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Abstract
Formation and Transformation of Colloidal Metal Halide Nanoparticles
by
Jakob C Dahl
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Armand Paul Alivisatos, Chair

Colloidal nanocrystals are miniscule pieces (< 100 nm or ~ 1/1000th the width of a human
hair) of solid materials suspended in a liquid. Semiconductor nanocrystals have controllable
optical properties like color, which make them appealing for use in displays, LEDs, solar
cells and many other devices that rely on the interaction of matter with light or electricity.
The color and other optical properties are related to the size and composition of the crystals,
which makes control over these properties crucial to any application.

Creating these crystals is often more of an art than a science, with large differences in
results arising between chemicals sourced from different suppliers, laboratories, practitioners
and any (even slight) changes in the process of making them. The work in this thesis is
part of a broader scientific movement aimed at a more scientific understanding and rational
control of the synthesis process. To keep the nanocrystals small and stable requires the use
of surfactants or ligands, which are chemicals that can interact both with a charged or polar
environment such as the nanocrystal and a non-polar environment such as the surrounding
medium. The metal halide nanocrystals we focus on here are particularly sensitive to these
ligands and the surrounding medium, as they are more similar in nature to salt, whereas most
other materials used to make nanocrystals are more similar to rocks. As a result, changing
the environment around the nanocrystals can transform the type, shape or composition of
the crystal. The studies herein investigate the formation of metal halide nanocrystals, how
transformations between them occur and how both processes are interrelated.

The rapid development in precision and scale of machine learning (ML) methods capable
of predictions based on large sets of data has roused the interest of scientists across many
disciplines. Concurrently, improvements in the automation of chemical synthesis and charac-
terization methods now allow for the generation of data on hundreds to thousands of reactions
necessary to use such data science methods. Due to the complexity of chemical synthesis in
general, and nanocrystal synthesis in particular, using ML to predict the outcomes of reac-
tions is an attractive proposition. This thesis introduces methods from machine learning and



data science to the synthesis of nanocrystals, and connects them to more physical models of
this process.

In this thesis, Chapter 1 outlines the important concepts related to nanocrystals, their
properties, characterization methods and reactions. We then briefly introduce current trends
of using machine learning and data science to understand synthesis. In Chapter 2, we
use high-throughput synthesis experiments coupled to automated deconvolution of optical
absorption spectra to gain an overview of the reaction landscape around one well-studied
metal halide nanocrystal material, CsPbBr;. In Chapter 3, we investigate in more detail
the formation and transformation processes of one material we found of central importance
in the overview, the atomically thin nanosheets of OLA;PbBr, using in-situ absorption
spectroscopy and joint fits of spectral and kinetic models, as well as more traditional kinetic
analysis where appropriate. Further analysis of precursor reactions is provided in Chapter 4.
We then examine synthesis and properties of a family of cesium silver metal halide double
perovskites in Chapter 5. Finally in Chapter 6, we discuss the implications of this work on
different scientific fields.



To my family and QinQin, for love; to my friends and community, for support; to books,
for giving me refuge in realms magical at times when science was not.
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Chapter 1

Nanocrystal Properties, Reactions
and Machine Learning

1.1 Overview

This work connects research from nanoscience, physical synthetic chemistry, materials
science, machine learning and physical modeling. As such, it is impossible to give a com-
prehensive overview of all the relevant fields. Instead, this introduction aims to briefly
introduce the relevant portions utilized here, and provides references we have found helpful
in understanding these topics.

1.2 Colloidal Semiconductor Nanocrystals and their
Properties

Nanocrystals are any crystalline material with at least one dimension below 100 nm in
size. Colloidal nanocrystals in particular are materials suspended in solution, usually through
the action of surfactants. Nanocrystals have been used for centuries - some medieval stained
glass windows contain nanoscale particles of gold and silver that impart particularly bril-
liant red colors. A first scientific description of a nanocrystal synthesis for "gold [...] in
exceedingly fine particles” was given by Faraday in 1857.!!) However, characterization meth-
ods at that time made it difficult to investigate nanocrystals in more detail. Nanoscale
imaging techniques, especially the electron microscope, renewed scientific development in
the area starting in the 1950s, with seminal work by Turkevich et al.?! on the formation of
gold nanocrystals demonstrating non-linear processes and understanding size distributions.
The discovery of the unique optical properties in semiconductor nanocrystals was driven
by colloidal experiments performed by Louis Brus and coworkers, ! solid state experiments
by Ekimov et al.™¥ and underlying theory developed by Alexander Efros.”! Briefly, making
a semiconductor nanocrystal smaller will increase the energy of absorption and emission



CHAPTER 1. NANOCRYSTAL PROPERTIES, REACTIONS AND MACHINE
LEARNING 2

energies, leading to an experimentally observed blue-shift. This change in energy, termed
quantum confinement, can be explained qualitatively through a simple particle in a box
model. Solutions to Schrodinger’s wave equation for a particle confined to a box become
successively higher in energy as the box becomes smaller. The theory is applicable to semi-
conductor nanocrystals because absorbing light and thus raising an electron from the valence
band to the conduction band creates an exciton - a quasi-particle arising from the attraction
between the excited electron and the electron hole it leaves behind - which can be described
as such a particle in a confined environment. These size-dependent optical properties are
key to current applications in displays, where meeting or exceeding color standards makes
visuals appear more lifelike.®! Being able to estimate the size of a nanocrystal based on its
optical properties will also be key to understanding some of the later measurements and
analysis in this thesis.

Colloidal Nanocrystal Size Dependent Properties
Quantum Confinement

electron exciton

electron hole
Smaller Crystals

Higher Energy
Surface Area

/" Phase Transitions
Ligands Mechanical Properties
Bound to Electronic Properties

Surface etc.

Figure 1.1: Nanocrystal Properties

Another key aspect of nanocrystals is their high surface area relative to the volume they
occupy. This has led to a number of other applications in catalysis!! and sensing.® Due to
the high ratio of surface area to volume, the structure and chemistry of the surface play a key
role in determining the reactions of nanocrystals, from nucleation to growth, transformation
or catalysis. As with other crystals, the surface composition corresponds to a facet, or cut,
along a crystallographic direction. In addition, colloidal nanocrystals have ligands bound to
their surface. While we know experimentally that the binding of ligands to complexes in
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solution and to the surfaces of nanocrystals has profound impacts on their formation, none
of the currently existing quantitative nanocrystal synthesis models described in 1.5 actually
include ligands as explicit chemical agents, and are thus not able to capture any of the
changes in faceting or growth type that ligands typically induce.

Finally, it is important to note that all colloidal nanocrystals exist as ensembles, i.e. a
large number of particles. Due to the size-dependent nature of their properties, making sure
that particles are similar in size and shape is crucial to a good synthesis. The relative size
distribution, i.e. the standard deviation of observed sizes divided by the average size is the
main measure of quality here. This can vary a lot depending on the synthesis technique used
and the material formed, but for somewhat isotropic shapes, a size distribution of less than
5% is considered nearly monodisperse,? and distributions of less than 20% are still useful
in many contexts.

1.3 Nanocrystal Characterization Techniques

Next, we will briefly introduce the basic characterization techniques used to characterize
nanocrystals in this thesis: absorption and photoluminescence spectroscopy, transmission
electron microscopy and x-ray diffraction.

Absorption spectroscopy is a measure of how much light is absorbed by a substance -
usually by transferring an electron from a lower, ground level state to a higher energy excited
state. We perform this measurement mainly using a liquid solution of nanocrystals. With
an equal probability of absorption for each particle, the amount of light passing through
such a solution should decay exponentially with increasing length and concentration. The
resulting relation of the logarithm of absorption forms the equation known as Beer’s law.
Performing this measurement across different wavelengths of light then yields a character-
istic absorption spectrum of a material. Based on the size-dependant optical properties of
nanocrystals, absorption spectroscopy can be used not only to measure the concentration
and type of nanocrystals, but also determine which size may be present in solution.!® Due
to the rich information and fast and efficient measurements, it is an indispensable tool for
high-throughput investigations of nanocrystals, though the analysis can be challenging due
to the overlap of multiple spectra. In this thesis, we develop data-driven analysis techniques
to gain understanding of nanocrystals primarily from their absorption spectra.

The flip side of absorption, photoluminescence, is the light emitted by a material when
the electrons excited to a higher energy level by light decay back down again to an unoccu-
pied lower energy level. Measuring how much light is emitted at different wavelengths yields
a photoluminescence emission spectrum (PL), whereas observing how much light is being
emitted while changing the wavelength at which the material is excited gives a photolumi-
nescence excitation spectrum (PLE), which in the most simple case should overlap directly
with the absorption spectrum.

Next to the concentration of emitting particles, another factor affecting this measurement
is the efficiency at which particles with higher energy levels emit light to decay down to the
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ground state instead of using other processes, such as releasing this energy as heat. A measure
of the efficiency, the ratio of the number of photons emitted divided by the number of photons
absorbed, known as the photoluminescent quantum yield (PLQY) is thus a central measure
of quality for semiconductor nanocrystals. While a large part of nanoparticle synthesis
optimization efforts is spent optimizing the PLQY, [ this work focuses on more fundamental
explanation of the nanocrystal synthesis, though we will report and discuss quantum yields
when measured.

As a nanoscale characterization technique, transmission electron microscopy is indispens-
able.!" The basic technique relies on accelerating electrons released into a vacuum through
applying an electric field with a high voltage, usually on the order of 100 - 200 kV. Using
magnets, the beam of electrons can be focused onto a sample in a manner analogous to
a light microscope, and expanded again to a viewing area, in which the electrons strike a
material that emits visible light when exposed to electrons, which allows detection of the
resulting image with a camera. Due to the wave-particle duality of matter and the small
mass of electrons, the electron waves have a small wavelength of less than 10 pm, which
enables focus to very small areas and resolution of image features as small as the size of an
atom. This makes it such a powerful technique for understanding nanoscale materials, as we
can simultaneously see a picture of the nanocrystals to determine their size and shape of the
crystals as well as gain potential information on their structure and crystallographic facets
exposed on the surface. Because of the interactions of electrons with matter, which excite
high energy X-ray transitions that are unique to each element, electron microscopy can also
be used to understand the elemental composition of a sample by analyzing spectra of the
reflected or transmitted beams.

