Non-Thermal Plasma Effect on PVA-TiO; Mixture
The PVA and PVA-TiO: mixture were first characterized using SEM to

determine the plasma effect on the surface area with and without catalyst TiO>. As is
well known, surface structure is vital in catalysis reactions and unfavorable
morphology will decrease or disable the catalyst function, leading to a low efficiency
in the polymer depolymerization reactions. The reason is that the catalyst surface acts
as an essential diffusion pathway for all the plasma species and the active sites on the
surface area are critical to promote the reaction time and efficiency in catalysis
reaction.!”!” According to the Mars-van Krevelen mechanism, the organic molecules
like PVA adsorbed on metal oxides (such as TiO,) surface are oxidized by oxygen
radicals (atoms) emerging from the crystal lattice of TiO> and then the reduced metal
oxides (such as TiO».x) are oxidized back to TiO> by uptake of gaseous oxygen,
which is crucial for the oxidative depolymerization of PVA.*¢ Also, by enhancing the
dispersion of reactant aided by the catalyst, further with the non-thermal process, we

expect the homogeneous reaction on the polymer surface, thus coking and tar
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formation will be alleviated.

SEM images for pure PVA samples
Figure 6-1 shows the SEM images of the pure PVA crystals before and after

different plasma reactions. The images show that the PVA sizes are around 0.5-1 mm
and the crystals are in cuboid shape. Except for the pristine sample, erosion effects
are present on the surface of all other samples, including the holes for the air plasma-
treated sample, the ridges for the CO; plasma-treated sample, and pits for the N>
plasma-treated sample. At 1 um scale bar, the pristine sample shows the original
defects on the surface, however, the PVA surface treated under N> plasma presents
some viscous substance-like structures, probably related to the coalescence of
scissored chain structures.?’” These images exhibit that the plasma species attack the
surface and even inside of PVA, indicating the bond breaking in the microscale. More

images of the reacted spots on the surface are in Figure 6-2.

241



Pristine

Air

CO,

Figure 6-1 SEM images of the pure PVA crystals without catalyst addition before

and after air, CO; and N non-thermal plasma at 25 °C.

Figure 6-2 shows the SEM images of the pure PVA samples before and after
different plasma treatments at higher resolutions. The images exhibit more spots
captured under the electron microscope and combined with other SEM images in the
main paper, the uniformity of the non-thermal plasma is revealed due to the uneven
electric field applied. This is evidenced by the reported non-thermal plasma-assisted
PE depolymerization work and it indicates a better design and application of the

plasma is required for polymer upcycling in the future.!'®
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Figure 6-2 SEM images of pure PVA samples before and after air, CO2 and N> non-
thermal plasma treatments at 25 °C at higher resolutions.

SEM images for PVA-TiOz mixture (2:1 and 4:1 molar ratios)
Figure 6-3 shows the SEM images of the PVA-TiO2 mixture (2:1 molar ratio)

samples before and after different plasma reactions. The images at low magnification
(500 pm) show that the PVA surface is covered by the powder clusters in different
thicknesses. After enlarging the images with a 50 um scale bar, undestroyed plain
surfaces were observed without holes, ridges or pits compared to the treated pure
PVA crystals in Figure 6-1 and Figure 6-2. This result is significant and demonstrates
an even reaction that happened on the surface with the aid of catalyst TiO» powders.

By looking at the morphology in high resolution (1 pum), the materials hold similar
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spherical morphology, confirming they are the TiO> particles other than decomposed
small pieces of PVA polymers on the surface. Figure 6-4 for PVA-TiO; 4-1 mixture
samples exhibits a similar effect. By comparing Figures 6-1, 6-3 and 6-4, TiO: helps
in achieving a more homogeneous reaction on the polymer surface, which showed
that deep craters with the size of 10-50 micrometers were produced in the absence of
TiOz in non-thermal air plasma. It is interesting to observe shallow craters with the
size of 30-50 microns in the absence of TiO» in non-thermal N> plasma. TiO:
enhanced the rate of reactions and produced more uniform PVA surfaces. Notably,
another key observation from the SEM results is the absence of coke or tar formation

in the TiO;-assisted non-thermal polymer depolymerization.

Pristine

Air

CO,

Figure 6-3 SEM images of PVA-TiO> mixture (2:1 molar ratio) samples before and
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after air, CO; and N non-thermal plasma reactions at 25 °C.

Figure 6-4 shows the SEM images of the PVA-TiO, mixture samples (4:1 molar
ratio) before and after different plasma treatments. The images show that the PVA
covered by the TiO2 on the surface is mostly in cuboid shape with 1-2 mm size. The
images at low magnification (500 um) show that the PVA surface is covered by the
powder clusters in different thicknesses. With a higher resolution at a 50 um scale bar,
a uniformed treated surface was observed without holes, ridges or pits compared to
the treated pure PVA crystals. This result is significant and demonstrates an even
reaction that happened on the surface with the aid of catalyst TiO, powders. When
focusing on the morphology in high resolution (I pm), the materials exhibit similar
spherical morphology and size, confirming they are the TiO: particles on the surface.
All in all, PVA-TiO> 4:1 mixture samples exhibit a similar morphology as PVA-TiO;

2:1 mixture samples.
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Figure 6-4 SEM images of PVA-TiO; mixture (4:1 molar ratio) samples before and

after air, COz and N> non-thermal plasma treatments at 25 °C.

6.3.2 Non-Thermal Plasma Effect on TiO; Catalyst
SEM images for TiO: powders from PVA-TiO: 2:1 and 4:1 molar ratios

Figure 6-5 shows the morphology of TiO> powders separated from PVA-TiO»
mixture (2:1 molar ratio) before and after the air, CO> and N> gas plasma reactions.
When focusing on a low resolution (1 um scale bar), we can see that the clusters of
the powders are in different shapes. After zooming in to a higher resolution (100 nm
scale bar), the individual TiO» powder particles can be observed, and their size is
around 10-20 nm. By comparing the powders in different reaction conditions, the

pristine ones have more homogenous spherical shapes, while the powders treated in
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other conditions (air, CO; and N> plasma) show smaller sizes and links between the
powders. However, there are no major morphology or shape changes observed for the
individual particles after the reactions. A similar morphology of the TiO2 powers was
also observed in the PVA-TiO; 4:1 ratio in Figure 6-6. Through more refined
morphology and structural study via TEM (see Figure 6-7, 6-8), the results of no

significant morphology or shape changes are consistent with our SEM findings.