X-ray diffraction (XRD) uses this characteristic X-ray emission to generate X-rays of a
single wavelength by sending a beam of electrons onto a target made of a single element,
which is copper or molybdenum in our case. After filtering and collimating the X-rays into
a single beam, they are then directed to a sample. X-rays are reflected by core electrons
of atoms, and in a crystalline material, these reflections occur at regularly spaced intervals,
or crystallographic planes. At any particular angle, if the distance traveled between X-
rays reflected from adjacent positions is equal to an integer multiple of half the wavelength,
they will constructively interfere, satisfying the Laue condition and leading to the Bragg
equation. Deviating from this angle reduces the intensity of this reflection. This angle
dependent intensity pattern is characteristic of a particular crystal structure, and can in
principle be used to directly identify the arrangement of all atoms in a crystal. In this work,
we will mainly use powder XRD, in which crystal orientation is not controlled and only
one set of angles is measured, leading to less definitive, possibly overlapping patterns that
are used more as a fingerprint to match with previously determined patterns than as a way
to determine the crystal structure from the measurement alone. In addition, for nanosized
crystals, this reduction in intensity is less sharp, as there are only tens or hundreds of atoms in
a reflecting array and thus a small deviation in angle will cause less destructive interference.
Through the Debye-Scherrer equation, it is possible to estimate crystallite sizes based on the
width of observed peaks in an XRD pattern. A great tutorial on how to prepare and analyze
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powder x-ray diffraction of nanocrystals was written recently by Holder et al..['?
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1.4 Colloidal Nanocrystal Synthesis Techniques

The most common synthesis technique for colloidal nanocrystals uses a sudden mixing
of two or more chemicals required for the formation of these crystals, often termed ”hot-
injection”, as this is accomplished by rapidly adding a solution containing some of the com-
ponents to a hot solution containing the remaining components. This sudden mixing causes
crystals to form, or nucleate, in solution. Once crystals have formed, they can increase in size
by adding material from solution (growth), physically connecting to other crystals (attach-
ment), or exchange material with other crystals (ripening). Without outside intervention,
these processes continue indefinitely, resulting in the growth of large crystals. To solve this
problem, synthesis of nanocrystals in solution will usually include ligands to stabilize the
species in solution and prevent aggregation. While this type of synthesis is easy to set up
and allows a variety of chemicals to be used, it is difficult to scale to industrial synthesis and
can be strongly influenced by fluid transfer during mixing.

Instead of initiating the nanocrystal formation reaction through the mixing of two reagents,
it is also possible to heat the prepared mixture to a temperature at which the reaction will
occur. This "heat-up” synthesis is simpler, as there is no requirement to add chemicals to a
solution at high temperature. Control over the reaction comes entirely through the control of
the temperature - at some temperature, the activation barrier for precursors to decompose,
or for nanocrystals to nucleate is reached, with the reaction proceeding from there. Natu-
rally, this comes with its own challenges - variables such as the rate at which the reaction is
heated that are not important in a hot-injection synthesis are now major controlling factors.

Once initial nanoparticles have been formed, it is possible to continue growing more
material on them. In general, this process of heterogeneous nucleation, i.e. forming nuclei on
existing material, is more efficient and controllable than the homogeneous nucleation required
to create nanocrystals. There are a variety of different methods with different names using
this basic idea with slight variations, such as seeded growth, '3 shell growth and self-limiting
reactions such as c-ALD or SILAR. While these reactions are of paramount importance for
established semiconductor quantum dots or metal nanoparticles, heterogeneous nucleation
is not well-studied in the case of metal halide nanocrystals, and we will not be working with
this technique here.

In some cases, nanocluster reactions can become self-limiting without creating a two-step
process, forming clusters with a defined number of atoms. Creating these clusters generally
requires an even higher degree of control than forming nanoparticles. The number of atoms
in these clusters have such a defined number so that they can be enclosed by low-index,
stable surface facets, without adatoms or holes. These "magic sized clusters” (MSCs) have
been found in the synthesis of many different types of nanoparticles, and can even be used
as precursors in a heat-up type reaction. 4!

For all of the methods described above, problems with experimental reproducibility are
the Achilles heel of nanoparticle synthesis. Even going back to Faraday, a note on the prepa-
ration cautioned practitioners to be meticulous about cleaning, stating ” A glass supposed to
be clean, and even a new bottle, is quite able to change the character of a given gold fluid”.[!
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In the recent nanoparticle literature, some very popular protocols were found to be strongly
influenced by minute impurities in some of the reagents - to the point where different bottles
from the same chemical supplier would produce different results. For instance, trioctylphos-
phine oxide, a frequently used solvent for CdSe nanoparticle synthesis, ®! contains impurities
of phosphonic acids without which the synthesis does not proceed as planned.!*® Minute
impurities of iodide in a commonly used surfactant, cetyltrimethylammonium bromide can
suppress the formation of gold nanorods'®. For the metal halide nanocrystals studied here,
water is a very strong binding agent, and even small inclusions can substantially alter the
reaction outcome.'™. Choosing a synthesis protocol that appears stable to these inclusions
is important for generating a reasonable understanding of the overall reaction outcome.

1.5 Colloidal Nanocrystal Synthesis Models

Next, we briefly review the most important models used to describe formation of nanocrys-
tals. All of these models have been applied at various times to explain aspects of nanocrystal
formation, though they operate at different limits and may not predict the stable existence
of nanosized crystals in solution at all. Figuring out which model is most applicable to a
certain situation is not a trivial matter and has been subject to recent contention within the
scientific community. 1821

Classical crystal nucleation theory is an equilibrium model, based broadly on the assump-
tion that bonds on the surface of a crystal are less energetically favourable than bonds in the
interior. As surface grows with the square of the radius and volume grows with the cube of
the radius, the energy of a crystallite will first increase due to formation of the unfavourable
surface, then decrease as more of the energetically favourable interior forms. The peak of
this energy is the critical nucleus size, as nuclei smaller than this size have a thermody-
namic driving force to shrink, whereas larger crystals have a thermodynamic driving force
to continue growing indefinitely. Thermodynamic fluctuations across this critical nucleus
size then drive the appearance of crystals in solution. Based on classical nucleation theory,
nanocrystals should not be stable in solution - while this theory is thus often referenced and
is the basis upon which most other theories have been built, it cannot be applied to predict
the nucleation or growth of nanocrystals without further modification.

A further result of this theory concerns the exchange of mass between crystals of different
sizes in solution. If such an exchange of mass is allowed, it is energetically favourable for
a smaller crystal to transfer mass to a larger crystal. Given not just two crystals, but a
distribution of crystals of different size in solution, larger crystals should become larger and
smaller crystals smaller, giving rise to a wider distribution of sizes. This Ostwald ripening
process of observing an increase in size as well as widening in size dispersion of crystals, can
be experimentally observed in a large number of systems, including in nanocrystals. While
Ostwald ripening can become dominant during nanocrystal reactions, it is only a growth
model and thus cannot describe the full nanocrystal nucleation and growth process.

On a semi-quantitative, explanatory level, the LaMer model is the model of choice for
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most nanocrystal synthesis practitioners.?>?? The fundamental proposition of this model
is that to create nanosize crystals, one must create a burst of nuclei at the same point
in time, depleting the components or monomers in solution and thus kinetically trapping
nanoparticles at small sizes. Most commonly, two monomer concentration limits for crystal
formation are assumed: a saturation limit, i.e. a limiting concentration above which crystal
growth occurs and a higher supersaturation limit, which leads to nucleation when surpassed.
Quickly releasing monomers into solution leads to concentrations briefly surpassing the nu-
cleation threshold and nucleation of particles, which decreases the monomer concentration
back below the supersaturation threshold, keeping nucleation near-instantaneous. Monomer
concentrations above the saturation limit now allow for slow, continuous growth of the crys-
tals. While LaMer and Dinegar formulated a mathematical treatment of this model, the
graphical depiction of this process is perhaps the most widely known qualitative description
of nanocrystal formation.

A modified version of classical nucleation theory that incorporates some of the elements
of LaMer’s work along with simulation of a continuum of nanocrystal sizes was developed
initially by Sugimoto et al.*/ and further refined by others in the past two decades. In
essence, by assuming that during burst nucleation the rate of monomers entering solution
and the rate of crystal nucleation and growth are identical, it is possible to set up and
solve a simplified differential equation for the rate of nucleation and growth as a function
of the supersaturation concentration. Further modifications are based on the realization
that this assumption only holds for the time of maximum supersaturation,® and include
more balanced models capable of reproducing experimentally observed nanoparticle size
distributions. 26!

A simplistic model of nanocrystal nucleation and growth that fits neatly into the structure
of chemical kinetics was developed by Watzky and Finke for metal nanocrystal growth in
the 1990s. >") It requires only two rate constants, one for nucleation of nanocrystals through
a bimolecular reaction of two monomers in solution and further an autocatalytic growth rate
for a reaction between the nanocrystal and additional monomers. This model can be fit to
the disappearance of precursor in solution, or the appearance of nanocrystalline material, and
often describes the resulting sigmoidal curves quite well. In contrast to the LaMer model, this
fit usually leads to descriptions of slow, continuous nucleation coupled to fast, autocatalytic
growth. While the overall concentrations of reagents and products can be well described by
this model, estimating nanocrystal sizes is more difficult. Without further modification, the
Finke-Watzky model will always predict a population of nanocrystals monotonously decaying
in number with increasing size, as larger crystals contain more monomers and will thus grow
quickly, while new small crystals are continuously added to the population. This contrasts
with the nearly gaussian distributions of nanocrystal size observed under well-optimized
synthesis conditions. Recent work modifying this model with a second, slower growth rate
for larger nanocrystals can reproduce experimental size distributions, though the size at
which this growth rate is arbitrarily imposed will greatly influence the size predicted as an
outcome. 28!

In the limit that nanocrystal nucleation and growth are both faster than the generation
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of the monomers required for these processes, this precursor decomposition process turns
into the major controlling factor of the synthesis.?*3% Owen and co-workers have pioneered
much of the work in this area, leading to libraries of precursors with different reactivity that
is partly predicted by classical physical organic chemistry concepts such as Hammett param-
eters. ! By tuning this effect, the speed at which precursors are released can be controlled,
which in turn controls the number of nuclei, the period of time over which nucleation is
distributed as well as the growth rate of the nanocrystals.

In a model recently developed by the Norris and coworkers, facet-limited growth is directly
addressed.® This directly builds on the finding that many nanocrystals are well faceted,
with faces generally defined by crystallographic orientation, and that completing a facet is
thermodynamically favourable. If nucleation of a new facet is the rate limiting step, then
growth of the crystal can be modeled as a series of facet growth steps. If, just as in classical
nucleation theory, there is a critical nucleus size for a facet, an adlayer below that size is
subject to thermodynamic fluctuations, whereas a adlayer larger than this size will grow to
cover the entire facet. This has the potential to lead to a growth instability: If one facet is
significantly thinner than the others, such that the critical adlayer nucleus is smaller than the
facet on one of the facets, this will result in much faster growth of the thin facets. Based on
previously reported values for surface tension, line tension and bulk energy, a thermodynamic
model of this facet growth was developed, and applied to nanoplatelet growth, as well as
to growth of magic sized clusters. We will develop a similar model in chapter 3 for 2D
perovskite nanosheets that we refine purely based on experimental data.

Finally we note here some models which have been used mostly on a qualitative level,
usually to rationalize the formation of anisotropic nanostructures such as rods or plates in
a homogeneous solution. 3 Some previous research has suggested that nanocrystals may
form through the use of the surfactants used as ligands as soft templates. Without the
nanocrystals, ligands readily form nanoscale structures such as round micelles, bilayers or
other shapes. In analogy to the use of polymer or other organic molecular structures as
templates to form mesoporous materials, these shapes could serve as a template to induce
certain forms such as gold nanorods. Another frequently used idea concerns the binding of
ligands or other synthesis elements to different facets. If certain facets of the crystal have
particles bound with more strength than others, they will be less available for reactions and
thus grow more slowly.

1.6 Properties specific to metal halide nanocrystals

Most semiconductor nanocrystals are made of moderately hard materials with strong
bonds, such as CdSe or InP. Metal halide nanocrystals are an exception in this regard -
the ionic nature of their bonds results in a much softer material that rearranges easily and
undergoes reactions readily at room temperature. Three important aspects are changed
significantly: degradation, transformation and crystal annealing.

Degradation processes in metal halide nanocrystals often result in the dissolution of the
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crystalline structure. Alcohols,®* amines,®® thiols and other organosulfur compounds!®S!
and phosphonic acids®®” readily dissolve lead halide perovskites and other metal halide
nanostructures - even solvation with less strongly binding groups such as amides (dimethyl-
formamide) or esters (y—butyrolactone) is possible and has been used to create metal halide
precursor inks.[® The ease of these degradation processes remains a major problem to the
industrial application of lead halide perovskites in particular. )

Chemical transformation of nanocrystals has been observed in many different materials,
including the harder II-VI and ITI-V semiconductors. However, it is usually only a transfor-
mation of one part of the lattice, i.e. through cation exchange - generally with the assumption
that this is mainly driven by cation vacancy diffusion and that the anion lattice remains sta-
ble.[* In metal halide nanocrystals, both the anion and the cation lattice are labile, and so
both anion[*1*?l and cation exchange can be observed. However, due to the lability of both
lattices, it is possible to also change the phase of the material completely. %434 These un-
usual nanocrystal transformations are also implicated in the formation of some metal halide
materials, adding additional complexity to an already difficult system. [4°]

Crystal annealing is an important process to enable the formation of perfect single crys-
tals. While reaching a nanocrystalline size can make it easier for a crystal to anneal, the
bond strength can still remain extremely important. For this reason, high quality II-VI
semiconductors need to be synthesized at high temperatures.!'® The even stronger bonds
of III-V semiconductors sometimes require temperatures above what can be reached with
organic solvents. 6l Metal halide nanocrystals have much weaker bonds - crystal annealing
appears to occur at or close to room temperature. This plays a crucial role in the formation
of high quality, highly luminescent crystals of lead halide perovskites at low temperatures.

Specifically for the lead halide perovskites, another important aspect to the creation of
highly luminescent crystals is what is called the defect-tolerant electronic structure. 4748
This arises from a difference in the orbitals that form the highest occupied state (HOMO
or the top of the valence band) and the lowest unoccupied state (LUMO or bottom of the
conduction band). In most semiconductors, these are the bonding (HOMO) and anti-bonding
(LUMO) orbitals between the two elements. As a result, any missing bonds (non-bonding)
will lead to energy levels between the bonding and antibonding states that will disrupt the
process of absorbing and emitting photons. In the lead halide perovskites, both the HOMO
and the LUMO are composed of antibonding orbitals. Missing bonds will only subtly shift
the electronic states - these electronic states will still influence the overall efficiency, but not
as severely. 7]

Lastly, we consider surface bonding. For metal halide nanocrystals, the most common
binding motifs and ligands are either an interaction between a positively charged ligand
(usually oleylammonium or another protonated amine) and a negatively charged surface
rich in halide anions, or binding of a negatively charged ligand (usually oleate, though many
other acid anions may bind similarly) to a positively charged surface rich in metal cations. [*°!
For the lead halide perovskites in particular, the binding of oleylammonium can occur in
vacant cesium sites on the surface in a highly coordinated fashion. This strong bond to
oleylammonium can even lead to the formation of layered 2-D perovskite materials®! - a
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macroscale, version of the colloidal 2-D nanoplates we will investigate in Chapter 3.

1.7 General Introduction to Machine Learning

Machine learning or artificial intelligence is an old field, dating back to the advent of
computers. Machine learning in its most general form means enabling a computer to become
better at a task by being exposed to some form of knowledge. The basic process is asking
a computer to predict what will happen in a system - and supplying it with data and some
model that could predict what is happening. The computer then fits the model to the
data, and for any useful learning process, the computer should make increasingly accurate
predictions as the number of data points used in the fit are increased. In a very general
sense, fitting a straight line to a number of points using a computer is a form of machine
learning that most scientists will have performed before.

Modern machine learning takes advantage of large datasets and complex statistical mod-
els to try and make predictions of complicated systems. Increased computational power and
more general models have catapulted this area from a minor subfield in computer science to
a general tool with applications across all science and engineering disciplines. Fundamen-
tally, the ability to predict outcomes is central to all STEM disciplines, so general purpose
prediction algorithms have enormous appeal. For an excellent practical overview of modern
machine learning practices, we highly recommend Andrew Ng’s introductory online course
on machine learning, ®? as well as the documentation of the scikit-learn package. !

Machine learning prediction algorithms are usually defined first by the type of task they
are to perform. Briefly, there is a division of prediction tasks into classification tasks in
which the desired outcome is a class or quality - such as image recognition of a cat or a
dog - and regression tasks in which the desired outcome is a quantity, such as the price of a
house. Further, there are supervised tasks in which there are external sources which can give
a correct answer - the correct label, or the correct number - and unsupervised tasks in which
the correct answer is not given and correlations or clusters of the data should be found.
Finally, there are tasks in which there are multiple outputs (i.e. predicting the number of
cats and the number of dogs in an image).

A second division is given by the type of algorithm. Linear regression models can still
be used in a modern machine learning context, though usually in a multi-variate fashion
and using regularization terms to limit the number of variables used for the prediction.
Non-linear algebraic relations can sometimes be added in by including polynomial or other
algebraic features of the outputs. Decision trees can be used for a wide variety of tasks,
especially in an ensemble where multiple trees are used together to predict the output,
such as a random forest algorithm. Support vector machines and kernel ridge regressions
utilize distance metrics between points to predict outcomes and have also been used widely
in chemistry. While there are many other model types, perhaps the most widely used in
general are neural networks - i.e. layered, individually simple computational models which
transmit predictions in parallel and in series to each other in ways reminiscent of neurons in
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a brain. Finally, there are a number of approaches using graph theory that can be utilized
to predict outputs. For chemistry, perhaps the most relevant of these are molecular graph
approaches - i.e. models that conceive of molecules as a collection of nodes (atoms) with
connections (bonds). %

One of the pitfalls of machine learning is overfitting, i.e. the use of so many variables
in a model that each datapoint is uniquely identified and no trend or correlation is learned.
To ensure this does not occur, machine learning practitioners routinely divide their data
into a training set that is used to fit the algorithm, and a test set that is utilized to test
whether the algorithm is truly predictive. Only the results of the test set are relevant to the
evaluation of whether the machine learning algorithm succeeded at its task. In addition, some
algorithms may need to be tuned to the problem by changing what is called hyperparameters,
i.e. the number of variables being fitted or the value of regularization penalties. In some
models, especially deep learning models, the number of these hyperparameters can be large
enough to store information in itself, so that iterating between training and testing set
while optimizing these parameters can lead to information transfer about the contents of
the testing set. Thus, a good practitioner will also utilize a separate validation set - i.e.
section out part of the training set that is used not to train parameters directly, but to
optimize the hyperparameters. To further ensure that the hyperparameters are useful for
the entire training set and not only to predict that specific validation set, it is useful to
use cross-validation, which means iterating which parts of the training set are used to train
parameters vs. hyperparameters and finding those hyperparameters that are most useful
over the entire training set.

An important application for machine learning, especially in synthesis is not simply the
prediction of outcomes, > but the use of those predictions to generate new experimental
conditions and reevaluation of the model after said experiments have been performed. This
type of feedback loop is termed active learning. In principle, any model could be used in
such a feedback loop. However, the method by which experiments are chosen - termed the
aquisition function - is usually dependent not only on the predicted outcome of the model,
but also in the predicted uncertainty of the model outcome. Ensemble models that natively
incorporate some uncertainty by combining multiple prediction algorithms or functions can
quickly be incorporated into such a scheme (i.e. random forests, gaussian processes etc.).
Alternatively, bayesian statistics can be used to estimate model certainty, or a separate model
can be trained to predict the uncertainty of the first model. Given the model uncertainty;,
it is then possible to explore possible parameter space to create a more accurate model
by choosing experiments with the highest uncertainty or to exploit the given knowledge to
optimize some performance metric by choosing experiments that are most likely to give the
best results. Together with automated synthesis techniques, active learning has the potential
to change the way experiments are chosen and performed. 7]
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1.8 Machine Learning in Synthesis Science

Modeling has long had a distinct place in synthesis science. Linear, or at least analytic, °®
models of reaction kinetics or reaction rates as a function of temperature, concentrations or
chemical substituents are part of the standard repertoire that chemists use to investigate
how reactions happen and are considered foundational for the the general subfield of phys-
ical synthetic or physical organic chemistry. However, many reactions do not yield neat,
analytically solvable models. Connections between different reactions quickly yield thorny
differential equations and non-linear processes - especially in nanoparticle synthesis.

As a result, synthesis science is one of the areas in chemistry facing the most prediction
uncertainty - which is a prime opportunity for machine learning methods. There is, however,
one important caveat: Many of the most successful machine learning techniques, especially
deep learning and the use of neural networks, require tens or hundreds of thousands of
data points. Chemical synthesis is laborious, and generating more than a thousand data
points can be a serious chore. This limits the types of algorithms that can be successfully
employed.

Nevertheless, there has been a lot of attention in this field over the last few years. In the
field of organic chemistry, the Doyle, ®®) Asparu-Guzik,® Denmark, " and Cronin[6? groups
have taken much of the early initiative in this area, utilizing a variety of algorithms to predict
reaction outcomes from chemical inputs, particularly in organic chemistry. The Schrier ¢!
and Ceder %3 groups have pioneered similar work in materials synthesis. For nanocrystals,
the Sargent %% Buonassissil® and Cronin!® groups have started working in this area.