Pristine

Air

CO,

Figure 6-5 SEM images at low magnifications (1 um) and high magnifications (100
nm) of the TiO2 powders separated from PVA-TiO2 mixture (2:1 molar ratio) before

and after air, CO; and N> non-thermal plasma reaction at 25 °C.
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In Figure 6-6, a similar morphology was observed with different shapes of TiO»
powder clusters (separated from PVA-TiO> 4:1 molar ratio). When looking at the
high-resolution images (100 nm), the size of individual TiO, powder is around 10-20
nm. However, due to the smaller amount of TiO; utilized (PVA-TiO; 4:1 molar ratio),
the size discrepancy and linkage were less observed than the powders separated from
PVA-TiO; 2:1 ratio. In summary, no coking or tar was observed on the surface and
the retained morphology suggests the reactant diffusion pathways are not deteriorated

in the plasma environment.
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Figure 6-6 SEM images at high (100 nm) and low magnifications (1 um) of the TiO>
powders separated from the PVA-TiO, mixture (4:1 molar ratio) before and after air,
COz and N2 non-thermal plasma treatments at 25 °C.

TEM images for TiO: powders from PVA-TiO; 2:1 and 4:1 molar ratios

Figure 6-7 shows the transmission electron microscopy (TEM) images of
catalyst TiO2 powders (separated from PVA-TiOz 2:1 molar ratio) in pristine, air, CO2
and N> plasma conditions. In the left and center columns of the images, The TiO2

powders show random shapes without certain forms like triangles, tetragons, or
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pentagons and they are in different orientations. In addition, from the TEM images,
the average size of different powders is around 20 nm. After enlarging the images to a
higher resolution with a 2 nm scale bar (right column images), we can observe the
crystal lattice fringes and the interplanar distance is measured to be around 0.37 nm,
calculated from the average of 10 interplanar distances, which is close to the reported
value of 0.35 nm for the signature (101) plane of anatase.?®3° However, there is a
small difference in the distances, which could be due to subtle variations of the
crystal lattice or the measurement. More bright dots observed from TiO2 powders
treated under air plasma suggest that more oxygen derived from the surface of the
TiO; catalyst participates in the plasma reaction, especially in the production of CO.,
ketone groups and the subsequent reactions. These TEM images can conclude that
the catalyst stays intact and retains the complete and unaltered crystal structure. We
speculate that the catalyst TiO, treated in PVA-TiO2 4:1 ratio presents the same
phenomenon based on other spectroscopic measurement results. Through more
refined morphology and structural study via TEM, the results of no significant

morphology or shape changes are consistent with our SEM findings.
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Cco,

Figure 6-7 TEM and HR-TEM (high-resolution TEM) images of TiO> powders
separated from the PVA-TiO, mixture (2:1 molar ratio) before and after air, CO> and
N2 non-thermal plasma treatments at 25 °C. From left to right, the scale bars are 50

nm (left column), 10 nm (center column) and 2 nm (right column).

Figure 6-8 shows more TEM images of catalyst TiO> powders (separated from
PVA-TiO; 2:1 molar ratio) in N> plasma condition. With closer observation, some

lattice fringes disappeared after the plasma reaction. This is unique under N2 plasma
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only and this phenomenon is in line with the shortened lattice spacing in Figure 6-7,
which provides a reason for the distorted crystal lattice structure. This result needs

further confirmation with other characterizations.

Pristine

2 nm

Figure 6-8 HR-TEM (high-resolution TEM) ima

ges of TiO, powders separated from
the PVA-TiO, mixture (2:1 molar ratio) before and after N> non-thermal plasma
treatments at 25 °C. The red circles show the possible holes in the catalyst TiO after

252



the N> plasma reaction.

To further evaluate the catalyst properties after the plasma reactions, Raman
spectra were acquired to determine the chemical structure changes. Figure 6-9
presents the Raman peaks of TiO; in PVA-TiO; 2:1 and 4:1 ratio before and after the
gas plasma reactions. The four signature peaks at 142, 398, 513 and 640 cm™' are
associated with symmetric stretching vibration, symmetric bending vibration, anti-
symmetric bending vibration and symmetric stretching vibration of Ti-O-Ti bond and
agree well with the anatase phase.’!* The sharp peaks for the symmetric stretching
vibration of the Ti-O-Ti bond stand out and retain high intensity after the reaction
studies. The increased intensity of the 142 cm™ peak after non-thermal N: reaction
indicates changes in the surface structure of the TiO: catalyst, likely due to surface
cleaning, nitrogen incorporation, defect passivation, or enhanced crystallinity.>>3®
Meanwhile, the intensity ratio among the three peaks in the 350 to 850 cm™ region
remains the same for all the samples, indicating the Ti-O-Ti bond remains stable and
intact. Also, the increased background for the samples treated with plasma was
noticed and it could be due to the degradation effect of PVA (-CH2-CHOH-), and
some solid residues are left on the surface of the catalyst indicated by the C-C stretch
vibration at 865 cm’!, in turn, implying the catalyst surface was involved in the
plasma-assisted polymer degradation.**** This chemical structure study demonstrates
the high stability of the catalyst TiO> used in the plasma reaction, without the
deactivation caused by the accumulation of carbonaceous residues,*' providing an

excellent example of intermediates for non-thermal polymer depolymerization.
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Figure 6-9 Raman spectra of TiO2 powders separated from PVA-TiO2 mixture in (a)
2:1 molar ratio and (b) 4:1 molar ratio before and after air, CO2 and N> non-thermal
plasma reaction at 25 °C. The green boxes show the same peak position among
different conditions.