Given the difficulty of performing and analyzing the many experiments required to train
machine learning models, there is a concurrent effort to aquire large datasets. Three distinct
methods are useful to consider here. First, many laboratories have studied a system over
years and may have amassed a large data volume that only needs to be transcribed to be
useful for machine learning applications.®® Second, fields that have been studied for some
time often have rich literature - which can be extracted either manually or using machine
learning techniques for natural language processing.[%? Finally, robotic liquid handling!®”
and microfluidic setups allow high-throughput synthesis campaigns with thousands of ex-
periments. All of these efforts are complemented by ways to streamline data reporting and
create relevant databases, such as the dark reactions project,®! ESCALATE, %8 the mate-
rials project!® and the open reaction database[™.

Active learning regimes that attempt to optimize some important property or explore
a system are an active area of research. In the general materials synthesis fields, much of
this work has been pioneered by groups around Maruyama and Takeuchi. For nanocrystals,
researchers around Buonassissil®! and Cronin%® have been able to predict and tune spectra
of metal nanoparticles through utilizing active learning in connection with robotic synthesis
infrastructure. Tuning the emission spectra of lead halide perovskite nanocrystals has also
been achieved using flow systems and machine learning by the deMello[™ and Abolhassani
groups.

In general, all of this previous work has tried to simplify chemical reactions for the use
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of machine learning in one of two ways: either turning it into a single variable quantitative
(regression) task, such as predicting catalysis efficiency or optimizing the absorption ratio of
two peaks, or transforming it into a qualitative task (classification), predicting reaction out-
comes. In reality, these two tasks are two sides of the same coin: there are multiple possible
products of chemical reactions, each of which may be measured at a variable concentration
- which would turn the problem into a more complex, multioutput regression task.

1.9 Scientific Machine Learning

To gain more scientific insight from the large volume of data used for machine learn-
ing, there is a movement to incorporate more scientifically interpretable models. There is
movement from two sides: on one hand, machine learning models are being interrogated for
possible scientific insight. 561 On the other, physical models are being given more flexibility
and parameters than might traditionally be done.[™ Overall, the goal of this type of re-
search is to create algorithms that would both give scientific insight and are flexible enough
to handle and accurately predict large volumes of data.

In cases in which there is thermodynamic control, much work on this area has focused
on mapping phase boundaries. This can be done by utilizing general purpose algorithms to
predict where good boundaries lie, or by integrating the results with theoretical calculations
of formation energy and chemical potential.

Systems under kinetic control depend not on the formation energy of each chemical, but
rather on the activation energy between each pair of reagents. If only one activation energy
matters, as in the enantiodetermining step of catalytic reactions, this becomes a relatively
straightforward task. For systems with multiple parameters, the scientific prediction of out-
puts requires modeling of the kinetics by finding solutions to differential equations - a task
that must be repeated anew for each initial condition queried. While this is expensive, the
computational cost of calculating differential equations has also decreased significantly. Cur-
rent work on utilizing physics-informed neural networks to create general purpose solutions
for differential equations, especially for problems including simulation of chemical reactions.

Overall, there is clearly room for growth in the area of scientific machine learning, and all
of the introduced topics here remain areas of active research. Ideal models cannot clearly be
identified - and may indeed be system specific. Work in this thesis attempts to utilize machine
learning or statistical techniques to learn more about the process of nanocrystal formation.
We hope that this recount will be helpful to others embarking on similar journeys.
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Chapter 2

Elucidating the Cs-Pb-Br Perovskite
Nanocrystal Reaction Network

Reproduced in part with permission from: Dahl, J. C.; Wang, X.; Huang, X.; Chan, E.M.
; Alivisatos, A. P. “Elucidating the weakly-reversible Cs-Pb-Br Perovskite Nanocrystal Re-
action Network with High-Throughput Maps and Transformations” Journal of the American
Chemical Society 2020, Copyright 2020 American Chemical Society

Advances in automation and data analytics can aid exploration of the complex chem-
istry of nanoparticles. Lead halide perovskite colloidal nanocrystals provide an interesting
proving ground: there are reports of many different phases and transformations, which has
made it hard to form a coherent conceptual framework for their controlled formation through
traditional methods. In this work, we systematically explore the portion of Cs-Pb-Br synthe-
sis space in which many optically distinguishable species are formed using high-throughput
robotic synthesis to understand their formation reactions. We deploy an automated method
that allows us to determine the relative amount of absorbance that can be attributed to each
species in order to create maps of the synthetic space. These in turn facilitate improved un-
derstanding of the interplay between kinetic and thermodynamic factors that underlie which
combination of species are likely to be prevalent under a given set of conditions. Based on
these maps, we test potential transformation routes between perovskite nanocrystals of dif-
ferent shapes and phases. We find that shape is determined kinetically, but many reactions
between different phases show equilibrium behavior. We demonstrate a dynamic equilibrium
between complexes, monolayers and nanocrystals of lead bromide, with substantial impact
on the reaction outcomes. This allows us to construct a chemical reaction network that
qualitatively explains our results as well as previous reports and can serve as a guide for
those seeking to prepare a particular composition and shape.
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2.1 Introduction

Data science and high-throughput experimentation have enabled rapid exploration in
different areas of chemistry such as chemical biology,[™ drug discovery, ™ reaction discov-
ery,[™ reaction optimization® and materials discovery. 57 Nanocrystal syntheses have
additional complexity by adding different dimensionalities”” to the multicomponent phase
diagrams explored in more traditional bulk materials design.(™ Due to this complication,
nanocrystal synthesis science has been mostly restricted to single-""™) or two-component
systems. 14308081 Tead halide perovskites® #2833 are three component systems and have
a more complex and rich phase diagram, with nanocrystals of multiple species forming
easily, 880 and chemical transformations between them accessible at or just above room
temperature. #>*487 This makes them an ideal system to test whether we can increase our
understanding of chemistry in complex nanocrystal phase diagrams by using automated
synthesis and analysis methods.

The synthesis of lead halide perovskites can be controlled through a variety of parameters.
Generally, such nanocrystals are made by addition of lead, cesium and bromide precursors
to an alkane solution containing amine and carboxylate terminated alkyl moieties that act
as agents to complex free metal ions or bind to the surfaces of any nanocrystallites. ¥ Tem-
perature and relative concentration of each of these species yields a synthetic space of large
dimensionality. Prior studies established many interesting features of this space. Temper-
ature can be used to tune the size of CsPbBr; nanocubes!®! and the thickness of CsPbBr;
nanoplatelets.® While amine-free synthesis have been reported,® in the vast majority
of synthesis in which amines are present they strongly influence the outcome. Amine chain
length, Y concentration? and protonation®? are reported to control the formation of plates
vis-a-vis cubes, their thickness as well as formation of the Cs;PbBrg phase.l%?) Secondary
amines restrict the reaction entirely towards cubes.®® Using ligand-assisted reprecipitation,
cubes, plates, rods and spheres can all be made with variations in the chain length of the
surfactant carboxylic acids and amines.® Further analysis suggested that it is ratios of lead
to amine!®%! and Cs to ammonium %7 that control the system rather than an absolute
concentration of amine. In this work, we further explore how these and other factors interact
with each other and build chemical understanding about why they matter.

The chemical transformations in this nanocrystal system are additional essential fea-
tures of this system not usually observed for nanocrystals. Of particular importance is
the reversible nature observed in the transformation between CsPbBrs and Cs,PbBrg. 44
The transformation from CsPbBrs to CsyPbBrg is accomplished through addition of oley-
Jlamine®! and can be strongly accelerated by adding thiols® or thiocyanate,!®8 switch-
ing from a process that takes seconds in an isotropic regime to taking hours or days in a
more gentle layer-by-layer fashion depending on the chemical strength of the etchant solu-
tion.[*® The reverse transformation from CsysPbBrg to CsPbBrs can be induced by adding
oleic acid or heat*¥ solubilized PbBr,, ¥ or removing CsBr.*3 Additionally, a Br-deficient
environment appears to lead to the formation of CsPbBr3 through CsBr and CssPbBrg in-
termediates, %) suggesting that bromine might also induce transformation from Cs,PbBrg
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to CsPbBrs. Other transformations have also been observed: In a polar/nonpolar solvent
mixture, CsPbBr3 was shown to slowly transform to CsPbyBry after addition of dimethyldo-
decylammonium bromide. 8”7 These transformations are not confined to the Cs-Pb-Br phase
space. In the CH3NH3PbXj3 system, lead halide nanocrystals can be transformed into the
perovskite material, 190191 likely through intercalation reactions that are similar to those
found in bulk.['% Reversible transformation to metal-depleted species with amines was also
observed with lead-free double perovskites nanocrystals. 192 (see Chapter 5 We expand on
these transformations and use them as qualitative measures to test which reactions are al-
lowed, reversible or prohibited.

Integrating these diverse results into a cohesive picture has been difficult. Experimental
work attempting to map out and integrate the synthesis has been limited, usually dealing
with individual slices through the multidimensional synthesis landscape, such as the transi-
tion from synthesizing Cs,PbBrg to CsPbBrs, % or the formation of platelets of different sizes
and cubes.[®® The first succeeded in directly mapping a small portion of a synthesis phase
diagram, with the second using a machine learning model to give an approximation. The
number of syntheses performed inherently limits the reliability and density of the maps pro-
duced — automated synthesis and analysis protocols can help gain better information. Previ-
ous studies display a single outcome dimension such as the ratio of Cs;PbBrg to CsPbBrj, %]
or average layer thickness of nanoplates, [ or size of nanocubes, °2 which is useful to isolate
a particular effect. Finding a way to display and reason with the multidimensional nature
of this system is crucial to developing further and more coherent understanding.

This work explores the rich phase space of cesium lead bromide nanocrystal synthesis
through factorial sets of 2337 synthesis experiments performed on a synthesis robot. An
automated algorithm provides a deconvolution of absorption spectra into nine optically dis-
tinct species, from which we construct a detailed, multidimensional map of the synthetic
space. We then traverse synthetic space: we test 149 transformations of the observed species
upon addition of additional reagents. We observe an equilibrium of nanocrystalline, atomic
layer and molecular lead halide phases which can serve as intermediates for the formation of
different ternary cesium lead halide phases and geometries. This aids us in constructing a
chemical reaction network that connects the synthesis and transformation reactions, explains
the observation of multiple synthetic pathways, weakly reversible behavior and apparent non-
linearity close to transition points. Finally, we discuss a range of observations from previous
reports and find that our model has strong qualitative explanatory power, including over
properties not initially considered. Our combination of high-throughput experimentation
and quantitative analysis allows us to gain an overview of the reaction space, qualitatively
analyze the transformations within this space, and build a more complete chemical under-
standing in the form of a chemical reaction network not apparent through either method
alone.
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2.2 Results and Discussion

To construct a chemical reaction network, we first need to characterize and confirm the
identity of the 9 different reaction products we observe. We then examine an example of tran-
sitions between species to see how different variables change the synthesis outcome. To gain
a better overview of reaction space, we want to explore the synthesis in an high-throughput
fashion, which we accelerate by building an automated deconvolution algorithm which trans-
forms absorption spectra into fractions of different species. Based on the deconvolution, we
build a map of synthesis space as a function of Cs, Pb and OLA concentrations. From
the map, we can gain insight into the possible reactions occurring during formation and
transformation of nanocrystals. We then test these transformation reactions, which helps
us determine which of the possible reaction pathways are valid and leads us to the chemical
reaction network we describe. Finally, we consider the implications of our model and show
that it has significant qualitative explanatory power over previously reported results.