Figure 6-10 shows the XRD pattern of the TiO> powders before and after the
plasma reactions. All XRD patterns indicate the well-defined crystal structure of TiO>
before and after the reactions. The diffraction peaks remain the same under different

conditions and peaks at 25.2°, 37.8°, 48.0°, 54.0°, 55.1°, 62.7°, 69.0°, 70.3° and 75.1°
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assigned to (101), (004), (200), (105), (211), (204), (116), (220) and (215) diffraction
planes match well with the anatase phase of Ti02.**** We can conclude that the
crystal structure of the catalyst TiO, stays intact and there are no O* holes induced

local structure distortions under the plasma reactions.
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Figure 6-10 XRD pattern of TiO2 powders at the pristine state and after air, CO2 and
Nz plasma reactions. The TiO2 anatase phase PDF card was put at the bottom of the
figure for reference.®’
6.3.3 Non-Thermal Plasma Effect on Solid PVA Residues

Figure 6-11 shows the Raman peaks of PVA, PVA separated from PVA-TiO:
mixture in 2:1 and 4:1 molar ratio under air, CO> and N> non-thermal plasma
reactions. In Figure 6-11 (a) for the pristine PVA samples, after the gas plasma
reactions, the peak at 2910 cm™ assigned to the CHa stretch increases the intensity,
suggesting the production of the CH> bond and the breaking of the C-OH bond in the
(-CH2-CHOH-) backbone at the same time.*® Under the air and N> plasma conditions,

255



a significantly increased background was observed, showing a high fluorescence
intensity, which is due to the generated short fragments of depolymerized materials
on the surface.’®*’ These results confirm that the depolymerization reaction happened
on the surface. In the N, plasma-treated samples, the intensity of peaks attributed to
the C-OH vibrations decreases dramatically while the CH> bond intensity increases
largely compared to the pristine samples, demonstrating the scission of the C-OH
bond and hydrogenated to CH: in the structure, which was discussed in the gaseous
products.” In conclusion, these Raman spectra indicate the cleavage of the C-OH
bond in the repeating units of the PVA and of all the reaction conditions, N> plasma
demonstrates the highest efficiency in breaking the C-OH group and generation of a
further related function group, in line with the result of higher selectivity to the
aldehydes in N plasma in the gaseous products.’

In Figure 6-11 (b) and (c), the TiO, was added as a catalyst to promote
depolymerization efficiency. The PVA-TiO, samples were washed to separate PVA
from the mixture before being characterized, although a small amount of the TiO> can
still be found on the surface as indicated by the vibration of Ti-O-Ti bond peaks.
Since we are focusing on the PVA depolymerization after the reaction, the TiO2
signals are the catalyst residual on the surface and won’t be discussed here. For the
samples with a PVA-TiO» 2:1 ratio (Figure 6-11 (b)), the intensity of peaks assigned
to the C-C stretch, C-OH vibrations, CH> bend and the CH> stretch increases by the
same degree, implying the similar degradation effect on the solid samples. For the

samples separated from a PVA-TiO> 4:1 ratio (Figure 6-11 (c)), the intensity of
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different peaks shows a similar trend to those with a PVA-TiO; 2:1 ratio. All the
spectra from both PVA-TiO, 2:1 and 4:1 ratios don’t show the fluorescence
background, which could be due to the washing on the PVA surface. Nonetheless, in
the gaseous products study, the TiO> catalysts enhanced the total oxidation of PVA to
CO: evidenced by that decreasing the amount of TiO2 (PVA-TiO; 4:1 molar ratio) led
to the return of aldehyde products and CO.” The aid of degradation or selectivity

effect was not observed in the solid products.
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Figure 6-11 Raman spectra of PVA samples (a) without TiO» addition, (b) separated

from PVA-TiO; 2:1 molar ratio, (c) separated from PVA-TiO> 4:1 molar ratio before
and after air, CO; and N> non-thermal plasma at 25 °C. The green boxes show the

same peak position among different conditions.
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Figure 6-12 shows the FTIR spectra for PVA samples with and without TiO> in
different plasma conditions to fully investigate the chemical structure. For the PVA
samples in Figure 6-12 (a), we assigned the peaks at 3271 cm™!, 2908 cm™!, 1711 cm’!,
1417 cm™, 1089 cm™ and 844 cm to O-H stretching, CH stretching, C=0 stretching,
CH: bending, C-O stretching in acetyl group, C-C stretching vibrations, in
conformity with earlier studies.””*’* The O-H stretching vibration decreases after
the plasma reaction, indicating the cleavage of the O-H bond and the left H will be an
active species for PVA decomposition reactions. Also, the decrease of the CH
stretching intensity suggests the CH-OH bone breaks down with the reaction. In the
meantime, the increase of the C=O stretching vibration implies that more carbonyl
groups have formed due to the reaction on the OH group. The original C=0
stretching is attributed to the residual acetate group after the preparation of PVA from
hydrolysis of polyvinyl acetate or oxidation during synthesis and processing.*’** The
C-C bond intensity decreases after the plasma reactions, indicative of the PVA
backbone cleavage. These results inform the fracture of the main structure and O-H
bond with the formation of the C=0O bond, during which the N> plasma reaction
exhibits the highest efficiency.

For the PVA samples treated with TiO2 catalyst (PVA-TiOz 2:1 and 4:1 ratio),
we assigned the peaks 3272 cm!, 2909 cm™!, 1714 cm™, 1417 cm™, 1089 cm™ and
844 cm! to O-H stretching, CH stretching, C=0 stretching, CH> bending, C-O
stretching in acetyl group, C-C stretching vibrations. The O-H bond diminishes more
with the aid of the catalyst TiO2. A similar phenomenon that the decrease in the O-H
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bond and CH bond and the increase in the C=0 bond is observed in the catalyst-
treated samples. The C-C bond intensity in PVA-TiO> 4:1 ratio also decreases in the
TiO»-treated samples, implying the fracture of the PVA chains. And with a higher
amount (PVA-TiO; 2:1) of the catalyst, CO; plasma enables an increased generation
of C=0 bond. These results suggest the scission of the backbone and O-H bonds
under plasma reactions and catalyst facilitates with CO, plasma reaction for carbonyl
group generation but N> plasma helps with the OH bond cleavage. The specific
molecules still need further study with techniques like NMR and will be used later to

show the structural change and possible detailed compound.
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Figure 6-12 FTIR spectra of PVA samples (a) without TiO> addition, (b) separated

from PVA-TiO 2:1 molar ratio, (c) separated from PVA-TiO; 4:1 molar ratio before
and after air, CO2 and Nz non-thermal plasma at 25 °C. The side images illustrate the
hydrolyzation of PVA. The vinyl alcohol polymer and acetate are produced in a ratio

of a and b in mol %, and b is significantly smaller than m due to the low

concentration of residual acetate.
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Figure 6-13 shows the C K-edge XAS spectra to determine the electronic state
of the C element in PVA before and after the non-thermal plasma reactions. Across all
conditions, the C K-edge XAS spectra exhibit a distinct splitting around 287 eV, with

the peak at 287.3 eV assigned to o* (C-O-H) and the peak at 288.2 eV associated
with the o* (C=0) bond.*® Figure 6-13 (a) displays C K-edge XAS collected on pure