Species Observed in CsPbBr Synthesis Space

We synthesized cesium lead bromide and lead bromide species using a modified version
of the method reported by Imran et al.['9) By varying reagent concentrations, we observed
formation of nine species that could be differentiated based on their UV-Vis absorption
spectra, and made reference samples to characterize and confirm their identity by UV-Vis
absorption, X-ray diffraction and transmission electron microscopy (TEM) (Figure 2.1). High
resolution TEM images A.1.1 of Cs,Pb,Br, show lattice d-spacings of Cs,PbBrg, CsPbyBrs,
PbBry and CsPbBr3 nanocubes. For 2, 3 and 4 ML nanoplatelets, stacking distances of
the nanoplatelets can be measured, which were found to be roughly in range with those
calculated from XRD patterns. No useful HR-TEM images for 1 ML nanoplatelets were
obtained due to instrumental limitations and the instability of the sample under electron
beams.

CsPbBr; nanocubes, %8 nanoplatelets between 1 and 4 lead bromide layers®"1%4 and
CssPbBrg* have been thoroughly described elsewhere and our results match literature
properties.

We will describe the properties of CsPbyBrs, PbBry nanocrystals and molecular lead
halide species here in more detail, as we have found ambiguities in the literature regarding
their characteristics. XRD patterns of CsPbyBrs nanocrystals match well with the bulk
diffraction pattern!'®! (2.1C3). These nanocrystals usually have a clearly observable ab-
sorption peak around 320 nm, with onsets starting at 350 nm (2.1 B3). This matches data
from reflectance spectra of bulk crystals. 19! While we observe photoluminescence from these
species (See Figure A.1.3), it is similar to that of CsPbBrj species and could easily arise due
to small impurities of perovskite cubes or plates in the sample, as has been indicated for
the Cs,;PbBrg phase. %l PbBr, nanocrystals, as determined by XRD (2.1C2), have a vari-
able absorption onset, occurring between 345 and 370 nm with peaks or shoulders between
330 and 350 nm ((2.1B2)). This is close to the reflectance spectrum observed for PbBry
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Figure 2.1: Transmission
electron microscopy images
(A), absorption spectra (B),
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in bulk,'° and would suggest that nanocrystals observed ((2.1A2)) do not display strong
quantum or dielectric confinement, unlike smaller structures others have prepared. 100101

Lead halide complex species can be made by employing a high molar ratio of OLA to Pb-
OA of 10:1 and no Cs-OA. We observe an absorption peak at 313 nm in dodecane (2.1B1).
The Emission spectrum shows a peak at 450 nm and a FWHM of 30 nm — this may be a
fluorescence signal from the species itself (see Figure A.1.3). Some of this signal may also
be present in the PbBry sample. If dried, the lead halide species appears to assemble into a
layered species, as determined by the characteristic stacking patterns (2.1C2). In previous
publications, a lead halide species was reported as [PbBrs]- with an absorption peak around
320 nm in polar solvents.'%! The peak we observe in non-polar solvents overlaps almost
exactly with the peak of CsyPbBrg, which may lead to confusion of the two species. To
distinguish the two spectra, it is necessary to consider the line shape of the two peaks:
Cs4PbBrg has a sharper peak with a FWHM of 10 nm centered around 315 nm, with an
onset only starting at 340 nm, while the lead halide complex has broader peak with a FWHM
of 15 nm centered on 313 nm and an onset starting around 350 nm. Further research is
needed to prove and characterize the presence of any particular complex in apolar solvents.
Until such research is performed, we believe it is more appropriate to use the terms [PbBr,]
or lead bromide complexes when discussing these species. (A.1.2). Further investigation the
topic of lead halide complexes in more detail is discussed in Chapter 4.

We can confirm the identity of nanocrystalline species through X-ray diffraction patterns,
further corroborate these patterns with high-resolution TEM (Figure A.1.1) and provide a
match with their optical absorbance spectra. Given that we observe and differentiate nine
species that can be made in this synthesis, we show next how we can go about using this
information to understand transitions between different areas of synthetic space.

Transitions Between 2 and 3 Monolayer Nanoplates

A useful example is the transition from 2 to 3 monolayer (ML) platelets 2.2. The synthesis
outcomes can be observed by the characteristic peaks in optical density at 431 nm (2 ML) and
455 nm (3 ML). Increasing the concentrations of lead oleate and cesium oleate in the synthesis
solution will drive a transition from the creation of 2 to 3 layer platelets in this reaction,
which can be deduced from the increase in optical density of the peak at 455 nm and decrease
of the peak at 431 nm upon increasing reagent concentration. Oleylamine has the opposite
effect: increasing concentration leads to higher 2 ML peaks and decreasing concentration
leads first to higher 3 ML peaks and then a decrease in the 3 ML peak with a corresponding
increase of a 4 ML peak at 473 nm. What is unexpected is the abruptness of this transition:
starting at the lower lead and cesium regime or at higher oleylamine regimes, several reactions
produce almost no discernible 3 ML peak. There is a sudden change to conditions producing
mostly 3 ML plates, leading to a complete reversal of majority products by the variation of
only 10-20 % in the amount of oleylamine and lead, or 50% in the amount of cesium. We
also observe that the synthesis becomes more variable close to these transition points (2.3),
with some reactions at ostensibly the same conditions producing more 2-layer plates and
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Figure 2.2: Absorption spectra of as-synthesized solutions of 2 ML and 3 ML nanoplatelets
describing a transition point at a Pb-OA concentration ([Pb]) of 0.6 mM, oleylamine concentration
([OLA]) of 2.4 mM, Cs-OA concentration ([Cs]) of 0.51 mM, depending on changes in A) Pb-OA
concentration ([OLA] = 2.4 mM, [Cs] = 0.51 mM) B) oleylamine concentration ([Pb] = 0.6 mM,
[Cs] = 0.51 mM) and C) Cs-OA concentration ([Pb] = 0.6 mM, [OLA] = 2.4 mM)
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other reactions forming mostly 3 layer plates. If this system is non-linear, minute variations
in the synthesis conditions due to small errors in addition, dilution or temperature control
would strongly influence a reaction close to a critical point and lead to large experimentally
observed errors. Reactions performed at conditions that are further from a critical point
would be more reproducible. Any effort to create useful maps of the synthetic space must
grapple with the shape of this terrain, with areas of relative stability bounded by regions of
abrupt change and high variability.

—F [PbBr] CsPb,Br, 1ML —+ 33mL ~F  CsPbBr,
— Cs,PbBr, —  PoBr, —+ 2mL 4 ML
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Figure 2.3: Spectral purity / relative concentrations vs amounts of reagents added for reactions
crossing close to the transition point shown in 2.2(0.51 mM Cs, 0.6 mM Pb and 2.4 mM OLA). Error
bars are the standard deviation of reactions performed in triplicate on the same plate. While all
colors are shown, only 2 ML (purple), 3 ML (blue) and 4 ML (turquoise) have major contributions).

Spectral Deconvolution

To systematically investigate the synthetic parameters that result in the formation of the
9 different species, we used our high-throughput workflow to synthesize 2337 samples and
measure their absorption spectra. For this large number of reactions, it was crucial to develop
an automated method that allowed us to consistently determine the type and approximate
amount of each chemical species in the synthesis reaction from absorbance spectra 2.4. Our
method treats each measured spectrum as a linear combination of reference spectra for each
species (2.4C). We used a least absolute shrinkage and selection operator (LASSO 10110
constrained to positive values to add penalties for relying on too many of the reference
spectra to fit a measured spectrum, which gave consistent results and restricted the spectra
chosen to the majority species in a sample (2.4 D).

As can be seen in Figure A.1.3, the nanoplatelets and nanocubes have similar emission
features as those shown in previous reports. #3194 The one exception is the second sample for
2 ML plates, in which a second peak arises which looks spectrally very similar to the one for
the 3 ML plates. This is likely due to a small contamination of 3 ML plates in the sample,
which is not unlikely given the long red tail in the absorption (Figure 2.2 C). However, it does
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Figure 2.4: Vector representation of the spectral deconvolution process. An experimentally mea-
sured spectrum and its first and second derivatives (A) are deconvoluted using a LASSO algorithm
into a linear combination of 11 reference spectra (B) and their derivatives (C). Deconvoluted ex-
ample spectrum (D), showing fractional contributions of [PbBr,], Cs;PbBrg, 1 and 2 ML. (E)
Distribution of R2 values for the fits of the 2337 spectra measured for this work.

illustrate one advantage that absorption spectra have over emission spectra for assigning
sample identity: due to inner filter effects and different emission efficiencies, this sample
would seem like a 50-50 mixture of 2 and 3 ML plates based on emission data, whereas based
on absorption it is clear that an overwhelming majority of the sample is composed of 2 ML
plates. Fitting values only to the absorption spectra resulted in assignment of species which
had no matching peaks in the measured spectrum, and frequently overestimated the amount
of CsPbBrs and larger platelets. Using the first and second derivatives of the absorbance
as additional features increased the sensitivity to peak position. The linear combination of
reference spectra fit the measured spectra well, with an average R? value of 0.976; over 80
% of the spectra have an R? value above 0.95 (Figure 2.4 E). Based on error simulations for
this method, we estimate that the fractions of species calculated based on absorbance should
be accurate to within 2-3 % of the measured value (2.13), unless the fraction itself is below 5
% (see 2.4 for a discussion of simulated and experimental errors). Deconvolution of spectra
containing simulated 4 ML and CsPbBrj absorption exhibited higher errors, with significant
underestimates once the fraction of 4 ML or CsPbBr3; was lower than 10 % A.1.5 This
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error is significantly smaller than the average experimentally measured variation of 10-25 %
absolute error in the measured fractions for repeated nanocrystal synthesis under the same
experimental conditions. Larger experimental variations are observed at for a small number
of individual points A.1.7. Overall, this high-throughput spectral deconvolution allows us
to consistently and reproducibly determine the relative amount of the species produced by
a synthesis.