PVA samples, where the feature at 285 eV is assigned to the C 1s to C n* transition in
the C-C bond. Treatments under different conditions produce minimal changes in the
backbone C-C structure. However, in the photon energy region near 287 eV, the
intensity of the C*-O-H and C*=0 bond peaks shows a dramatic change before and
after treatment. The dominant contribution observed at 288.2 eV (Figure 6-13 (a))
corresponds to the C=0O group, showing an increasing C*=0O bond absorption signal
in the sequence of air, CO2 and N plasma reactions, indicative of the reaction degree
of the breaking of the C-OH bond and forming of the C=0O bond and N, plasma
reaction showing the highest efficiency.

Similar phenomena for C element-specific XAS spectra were observed in the
PVA samples separated from the PVA-TiO> mixtures, where the C*=O bond
absorption signal increased, while the C*-OH bond absorption signal decreased,
indicating the scission of the CO-H bond from the polymer main structure. In the
PVA samples separated from PVA-TiO, 2:1 ratio, air plasma is most effective in
breaking C-OH bond. In contrast, in PVA samples separated from the PVA-TiO» 4:1

ratio, CO» exhibits the best condition for this bond scission. Overall, the XAS data
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are consistent with the FTIR and Raman results, supporting the conclusion of C-OH

to C=0 conversion.
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Figure 6-13 XAS spectra on C element of PVA samples (a) without TiO» addition, (b)

285

305

separated from PVA- TiO; 2:1 molar ratio, (c) separated from PVA- TiOz 4:1 molar
ratio before and after air, CO> and N> non-thermal plasma at 25 °C.

The comparative analysis of Raman, FTIR and XAS spectroscopy reveals
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consistent findings regarding the effectiveness of PVA depolymerization in non-
thermal plasma. N> plasma is particularly efficient in cleaving the C-OH bond and
eliminating OH group from PVA in terms of solid products while when catalyst TiO»
is present, air and CO; plasma is more active for CH> formation (alkylation) in
Raman and FTIR and C=0 generation (oxidization) by XAS spectra, probably due to
the synergic effect of the O radicals arising from TiO: and air or CO2 plasma. The
catalytic role of TiO: in enhancing depolymerization efficiency is evidenced clearly
in FTIR and XAS results based on the decrease degree of the OH group compared to
the pristine PVA. These complementary spectroscopic analyses provide a
comprehensive understanding of depolymerization of PVA by non-thermal plasma.
Figure 6-14 shows the 'H and '*C NMR spectra of PVA samples in pristine,
treated in N2 plasma, and treated in N2 plasma and TiO; catalyst for detailed structure
determination. The assignments of the solvent, deuterated DMSO-ds, and PVA
signature chemical group are based on the previous reports.*®>! In 'H NMR spectra,
the peaks for all the signature chemical groups in PVA either decreased in TiO2-
assisted samples or changed shapes after the N> plasma reaction, showing the
modification of the backbone to break down and generate new compounds. In the *C
NMR spectra, the peak positions and intensities don’t show significant changes after
the N> plasma and catalyst (PVA-TiO2 2:1) treatment, but there are decreased
intensities for all the existing peaks and emerging new peaks in the PVA N; plasma
condition. The TMS signal is from the DMSO-ds, and the variance from different

spectra is from the two bottle sources with different concentrations of TMS. The 'H
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NMR peaks at 1.4 and 3.6 ppm (middle spectra) are tentatively assigned to CH> and
CH-O from PVAc (polyvinyl acetate). The '*C NMR peaks at 19, 66 and 172 ppm in
PVA treated in N> plasma match well with the reported data, showing the PVAc
structure in the solid compounds.®*>® The peak at 42.4 ppm is tentatively assigned to
CH: from PVAc. The peak at 78.5 ppm is assigned to CH-O, the ether structure.>*>
This result indicates the plasma reaction provides an oxidation environment and
oxidizes the PVA back to PVAc compared to the hydrolysis of PVAc during
preparation in the factory. In the acid environment created by alcohol oxidation
products, the ethers are suggested to be produced. This result demonstrated that the
sole N> plasma boosts the abundant reactions and creates the most products in the
solid. The production of PVAc and ether is supported by our FTIR data with

increased C=0 bond and C-O bond intensity but without the peak position changes.
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Figure 6-14 'H and '*C NMR spectra of pristine PVA samples, PVA samples reacted
under N> plasma, PVA samples separated from the PVA-TiO, mixture (2:1 molar
ratio) reacted under N> plasma and PVA samples reacted under N> plasma at large
range (0-180 ppm).

Figure 6-15 shows the mass spectra of PVA in pristine, treated in N2 plasma, and

267



treated in N> plasma and TiO catalyst to learn about the molecular weight of
decomposed products. All the PVA samples show the fragmented polyvinyl alcohol
in the low mass region, e.g., 200, 332, 372 m/z, which is interpreted as 4, 7, and 8
polyvinyl alcohol units. Similarly, PVA reacted in N> plasma shows the most solid
products and two new peaks at 618 and 860, respectively. These two peaks are
assigned to PVA-PVAc and PVA-PVAc-PVA-acetal (O-CHsCH:-O) or PVA-PVAc-
PVA-propional (O-CHs;CH2CH2-O) as shown in insets in MS of PVA reacted in N>
plasma, although PVAc, PVA-acetal or PVA-propional are in a small amount
suggested from the mass spectrum. 887 m/z can be explained as the PVA-PVAc with
19 polyvinyl alcohol units and 1 polyvinyl acetate unit and longer than the structure
with a molecular weight of 618 Da, indicating the catalyst TiO> can promote the
PVAc production (618 Da) but with a larger molecular weight. This result aligns with

the NMR results to support the production of PVAc and ether structures.
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Figure 6-15 MALDI-Mass Spectra of matrix DHB (2,5-dihydroxybenzoic acid),
pristine PVA samples, PVA samples reacted under N> plasma and PVA samples
separated from the PVA-TiO, mixture (2:1 molar ratio) reacted under N> plasma.
Insets in MS of PVA reacted under N, plasma show PVA-PVAc and PVA-PVAc-
PVA-propional structure.
6.3.4 Depolymerization Mechanisms