High-Throughput Synthesis Map

Having established a method to quantify the distribution of species produced by Cs-Pb-Br
nanocrystal reactions, we mapped the formation of those species over a range of Cs-OA, Pb-
OA, and OLA concentrations in order to gain a holistic view of synthetic space. Other maps
of other variables can be found in section 3 of the SI. We performed synthesis experiments
in a factorial expansion across 9 concentrations of cesium precursor (0.0-0.8 mM, in steps
of 0.1 mM), 9 concentrations of lead precursor (0.13 to 1.24 mM, 0.12 mM steps) and 6
concentrations of oleylamine (1.2, 1.8, 2.4, 3.0, 3.6 and 4.9 mM) for a total of 486 reactions.
Reactions (500 pL) were performed at 30° C, with a concentration of 4.8 mM oleic acid and
12.2 mM benzoyl bromide added to each solution. We construct the synthesis map in 2.5
from the resulting absorption spectra (as an example, see 2.9 using spectral deconvolution to
determine the fraction of each species at each reaction condition (2.10). Colors correspond
to different products, while contour levels (50 %, 70 % and 90 %) indicate levels of purity by
spectral analysis. To determine the new insight we can extract from this high-throughput
dataset, we first consider a broad overview of the map. All nine species shown in Figure 2.1
can be found at some point in this dataset. In fact, we only identified the PbBrs, [PbBr,]
and CsPbyBrs species after analyzing spectra that did not fit well during deconvolution.
Additionally, the observation of areas of the same color connecting in the map means that
similar conditions usually create similar products, which is sensible chemically and supports
our assessment that the analysis is accurately detecting the relative amount of different
species. This is especially important in cases where the species are spectrally similar, as is
the case between lead bromide complexes (dark grey) and CssPbBrg (red). The cases in
which clear islands appear, such as the 3 ML (blue) island in the 2 ML (purple) cluster
in Figure 2.5 D appear correct in their spectral assignment, are caused by single reactions
and are most likely experimental outliers. Domains that persist over a range of variations
are robustly identified, but the exact positions of boundaries should be treated with robust
skepticism. Future studies with greater precision of dispensing and higher map densities are
also surely worth pursuing in order to carefully traverse the boundaries between the domains.
Our best judgement is that the current experiments provide no evidence for magic numbers,
or one island of a composition that is wholly surrounded by another composition. Overall,
the map represents a portion of synthetic space containing all species we are analyzing and
shows that those species cluster into areas with similar conditions.
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Figure 2.5: Map of majority species and level
of spectral purity depending on the concentration
of cesium and lead at oleylamine concentrations
of (A) 1.2 mM, (B) 1.8 mM, (C) 2.4 mM, (D) 3.0
mM, (E) 3.6 mM, and (F) 4.9 mM. Reactions were
performed at the intersection of the grid lines; ar-
eas between are colored via cubic interpolation
of all neighboring data points. Colored regions
of the map indicate the majority species (species
fraction j 0.5), with contour shading defined by
color scales on the right. White denotes no ma-
jority species.
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Considering Potential Reactions based on Positions in Synthetic
Space

. We now consider specific species and their position in synthetic space. We will use this
information to learn how Cs, Pb and OLA precursor concentrations tune synthetic pathways
and construct hypothesis of reaction pathways to test. The distribution of perovskite species
is consistent with previous reports of Pb/OLA ratios or Cs/OLA 2 ratios controlling
the reaction outcome. Nanocrystals of lead-rich (CsPbyBrs) and lead-depleted (Cs,PbBrg)
phases appear towards the right side (high Pb) and upper side (high Cs) of Figure 2.5,
respectively, as would be expected from their stoichiometry. The role of OLA in the forma-
tion of CsyPbBrgmatches with that previously reported, with higher [OLA] leading to more
Cs4PbBrg,?? as does the role of the Cs/Pb ratio.!” The synthesis of CsPbyBrs has not
been explored similarly to date. We observe that nanocrystals with CsPbyBrs phase form
at high [Pb] and low [Cs], which would be expected based on the lead-rich stoichiometry.
The formation of CsPbyBry at lower [OLA] is unexpected, however. As there is no obvious
incorporation of oleylamine into either CssPbBrg or CsPbyBrs or clear surface stabilization,
this suggests that oleylamine is likely important in the formation processes. We next con-
sider the areas of the map that contain the binary lead bromide species to understand how
they fit into this synthetic space. Perhaps the most surprising result of this map is that
at the lowest [Pb], there is always lead bromide complex present irrespective of the amount
of Cs-OA in solution. With increasing amounts of oleylamine, the region occupied by the
lead bromide complex expands to higher lead concentrations, except at high Cs concen-
trations where the CsyPbBrg phase will form. Regions containing PbBry nanocrystals or
OLA2PbBry nanosheets are confined mainly to the low [Cs] regime, as would be expected
for binary lead bromide phases. In general, PbBry is the major species at low levels of OLA
while the nanosheets dominate at high [OLA]. The concentration of lead plays a role at
intermediate [OLA], with higher concentrations of lead leading to formation of more PbBr,.
As the binary lead halide species occupy all of the synthetic space at the lowest inorganic
component concentrations, it is quite likely that they play key roles in the formation process
of all of the ternary compounds, as for the formation of nanocrystals we would need to pass
through those areas of low inorganic component concentrations to achieve the higher con-
centrations required for crystallite nucleation. Considering the concept of passing through
lower inorganic component concentrations to reach regions with higher inorganic component
concentrations during synthesis, we examine which species are most often found next to each
binary lead bromide species. PbBr, is adjacent to regions containing CsPbyBrs, and in most
regions containing CsPbBrs at lower Cs concentrations. 1 ML are connected to PbBry at
higher OLA concentrations or lower Pb concentrations. These single layer plates are in turn
almost always adjacent to bilayer plates at higher Cs concentrations. The lead bromide com-
plex is found next to all perovskite phases, the Cs;PbBrg phase and the monolayer plates at
lower Pb concentrations, and adjacent to the CssPbBrg at lower Cs concentrations. Multiple
potential pathways towards product formation now become apparent, depending on whether
products form based on direct nucleation from lead halide complexes, from transformation
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of the other lead halide species or through dissolution and reprecipitation. Moving to the
interactions of the ternary phases, the set of 2-, 3- and 4-layer plates and nanocubes are
lined up in that order along a series of increasing Cs or Pb values, or decreasing OLA values,
which suggests a potential island nucleation mediated layer growth pathway of the plates as
in II-VI nanocrystals. Larger plates and nanocubes are adjacent to the CsPbyBrs phase at
higher Pb values, and sometimes at lower Cs values, which could potentially be explained
through transformations of the CsPbyBr; and the CsPbBrs phases. Majority Cs,PbBrg ar-
eas appear to be adjacent only to the 2 and 3 ML plates at lower Pb values, though there is
some formation of Cs;PbBrg at lower Pb values in areas containing any perovskite. Overall,
the synthesis map suggests many possible reactions that we can group into multiple possible
pathways towards formation of different products and nanocrystal transformation processes.

Testing Reaction Pathways through Chemical Transformations

While the adjacency of two species in synthetic space can help us construct hypothetical
reaction pathways, it is not clear that the chemical transformation between the two species
occurs - and if so whether it is reversible or irreversible. This is crucial to determine which of
the potential pathways are relevant in nanocrystal transformation and formation reactions.
To probe this directly, we used the map to find sets of two points in which the majority
species changes by slightly varying the concentration of only one species. We then attempt
to transform one of these species into the other by adding Cs-OA, OLA or Pb-OA after the
reaction was initiated by halide precursor injection to see which of the possible reactions
exist. By examining the reactions which exist, we can also understand which reactions are
reversible due to the presence of forward and inverse reactions. Figure 2.6 A and B describe
this process by showcasing four examples of chemical transformations. In Figure 2.6A, a
solution containing PbBry nanocrystals can be transformed into CsPbBrs by adding Cs-OA,
or into a solution containing 1 ML plates by adding OLA. The two transformations have
very similar results to the direct synthesis, suggesting that there is a reaction pathway from
PbBr; to these species that is not much different to the formation in the synthesis reaction.
In Figure 2.6 B, a solution containing 1 ML plates is transformed into PbBry by adding
Pb-OA or into a mixture of 2 ML plates by adding Cs-OA. The transformation into lead
bromide appears facile, whereas the transformation into the nanoplates appears much more
complicated. Compared to the initially synthesized sample, most of the 1 ML plate peak
remains in the sample after Cs-OA addition, a small amount of 2 ML plates is formed, and no
3 ML plates appear at all. From this information, we can deduce that there is an equilibrium
between PbBry and 1 ML, a pathway from PbBrs to CsPbBrs and a partial reaction from 1
ML to 2 ML, whereas the reaction from 1 ML to 3 ML does not occur.

We examine the outcome of 149 transformation reactions, focusing on which interactions
suggested from the map are real reactions. 2.6 C summarizes the outcomes of all reactions
performed, allowing us to constrain possible formation and transformation sequences. For
the binary lead bromide species, all forward and inverse transformations are possible through
either addition of oleylamine or lead. Presence of forward and inverse reactions implies the
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Figure 2.6: Chemical transformations between species in the Cs-Pb-Br reaction network. (A) Suc-
cessful transformations of PbBra nanocrystals (right) into CsPbBrs (upper left) through addition
of 0.8 mM Cs-OA and into 1 ML nanosheets (lower left) through addition of 18 mM oleylamine.
(B) Successful transformation of 1 ML (right) into a mixture of 1 ML and PbBrs nanocrystals
through addition of 0.4 mM Pb-OA (upper left) and mixed results from a transformation into a
mixture of 2 ML (partially successful) and 3 ML (unsuccessful) through addition of 0.4 mM Cs-OA.
(C) Matrix classifying all pairs of transformations by observed outcome. Inaccessible reactions are
transformations in which there is no possible single reagent route from the reagent species to the
product species in the parameter space given by the map in 2.5. Reversible reactions correspond to
both possible reactions being observed, irreversible reactions correspond to one of the two possible

reactions observed.
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existence of a reversible equilibrium between the lead halide nanocrystal, monolayer and
complex species. As we remarked previously, the formation of nanocrystals likely proceeds
through at least one of these binary lead halide phases. The equilibrium between the binary
lead bromide species provides a platform that enables switching between different potential
pathways depending on the synthesis conditions.