The experimental results are summarized and discussed below to provide more
insights into our study. Raman spectra exhibited that some C-OH groups are
hydrogenated to CH> group solid products, implying the cracking of C-OH bond in
the backbone. FTIR measurement confirmed the cleavage of the long chain to the
short chain through the C-C bond breakage. The diminishing of the OH bond signal
suggests its cleavage and the generation of free H species. Moreover, the decline of
the C-OH group and the ascent of the C=O group in the spectra indicate the
transformation of the alcohol group to the ketone group. When taking the charged
species and radicals into account, the produced C, N and O plasma species play an
important role in oxidatively dehydrogenating the C-OH group. All the
measurements, including Raman, FTIR, XAS, NMR, and MS, confirmed the
formation of the carbonyl group and the viability and efficiency of non-thermal
plasma to depolymerize the PVA. Extracted from all the information with the gaseous
products study included, we conclude that the major reaction in the non-thermal
plasma-assisted PVA depolymerization is the evolution of alcohol group to the ketone

group and the following esterification and acetal reactions in the plasma environment.
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The gas plasma, including air, CO> and N> produces active species, such as radicals,
ions and electrons, attack the bonds and break down the main structure into shortened
solid fragments and valuable small gas molecules.

In a former PVA solution study treated with gamma irradiation, a similar result
that OH to C=0 transition was extracted from FTIR and the breaking of C-H and C-
OH bonds, and therefore the formation of more carbonyl double bonds (C=0) and the
chain structure breaking was concluded. The water solution under gamma radiation
will generate electrons, ions, radicals and molecules, such as e, H", H;O", H-, OH",
H; and H>0,, similar to our gas plasma system.*’ This result supports our observation
of the conversion of the alcohol group to the ketone group by the scission of O-H and
C-OH and the formation of a C=0 bond in the PVA main structure.

And some researchers emphasized the electron impact effect to improve the
polymer reforming in the non-thermal plasma reactions. Williams's group utilized the
non-thermal plasma method to improve the biofuel quality during the treatment.>>
The improvement is attributed to high-energy electrons, excited radicals, ions, and
intermediates that increase the interaction of the polystyrene and biomass pyrolysis
volatiles. The chemical bonds in polymer and the gaseous products can be easily
broken down by high-energy electrons or other excited species because these bonds
have lower mean energies; for example, the C-H bond with a binding energy of 4.3
eV and the C-C bond of 3.4 eV in high-density polyethylene (HDPE) compared to
the excited electrons (with high energy in the range of 0—10 eV) and N>* (with an

energy of 6.2 eV).!”>’ The covalent bond dissociation energies in the polyvinyl
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polymers are between 300 and 500 kJ mol™!' which corresponds to 3-5 eV in electron
volt unit, specifically C-C, 3.59 eV; C-O 3.71 eV; C-H 4.25 eV; H-O 4.75 eV.>®
Furthermore, according to Meng et al., the high-energy electrons produced in the
non-thermal plasma process facilitate the tar removal in the final products, which is
also shown in this study.>

From the previous plasma studies, different gases will have different reactions
under high voltages, for example, air plasma: O + e — 20 + e, N2 + e — 2N + ¢;
CO; plasma: CO2 +e - CO+0O +e, CO+e— C+O+e; Nyplasma: No + e — 2N
+ ¢.5%%1 The electrons and C, N, O and CO radicals are reactive atomic species and
will dissociate the OH bond and have the H radicals as the reactive species.®? At air,
CO: and N: conditions, the dominant reactive species are different and bond scission
mechanisms vary slightly. The different reaction mechanisms are summarized below.
Air plasma generates a mix of reactive oxygen species (ROS) such as atomic oxygen
(0), ozone (0s), hydroxyl radicals (OH"), and superoxide (02").6*%* These species are
highly effective in initiating partial oxidation of polymers that incorporate oxygen
atoms into the polymer structure, leading to functional groups like ketones, aldehydes,
or carboxylic acids. In contrast, total oxidation to CO: is less favored due to the
competition between reaction pathways and the limited availability of ROS under
typical non-thermal plasma conditions. Air plasma facilitates a broad range of
oxidative reactions, with partial oxidation being predominant and total oxidation
being secondary and less efficient.

Non-thermal plasma in nitrogen primarily generates high-energy electrons,
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which drive the reactions through electron impact ionization and excitation. High-
energy electrons can excite N2 molecules to metastable states (e.g., N2*), which
contribute to bond scission indirectly by transferring energy to polymer bonds.®®
Dissociation reactions such as N> + ¢ — 2N + e, provide reactive atomic nitrogen,
but these species are less involved in oxidative pathways than oxygen-based plasmas.
Overall, high-energy electrons are the dominant reactive species in N2 plasma,
facilitating bond cleavage, especially with the reactive atomic oxygen (O) in
polymers through direct electron interactions rather than oxidative mechanisms.
Non-thermal plasma in CO: primarily produces CO and reactive oxygen species (O),
with the dissociation reaction CO2 +e — CO + O +¢, CO +e — C+ O + e. Reactive
oxygen species from CO: plasma have lower oxidative potential than those derived
from O: plasma due to the differences in dissociation energy and reactive
pathways.®” Atomic oxygen from CO: dissociation is less reactive toward initiating
chain scission or oxidation compared to the ROS generated in air plasma. In all, CO-
plasma is less effective for partial oxidation and predominantly generates CO and
less-reactive oxygen species, limiting its impact on oxidative depolymerization
compared to air plasma.

The high energy electrons from the C, N and O atoms play a key role in the
plasma to scissor the chemical bonds (3-5 eV in PVA) compared with radicals and
excited species.®®7” Based on the experimental results, N, plasma dissipated the most
OH groups from PVA chain. The OH- radicals have the strongest oxidation ability

among the C, N, O, CO radicals via H abstraction from organic groups and oxidize
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the alcohol group to ketone group and further acid group, probably some due to the
reactive O atoms cracking from OH-.%-7!

Overall, the PVA depolymerization mechanism is shown below in Figure 6-16.
After the high-energy electrons and radicals synergically attack the PVA, the
backbone dissociates into smaller fragments, some with the alcohol groups
oxidatively dehydrogenating to ketone groups and then cleaving into gas-phase
radicals or continuing to oxidize to carboxylic acid groups, while the rest was
unoxidized into short-chain solid fragments. Then the unstable intermediate gas
products will diffuse along the catalyst surface and be adsorbed to the surface,
increasing the chance of chemical reactions. The subsequent desorption gas species
will combine with O* (part of O radicals from TiO;) and H* via the oxidation or
hydrogenation reaction to form small gas molecules like CO; and aldehydes as
detected by the in-situ FTIR and all three gas plasmas give off the same gaseous
products from the previous study.’ Part of the fragmented solid products will continue
to be scissored and hydrogenated to the CH> group in the backbone afterward. The
subsequent oxidation reaction of the alcohol group in the rest of PVA leads to
carboxylic acid or ketone group. Carboxylic acid will react with PVA to produce
PVAc via esterification reaction. And the gas products acetaldehyde and
propionaldehyde will further react with the alcohol group in the acid environment to
produce cyclic cross-linking structures like PVA-PVAc-PVA-acetal (O-CHsCH:-O) or
PVA-PVAc-PVA-propional (O-CHsCH2CH2-O). Given all the products we found in

the gas and solid phases, the catalyst TiO2 not only facilitates the decomposition of
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the backbone but also promotes the reaction for alcohol group reduction, gas
production, especially CO», and the PVAc formation in the solid products. This
proposal unveils the complex chemical reactions in plasma chemistry, including
dehydrative oxidation, alkylation, esterification, and acetal reactions, and are well
validated by the experimental results in our plasma-assisted PVA depolymerization

case.
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assisted PVA degradation process.
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6.4 Conclusion

In summary, PVA was effectively depolymerized using a non-thermal air, CO»
and nitrogen plasma generated in a dielectric barrier discharge setup with TiO»
serving as a catalyst. Raman, FTIR and XAS characterizations confirmed the scission
of the C-C backbone and the conversion of the alcohol group to the ketone group in
the fragmented polymers. The NMR and MS studies suggested PVAc and cross-
linked structure PVA-aldehyde. TiO2 as a catalyst with O radicals significantly
enhanced the degradation process as evidenced by the evenly distributed plasma
reaction on the PVA surface in SEM comparison between the PVA and PVA-TiO;
mixture. Further XRD and TEM measurements on TiO2 show no major surface and
crystal structure changes, indicating its stability and effectiveness as a catalyst for
non-thermal plasma-assisted reactions. This study also found that nitrogen plasma
enhances the production of ketone (i.e., carbonyl) groups, while oxygen plasma
improves the overall conversion efficiency. These findings align with previous
reports on the composition of gas phase products, which showed high selectivity
toward carbonyl-containing products, acetaldehyde and propionaldehyde, thereby
providing complementary insights into the overall mechanism of non-thermal
plasma-assisted polymer depolymerization. This technique serves as a low-energy
cost and efficient method with the rational selection of catalysts and the design of

plasma reactions under ambient conditions (25 °C and 1 atm).

6.5 Experimental Methods

1. Materials
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Poly(vinyl alcohol) (PVA, M.W. =95 000 g/mol, Acros Organics — average size
400 um) and titanium (IV) oxide (Anatase, Sigma-Aldrich, <25 nm particle size)
were used as received. CO2 (99.999%) and N2 (99.999%) gases were purchased from
Praxair, Linde. The PVA-TiO, mixture in 2:1 and 4:1 molar ratio was mixed and

shaken well before putting into the non-thermal plasma reactor.

2. Raman Spectroscopy

Raman analysis was performed using a Thermo Fisher DRX3 Raman Micro
Spectrometer. The laser excitation source was a diode laser (Aex = 785 nm). Spectra
were recorded under the following conditions: stainless steel substrate, 50x objective,
collect exposure time 30s for 5 accumulations, laser power 30 mW (in focus) and

aperture 50 um slit.

3. FTIR Spectroscopy

The FTIR spectra for solid products were collected via the PerkinElmer brand
FTIR Spectrum Two Series spectrometer on a universal ATR sampling accessory
(UATR). This solid FTIR uses a high refractive index diamond to apply pressure on
the solid samples and guide the beam to the samples up to a few microns. To make
the IR signal intensities consistent, the pressure applied to all the solid samples is

around 100.

4. XAS Spectroscopy
Soft X-ray absorption spectroscopy (sXAS) experiments were conducted for the
C K-edge at the beamlines 7.3.1 in Advanced Light Source (ALS) at Lawrence

Berkeley National Laboratory. In this facility, the bending magnet beamline 7.3.1
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provides a linearly polarized photon beam with an energy range from 250 eV to 1500
eV. The polymer samples were cut to 3 mm x 3 mm size and attached to the copper
tape on a copper sample holder. A narrow copper tape was also attached to the
surface of the samples to increase the conductivity of electrons from the sample's
surface to the sample holder. All spectra for PVA were recorded using both total
electron yield (TEY) and total fluorescence yield (TFY) modes, while the C spectra
were shown exclusively in TEY mode due to a better signal-to-noise ratio. The

energy positions of the C K-edge were calibrated using standard samples, HOPG.

5. SEM measurement

We used different methods to prepare the samples for SEM measurement. For
PVA and PVA-TiO> mixture samples, they were sputtered with ~20 nm of gold before
the measurement and imaged in an FEI Quanta 3D Dualbeam SEM operating at 5 kV
and 6.7 pA.

For TiO> powders, 1mg of them was dispersed in 15 mL methanol under
ultrasound for 15 minutes before the measurement. All the suspension solutions were
further dropped onto a hexagonal, 400 mesh copper grid coated with carbon film of
standard 3-4 nm thickness (Electron Microscopy Sciences, CF400H-Cu-UL) and
allowed to dry in an ambient environment. The samples were imaged in an FEI

Quanta 3D Dual Beam SEM operating at 5 kV and 6.7 pA later.