We now examine what reactions are possible when moving towards the ternary species by
adding Cs-OA. PbBrsy can be transformed to CsPbyBrs and to large CsPbBrj crystals, but
not to the 2-4 ML platelets or Cs,PbBrg. 1 ML platelets can only be partially transformed to
2 ML platelets, but not to larger platelets, cubes or the other ternary phases. As no cesium
is present in the initial solution, it is not possible for 2 ML nuclei with a stoichiometry of
OLA5CsPbyBr; to form before Cs injection. This may suggest that the strict limitation to
Ostwald ripening growth of 2 D nanoplatelets through island nucleation mediated growth
shown for II-VI semiconductors®2112 may be relaxed in the CsPbBr; system and that
growth in the confinement direction may occur, though it is likely to be a rare event. The
only species accessible from the lead halide complex through adding Cs is Cs,PbBrg at high
OLA concentrations, which is confirmed by chemical transformation as well as an indepen-
dent study published after this article was posted as a pre-print.[''3 If additional lead is
administered to a solution containing lead bromide complex in which some Cs is already
present, full transformation to Cs;PbBrg and 2 ML plates as well as partial transformation
to larger perovskite products is observed. The partial transformation to larger perovskite
products is intriguing: instead of forming one or two of the platelet phases as is observed
in direct synthesis, adding lead to a solution containing lead bromide complex and cesium
induces formation of all the perovskite species (2 ML, 3 ML, 4 ML plates and nanocubes)
as well as the single monolayer plate in the same reaction solution. This suggests that the
process of forming the nanoplatelets is changed when starting from a solution containing
Cs and the lead halide complex, as opposed to a halide free solution. This observation has
significant implications for the development of a holistic picture of the synthesis of cesium
lead halide nanocrystals, as it suggests that lead bromide complexes are not the most direct
intermediates on the way to formation of perovskite species.

Let us finally examine transformations among the ternary species to further elucidate
growth and transformation reactions. It is possible to transform a thinner nanoplate into
a thicker one or a nanocube by adding lead or cesium, but it is not possible to transform
a thick nanoplate into a thin nanoplate. Instead, adding oleylamine to perovskite species
results in the formation of lead halide complex, Cs;PbBrg (as reported in a series of previous
work ®>44]) " and single layer nanosheets. Transformation into PbBry or CsPbyBrs also ap-
pears suppressed. The ubiquitous presence of lead halide complex in reactions in which OLA
was added to the solution adds further credence to the dissolution-reprecipitation processes
proposed for the transformation between perovskites and other ternary phases.**87 The
Cs4PbBrg phase appears to react quite similarly to the lead bromide complex concerning the
reactions producing the perovskite phases, producing the entire array of perovskite species
when lead is added, suggesting the possibility that the two phases may share reaction path-
ways. However, it does not appear to have a ready transformation towards PbBry, mainly
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due to its location on the opposite side of synthetic space.

Chemical Reaction Network

Integrating these observations into a diagram of cesium lead bromide nanoparticle for-
mation leads us to 2.7. In our interpretation, the most important concept is the mutual
equilibrium of lead halide species at the top of the diagram, with PbBrs nanocrystals, single
monolayer plates and lead bromide complexes interconverting. This equilibrium is a uniquely
determining factor in the reaction because of the different reactions each of the species
may take when exposed to cesium: PbBry reacts with cesium to form either nanocubes or
CsPbyBrs, whereas the monolayer plate will react to form a 2 layer plate and the molecular
complex will form Cs;PbBrg. The platelets appear to grow irreversibly one layer at a time,
which could be explained both by island nucleation mediated layer growth in the confinement
direction as suggested by the transformation of 1 ML to 2 ML plates or nucleation of larger
cores and subsequent layer dependent Ostwald ripening as in II-VI nanoplatelets.[''1 All
phases can be decomposed into lead bromide complex, which can then react to Cs4PbBrg and
lead bromide monolayers and nanocrystals, enabling dissolution-reprecipitation processes for
all transformations between cesium lead bromide nanocrystals.

Now that we have obtained
an overall reaction diagram,

PbBr, 1 ML [PbBr, >~ let us examinelwhat fimforma—

OLA OLA 4J.% 4 tlon we can learn from its

m Pb w Pb 4 4 structure. The connectivity
1 of the reaction diagram sug-

gests the existence of a multi-
component reaction network
as the basis of the CsPbBrs
formation reaction. While not
all the reactions shown here
are reversible, the reaction
network allows any species to
be converted to any other
species if the appropriate path
through the network is taken.
This property of a network
is known as weak reversibil-
ity to mathematicians study-
ing chemical reaction network
theory. ¥ To chemists, weak reversibility may offer an explanation for why certain reac-
tions, such as the transformation of perovskite nanocrystals to Cs;PbBrg or CsPbyBry can
sometimes take days even though all crystals can be formed and dissolved rapidly at room
temperature. The reactions that take longer must proceed over several intermediates, any

Figure 2.7: Diagram of reactions of Cs;Pb,Br. nanocrystals.
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of which might only be present in miniscule amounts, thus reducing the overall speed of
transformation drastically even if each individual reaction is facile. Another important re-
sult of thinking of this synthesis in terms of a reaction network is allowing for non-linear
changes in product amounts despite linear variations of the input: Critical points and non-
linear transitions from one species to the next frequently arise when multiple reactions are
coupled with each other, even if each reaction is linear. This can qualitatively explain the
sudden transitions between chemical species, such as in the perovskite nanoplatelets. It also
explains why it is usually quite easy to create 2 and 3 layer species in a phase-pure manner,
while larger species are often found in mixtures. Overall, the reaction network structure
provides concepts that help explain some of the peculiar chemical properties observed in
this nanocrystal system, such as reversible ligand-induced phase transformation and critical
points in the production of several products.

Integration with previous Results

We now consider the effect of the chemical reaction network on CsPbBrjs synthesis. There
are two formation pathways of CsPbBrj3 species, and they are modulated through an equilib-
rium of the intermediate lead bromide species. We discuss previously reported nanocrystal
synthesis results to provide further context and to test the explanatory power of the chem-
ical model developed. Due to the presence of lead, bromide and oleylammonium ions in
solution, syntheses derived from the method of Protesescu et al.®¥ may be considered a
transformation from different binary lead halide species in solution to ternary phases upon
addition of Cs. Our reaction network can explain the results of temperature control in this
method, which induces formation of thin nanoplates at 90 °C, 194 thicker nanoplates at 130
°C, small nanocubes at 160 °C®¥ and larger nanocrystals at 200 °C. We see similar effects
shifting the areas where plates and cubes are formed at lower temperatures and with the
different synthetic method we employ (Figure A.1.4). The transition from platelets to cubes
is easy to explain in terms of relative amounts of PbBry and OLA3PbBry in equilibrium
leading to different reaction pathways and products. However, if there is truly a dynamic
equilibrium between these two species, it should also influence the crystallite size, which is
likely to influence the size of species after transformation. If conditions strongly favor one
side of the equilibrium, crystals of that species are unlikely to ever dissolve fully and as a
result, particle sizes are likely to be larger. In a balanced dynamic equilibrium state, we
would expect rapid formation and dissolution of crystals of both species, leading to overall
smaller crystallite sizes.

We consider here spectra of 1 ML and PbBry species as evidence of the size dependence
of those species on the concentration of oleylamine as proposed in the equilibrium argument.
1 ML plates synthesized at low Pb values have very strong quantum confinement in one
dimension and only show a slight blueshift in the absorption peak at low concentrations of
oleylamine (from 397 nm in the other samples to 395 nm at 1.8 mM and 392 at 1.2 mM, see
Figure 2.8). PbBr, nanocrystals synthesized at high Pb values have a less defined absorption
feature, but larger and more gradual shifts in their spectra, ranging almost 20 nm from the
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Figure 2.8: A) Spectra of OLAsPbBry nanosheets (1 ML plates) at varying concentrations of
oleylamine. [Cs] = 0, [Pb] = 0.13 mM, [Br] =12.9 mM, [OA] = 5.4 mM. B) Spectra of PbBry
nanocrystals at varying concentrations of oleylamine. [Cs| = 0, [Pb] = 0.92 mM, [Br|] =12.9 mM,
[OA] = 9.2 mM. C) Scheme showing the proposed effect of the equilibrium between OLA3PbBry
nanosheets and PbBry nanocrystals on the size and shape of reaction intermediates and on per-
ovskite nanoplates and cubes.
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shoulder at 340 nm for an oleylamine concentration of 1.2 mM to the shoulder appearing
around 320 nm for an oleylamine concentration of 4.9 mM.

The two lead halide species have different pathways towards perovskite species forma-
tion. 1 ML plates can substitute the native oleylammonium for Cs, which would then
allow layer growth. The reverse surface substitution of oleylammonium for Cs perovskite
species has been observed to strongly control the ligand environment.**" PbBr, can con-
vert to CH3NH3PbBr3 through intercalation of CH3NH3+ ions and a subsequent phase
change, 190101 5o we assume here that the transformation from PbBr, to CsPbBrs occurs
through a similar mechanism. The size of precursor or reaction intermediate should also in-
fluence the size of species post transformation. For monolayer lead bromide, a larger crystal
size means a larger lateral size, since without cesium, this layered compound is confined in
one dimension. Research examining the growth of CdSe nanoplatelets 3% suggests that under
conditions of layer-by-layer growth on an anisotropic nanocrystal, a larger lateral size would
decrease growth in the confinement dimension. Large 1 ML nanosheets will likely grow into
thin plates, whereas smaller nanosheets have a lower island nucleation barrier. Mixtures will
predominantly occur between small cubes and thick plates with smaller lateral sizes. For
PbBr,y, smaller crystal sizes before Cs intercalation would lead to smaller perovskite cubes,
and larger crystals would lead to larger cubes.