6. TEM measurement
We used the same prepared TiO> powder samples from the SEM measurement

for the TEM characterization. TEM and HRTEM (high-resolution TEM) were
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performed at the National Center for Electron Microscopy (NCEM) at the Lawrence
Berkeley National Laboratory Molecular Foundry on an FEI UT Tecnai microscope
operated at 200 kV acceleration voltage. The images were analyzed with Gatan

Digital Microscope and ImagelJ software.

7. XRD measurement

The TiO, powders were rubbed and shaken to be separated from the PVA
mixture samples. XRD patterns were collected on a Bruker D8 Discover
Diffractometer using Cu Ka radiation (40 kV and 40 mA) with degrees per step and
time/step parameters of 0.02 degrees per step and 0.4 s/step, respectively, at 20 angle
from 10 to 80 °. X-ray diffraction patterns were plotted in Origin and the XRD
diffraction pattern of PVA anatase phase was compared to JCPDS PDF no. 21-1272

extracted from Jade software.

8. NMR measurement

The PVA mixture samples were washed to remove the TiO2 powder on the
surface. 10 mg of separated PVA crystals were dissolved in 0.5 ml DMSO-d6 with an
elevated temperature at 90 °C and the solution were filtered with cotton for the final
characterization. The NMR data were collected on a Bruker Avance III HD 500 MHz
NMR equipped with a BBFO broadband probe. Both the 1D proton and carbon
experiments were collected using pulse programs from the Bruker Pulse Program
library. The 1D Proton experiment was collected using a spectral width of 10000.0
Hz with acquisition time of 3.2768 second, 1 seconds recycle delay, 16 scans at 300K.

The 1D Carbon experiment was collected using a spectral width of 29761.9 Hz with
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acquisition time of 1.1010 second, 2 seconds recycle delay, 1024 scans at 300K. The

data were processed using Mestrenova.

9. MALDI-MS (Matrix-assisted laser desorption/ionization mass spectrometry)
measurement

MALDI-MS analyses were conducted with a Bruker Microflex MALDI-LT
(linear time of flight) instrument. The matrix and sample were mixed together and
deposited on the stainless steel, and the concentrations were as follows: matrix:
saturated DHB (2,5-dihydroxybenzoic acid) solution dissolved in 78:22 MilliQ H>O:
ACN + 0.1% TFA with a concentration around 30 mg/ml; PVA sample: dissolved in
H>O at 10 mg/ml concentration. The analyses were performed in a linear mode. The
measurement was calibrated with a standard reference, phosphorus red, used in
protein. Detection ranges from 200 to 1100 and 2000 to 19000 Da. The data were
originally processed and saved in XML format in FlexControl software and
converted to mzXML format in the MSConvertGUI application program downloaded
from ProteoWizard website. The mzXML files were opened, processed and exported
as CSV files in the MALDIquant package running on the R platform comprising all
steps from importing of raw data, preprocessing (e.g. baseline removal), peak
detection and non-linear peak alignment to calibration of mass spectrograph. Some
codes to run the functions in R with MALDI quant package were from ChatGPT with
modifications. The CSV files were opened in Excel and replotted in Origin software.
Non-thermal plasma reactor setup

Experiments were conducted using a non-thermal Dielectric Barrier Discharge

280



(DBD) plasma reactor, which was reported previously and demonstrated in Figure 6-
17. The setup design and experiment parameters are the same as those used in the
gaseous phase study in the previous paper.” The applied voltages range from 4.5 kV
to 10.5 kV and the frequencies are controlled at 40 and 70 kHz. Operating
environments are in 1 atmospheric pressure with the ambient temperature at 25 °C as
the initial reaction temperature. Air, nitrogen, or pure CO> gas were fed into the
reactor at a flow rate of 33 cm*/min. Notably, high AC voltage and frequency produce
a high concentration of non-thermal plasma and the generation of dielectric discharge
leads to heating of a quartz reactor. Thus, the applying time for electric power is
limited to less than 6 sec to avoid raising the reactor temperature above 65 °C. The
solid samples including the PVA samples, TiO> catalyst and the PVA-TiO2 mixture
samples, were collected lastly after finishing the experiments at different conditions.
The PVA samples treated with TiO> catalyst were washed to study the PVA

underneath for the characterizations.
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Figure 6-17 The scheme of the experimental setup for non-thermal plasma-assisted

degradation on PVA polymers at 25 °C and 1 atm.

Table 6-1 summarizes the reports on thermal cracking and other non-thermal
plasma methods for polymer depolymerization to compare with our work, showing
the significance of non-tar or coke products in this work. In their work, the working
temperature is over 100 °C or they do not limit the pulse time to avoid the rising
temperature. Whereas, in our study, we specifically limited the working temperature
below 65 °C by applying a pulse time of less than 6 s, to decrease the production of
the tar or coke and the deactivation of the catalyst, thus reducing the energy use and

catalyst refilling cost.
Table 6-1 Summary of the thermal cracking and other non-thermal plasma methods
for polymer depolymerization.

Thermal cracking methods
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PE . Liquid:
(polyethyl King toluene alkene/alk Tar and
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* indicates the high-energy electrons play a critical role in the plasma reaction

process.
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7 Conclusions and Future Perspectives

7.1 Overall Summary

This dissertation focuses on understanding the relationships between structure,
lattice dynamics, charge-carrier dynamics, and spin properties in low-dimensional to
three-dimensional metal halide materials through a combination of structural
characterization, ultrafast spectroscopy, Raman spectroscopy, and X-ray techniques.

The work began with the synthesis and structural characterization of amino
metal halide molecular clusters (MCs). Stable crystalline molecular clusters were
successfully prepared and their atomic structures were determined, providing a model
system for investigating quantum-confined metal halide materials at the molecular
scale.

Building on this structural foundation, ultrafast transient absorption
spectroscopy was employed to investigate the excited-state dynamics of these
molecular clusters. Distinct relaxation pathways involving vibrational cooling, band-
edge recombination, and trap-assisted decay were identified, revealing how structural
confinement influences carrier relaxation processes.

The relationship between lattice structure and optical properties was further
explored in two-dimensional lead-free metal halide double perovskites. Low-
frequency Raman spectroscopy revealed characteristic lattice vibrational modes
associated with octahedral distortions and metal-halide framework dynamics.

Comparative studies showed that Cu incorporation introduces stronger lattice
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distortion and enhanced electron—phonon coupling relative to Ag-based analogues,
leading to modified emission properties.

To extend the understanding of functional excited-state behavior, spin-polarized
transient absorption spectroscopy was applied to Ni-doped CsPbBr3; quantum dots.
The results demonstrated that transition-metal doping alters spin relaxation pathways
through defect-mediated interactions and localized electronic states.

In addition, X-ray absorption spectroscopy was utilized to investigate plasma-
assisted depolymerization of poly(vinyl alcohol) over TiO; catalysts, illustrating the
application of advanced spectroscopic techniques to catalytic and environmental
systems.

Overall, this dissertation establishes a systematic framework connecting atomic
structure, lattice vibrations, excited-state dynamics, and spin behavior in low-

dimensional metal halide materials.

7.2 Major Scientific Contributions

The major contributions of this dissertation can be summarized as follows:

1. Established stable amino metal halide molecular clusters as model low-
dimensional metal halide systems through synthesis and crystal structure
determination.

2. Revealed excited-state relaxation pathways in molecular clusters using ultrafast
transient absorption spectroscopy, identifying vibrational cooling, band-edge

recombination, and trap-assisted decay processes.
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3. FElucidated low-frequency lattice vibrations in two-dimensional lead-free metal
halide double perovskites and established correlations between structural
distortion, electron—phonon coupling, and optical properties.

4. Demonstrated the influence of transition-metal doping on spin relaxation
dynamics in CsPbBr; quantum dots, providing insights into spin manipulation in
halide perovskites.

5. Applied advanced X-ray absorption spectroscopy to investigate catalytic reaction
mechanisms in plasma-assisted polymer depolymerization systems.

6. Developed a unified understanding of how local structure and lattice dynamics
govern charge and spin behaviors across different classes of metal halide

materials.

7.3 Future Perspectives

The studies presented in this dissertation establish connections between local
structure, lattice vibrations, charge-carrier dynamics, and spin properties in metal
halide materials. While significant progress has been made, several important

questions remain open and provide promising directions for future research.

Ultrafast X-ray Techniques for Structural Dynamics

In this dissertation, ultrafast optical spectroscopy was employed to investigate
excited-state and spin dynamics in metal halide materials. While these measurements
provide detailed information about electronic relaxation pathways, they do not
directly capture the accompanying atomic structural motions. Future studies

combining ultrafast optical spectroscopy with time-resolved X-ray scattering and X-
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ray absorption techniques can provide direct visualization of structural evolution
following photoexcitation. Such approaches would enable simultaneous investigation
of electronic and atomic dynamics, offering a more complete understanding of
photoinduced processes in metal halide materials. The integration of ultrafast optical
and X-ray methods is expected to reveal transient structural distortions, lattice
rearrangements, and excited-state structural pathways that are inaccessible using

optical techniques alone.

Structure—Dynamics Correlations in Metal Halide Materials

The results presented in this dissertation demonstrate that local structure and
lattice dynamics play critical roles in determining the optical and electronic
properties of low-dimensional metal halide materials. Studies of molecular clusters
and lead-free double perovskites revealed strong relationships between structural
distortions, low-frequency vibrational modes, electron—phonon coupling, and
excited-state behavior. However, the microscopic mechanisms connecting specific
structural motifs to charge-carrier relaxation and energy dissipation remain
incompletely understood. Future investigations combining advanced spectroscopy,
temperature-dependent measurements, and theoretical modeling may further
elucidate how atomic-scale structural fluctuations influence excited-state processes.
Such knowledge will be essential for the rational design of materials with improved

optical performance and enhanced stability.

Spin Dynamics and Quantum Information Applications

The spin-polarized transient absorption studies of Ni-doped CsPbBr3 quantum
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dots demonstrate that dopants and defects can significantly influence spin relaxation
pathways in metal halide systems. Future efforts may focus on engineering spin
coherence through defect control, isotope engineering, magnetic-ion doping, and
dimensionality modulation. In particular, recent studies by Vivien in our group have
shown that isotope enrichment can substantially extend spin lifetimes in halide
perovskites, highlighting the importance of hyperfine interactions in spin relaxation
processes. A deeper understanding of spin-dependent phenomena may enable the
development of metal halide materials for spintronic devices, quantum sensing, and

emerging quantum information technologies.

Materials Science for a Sustainable Future

Human activities since the industrial era have relied heavily on fossil fuels,
leading to increasing greenhouse gas emissions and environmental challenges,
including rising global temperatures, melting glaciers, extreme weather events, and
frequent wildfires. At the same time, the accumulation of plastic waste has become a
growing global concern. Addressing these issues requires the development of
efficient energy-conversion materials, environmentally friendly chemical processes,
and effective approaches for waste reduction and resource recovery. The plasma-
assisted depolymerization study presented in this dissertation demonstrates how
advanced spectroscopic techniques can be applied to investigate catalytic pathways
relevant to polymer degradation and recycling. Future research may further integrate
materials science, catalysis, and advanced characterization methods to develop

sustainable strategies for plastic upcycling, carbon utilization, clean energy
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production, and environmental remediation. Combining fundamental mechanistic
understanding with innovative materials design will play an increasingly important

role in addressing global energy and environmental challenges.

Al-Guided Materials Discovery

The growing availability of large datasets generated from spectroscopy,
diffraction, microscopy, and computational studies provides new opportunities for
artificial intelligence (AI) and machine learning (ML) in materials research. The
multimodal characterization techniques utilized throughout this dissertation generate
complex datasets that often contain hidden correlations between structure, vibrations,
and electronic properties. Future research may integrate machine learning algorithms
with advanced characterization methods to accelerate the discovery of structure—
property relationships, automate spectral analysis, and predict material performance.
More broadly, combining high-throughput experiments, first-principles calculations,
and data-driven modeling may significantly accelerate the design of next-generation
optoelectronic, spintronic, and energy-related materials.

Looking forward, the integration of advanced spectroscopy, X-ray science,
artificial intelligence, and predictive materials design may provide unprecedented
opportunities for understanding and controlling complex structure—property
relationships in functional materials for optoelectronic, spintronic, and energy

applications.
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