Research from Almeida et al.l"? provides further evidence for the previous argument of
larger lead bromide size under conditions favoring the lead bromide species, based on the
observation of PbBry precipitation at high temperatures. This is also observed in inverse
temperature crystallization experiments in more polar solvents, though the intermediates at
play are likely somewhat different due to coordination of solvent molecules. In nanocrystal
systems, this precipitation can be suppressed by adding more oleylamine and oleic acid, as
would be predicted by the equilibrium argument. In addition, co-formation of nanoplatelets
at lower temperatures is often observed, which is easy to explain by the presence and reac-
tion of two binary lead halide species through separate pathways at those temperatures. The
acid base equilibrium described can also easily be incorporated into this analysis. Changing
the ratio of oleylammonium to oleylamine changes the behaviour of the system because it is
the oleylammonium species which is bound to and stabilizes the monolayer plates. Larger
amounts of oleylammonium result in more growth of platelets instead of cubes. The type
of amine ligand used can also provide some insight into this mechanism. As implied by the
stoichiometry of the lead bromide monolayer, two amines per unit cell are required for the
formation. If shorter, straighter chains of amines are used, achieving this packing is eas-
ier, so nanoplatelet formation is increased, while longer or more disordered amines decrease
nanoplatelet formation.>%! Secondary amines which do not fit into the monolayer formula
unit will completely suppress the formation of nanoplatelets, leading to highly monodisperse
cubes.”® The authors of that paper indeed suggest that there should be several pathways
towards perovskite nanocrystal formation, as we prove here. In addition, dialkylamines ap-
pear to also suppress the transformation into CsyPbBrg. All of these observations can be
readily explained by the formation of only PbBry nanocrystals as intermediates in this reac-
tion. If the monolayer and lead bromide complex are almost entirely suppressed, the PbBr,
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size is determined exclusively by reaction kinetics and the supersaturation would be quite
high, leading to a sudden burst nucleation and monodisperse cubes. Virtually no lead would
leave the surface of the nanocrystals as a lead halide complex after synthesis, suppressing
both Ostwald ripening and the transformation to CsyPbBrg. To create phase and shape pure
CsPbBr3 nanocubes, the reaction with secondary amines is more effective precisely because
it suppresses all the other pathways in this synthesis. However, it is not possible to perform
this synthesis with the Cs injection technique reported by Protesescu et al.,’®¥ as the sup-
pression of the equilibria means that solid PbBry precursor will not dissolve into the other,
more soluble lead halide species, as was also shown by Imran et al.[?¥ We thus find that
our reaction diagram model has significant qualitative explanatory power and can connect
to and help explain results observed with different synthetic methods, different precursors
and different surfactants. Let us now examine some of the previous work examining kinetics
and intermediates of portions of this process. One of the first proposed intermediates in this
process was the formation of Pb0 seeds which could then act as nucleation sites for further
attachment. !5 We believe that the particles seen may have been PbBr, nanocrystals, which
we are able to observe through absorption, X-ray diffraction and electron microscopy and
are also able to transform them into CsPbBrs, but not into perovskite nanoplates. Similar
phase transformation experiments from binary lead halide nanocrystals have been success-
fully demonstrated for methylammonium lead bromide and iodide. 19190 We agree with the
assessment that the two-dimensional OLA,PbBry phase plays a key role in the formation of
platelets, as suggested by Imran et al.[*® and demonstrated here. through suppression of
the platelet pathway with secondary amines. This pathway is determined by kinetics, espe-
cially if the benzoyl bromide synthesis route is taken, as shown by the irreversibility of the
platelet growth reaction. While we were not able to track the formation of CsBr during the
formation of nanocrystals to corroborate evidence from Wen et al. of a CsPbBr3 formation
path that advances through CsBr and Cs,PbBrg*1%8 this path can be incorporated into
our model through the transformation of CsBr to Cs,PbBrg, both of which can then act
as Cs reservoirs in the reaction pathways that we demonstrated, which might help explain
the range of different sizes of perovskite species produced by slow, continuous nucleation of
perovskite species upon addition of lead oleate to lead halide complex or CsyPbBrg. This
last argument may help stress the point that this reaction diagram is only complete in the
Cs-Pb-Br system with respect to reactions we can observe — other reactions may play a role
and could help expand this diagram further in the future, or adapt it for use in other lead
halide perovskite systems. We thus show that the model we have built allows us to transfer
knowledge from our synthesis study to other methods as well as explaining additional prop-
erties such as size control that were initially not examined, demonstrating the qualitative
explanatory power of our results. We believe that expanding the knowledge of dynamic
processes in this complicated nanocrystal system provides a new frontier for increasing and
refining our understanding of nanocrystal formation and transformation reactions.
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2.3 Conclusion

We use quantitative and qualitative analysis of high-throughput synthesis data to deter-
mine a cohesive chemical reaction network for lead halide and cesium lead halide nanocrys-
tals. This is accomplished through combining factorial exploration of synthesis space and
an automated method for deconvoluting absorption spectra to create maps and transfor-
mations. We find that this nanocrystal reaction network is weakly reversible, which helps
explain the equilibria observed between nanocrystal species of different phases. The reaction
is largely determined by an equilibrium between lead bromide nanocrystals, monolayers, and
complexes. We examine previously published experiments through the lens of our model and
find that our reaction network has substantial qualitative explanatory power. This work can
offer a cohesive understanding of the formation and transformation reactions of cesium lead
halide nanocrystals. Furthermore, our combination of quantitative mapping and qualitative
transformation experiments allows us to gain a holistic view of the reaction that is helpful for
developing understanding. The work presented here also suggests that further combinations
of high throughput tools with data science approaches can be productive in deciphering
reaction networks that govern the synthesis of nanomaterials. We believe this approach
could be transferred to other complex chemical systems where an interplay of kinetic and
thermodynamic factors complicates the outcomes.

Since the publication of this work and the associated dataset, there has been significant
exchange with other scientists, leading to multiple collaborations. Based on the high-quality
2 ML plates produced here, a collaboration with the Manna group at the Italian Institute
for Technology using X-Ray diffraction peaks as an interferometry method showed that the
assemblies of 2 ML plates formed during drop-casting approach single-crystal quality. [1*¢!
Using emission data from the high-throughput dataset, the Bekenstein group has investigated
the changes in Stokes-shift as a function of perovskite nanoplate size and found that while
the Stokes shift increases with increasing perovskite nanocube quantum confinement, the
Stokes shift will decrease with increasing 1D confinement, i.e. decreasing plate thickness,
of perovskite nanoplatelets. Ongoing work in the Alivisatos group with Ethan Curling uses
relative quantum yield data extracted from the dataset to probe the changes in quantum
yield as a function of bromide concentration across multiple perovskite products. Initial
work with the Sutter-Fella group demonstrated that the deconvolution algorithm could be
utilized successfully to determine the ratios of different species from in-situ absorption data
of thin-film double perovskite processing. Finally, the dataset was utilized twice in a research
class teaching first-year undergraduates how to gain scientific insights from large datasets in
nanoscale materials chemistry. [17]
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2.4 Experimental

Synthesis

Materials

Cesium acetate (99%), hexane (mixed isomers, 98 %) and ethyl acetate (> 99.5 %) were
purchased from Fisher Scientific. Lead(II) acetate trihydrate (> 99.5 %), benzoyl bromide
(97 %), oleic acid (technical grade, 90 %), oleylamine (technical grade, 70 %) and dodecane
(99 %) were purchased from Sigma-Aldrich. All chemicals were obtained from commercial
suppliers and used without further purification.

Cesium and Lead Oleate solutions

Solutions of cesium (I) oleate (Cs-OA) and lead (II) oleate (Pb-OA) were prepared similar
to a previous report.!!'® 192 mg (1 mmol) of cesium acetate were placed into a 4 mL glass
vial with stir bar, and 1 mL of Oleic Acid was added. For lead oleate solutions, 379 mg (1
mmol) lead acetate were placed into a 4 mL glass vial with stir bar, and 1.5 mL of Oleic
Acid was added. The mixtures were stirred for 3 hours at 100 °C on a hot plate and used
without further purification. Mixtures were briefly reheated before synthesis to ensure full
mixing of precursors.

Manual Synthesis of phase-pure cesium lead bromide species

In Collaboration with Xingzhi Wang and Xiao Huang
Manual synthesis of phase-pure cesium lead bromide species was carried out using reaction
conditions as noted in 2.1, in a method derived from the synthesis reported by Imran et
al..[1%] In each reaction, all reagents except benzoyl bromide were dissolved in the solvent
and stirred. Benzoyl bromide was then injected to the solution to start the reaction - either
pure, or as a 1.1 mM solution in hexane, as noted. To make the reactions easier to purify,
reaction solvent was changed from dodecane to hexanes except where otherwise noted, and
concentrations of all reagents were increased by about a factor of 10 from similar high-
throughput synthesis.

Purification of phase-pure cesium lead bromide species

In Collaboration with Xingzhi Wang and Xiao Huang
PbBr, Reaction mixture was reacted for about 2 min to form a cloudy suspension. Solid
products were collected by centrifugation (10 g, 2 min) and resuspended in 1 mL dodecane.
CssPbBrg Reaction mixture was reacted for about 1 min. To collect products, 1 mL ethyl
acetate was added to form a cloudy suspension. Solid products were collected by centrifuga-
tion (10 g, 2 min) and resuspended in 1 mL hexanes. PbBry Reaction mixture was reacted
for about 15 minutes to form a slightly cloudy suspension.Supernatant was collected by
centrifugation (10 g, 10 min). To collect solid products, 5 mL ethyl acetate was added to
supernatant to from cloudy mixture. The mixture was centrifuged (10 g, 10 min) to collect
precipitate. To resuspend product, 3 mL of 53 mM OA in hexane was added. Supernatant
was collected by centrifugation (8 g, 5 min) and resuspension. CsPbyBrs Reaction mixture
was reacted for about 5 min to form a cloudy suspension. Solid products were collected
by centrifugation (7.5 g, 1 min) and resuspended in 1 mL hexanes to form a cloudy sus-
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Species Temperature Solvent OLA OA Cs- Pb- Total Benzoyl
(mM) (mM) OA OA OA  Br(pl)
(mM) (mM) (mM)

PbBr, RT dodecane 4.9 4.8 0 027 9.2 12 (1.1
mM)

Cs,PbBrg 100 °C dodecane 91 80 80 20 429 10

PbBr, RT hexanes 21 7.5 0 6.7 112 15

CsPbyBrs RT hexanes 1.8 4.8 050 093 11 12 (1.1
mM)

1 ML RT hexanes 18 22 0 6.7 112 15

2 ML 100 °C dodecane 182 80 10 20 207 10

3 ML RT hexanes 30 48 5.0 8 102 120 (1.1
mM)

4 ML RT hexanes 30 48 7.0 11 121 120 (1.1
mM)

CsPbBr; RT hexanes 18 48 6.0 6.7 99 120 (1.1
mM)

Table 2.1: Reaction conditions for phase pure species observed in high-throughput synthesis in
Figure 2.1

pension. 1 ML nanoplatelets Reaction mixture was reacted for about 2 minutes to form
a cloudy suspension. Solid products were collected by centrifugation (10 g, 10 min). To
resuspend product, 3 mL of 100 mM OA and 46 mM OLA in hexane was added. The mix-
ture was sonicated for 30 minutes, then centrifuged (10 g 10 min) to collect supernatant.
2 ML nanoplatelets Reaction mixture was reacted for about 1 min. To collect products, 1
mL ethyl acetate was added to form a cloudy suspension. Solid products were collected by
centrifugation (10 g, 2 min) and resuspended in 1 mL hexanes. 3 ML nanoplatelets Reaction
mixture was reacted for about 2 min. Solid side products were removed by centrifugation
(10 g, 2 min). Solvent was depleted by N2 flow until a cloudy suspension was formed, to
which about 1 mL ethyl acetate was added. Solid products were collected by centrifugation
(10 g, 2 min) and resuspend in 1 mL hexanes. The resulting solution was centrifuged (7.5
g, 1 min) to remove side products. 4 ML nanoplatelets Reaction mixture was reacted for
about 2 min. Solid side products were removed by centrifugation (10 g, 2 min). Solvent was
depleted by N2 flow until a cloudy suspension was formed, to which about 1 mL ethyl acetate
was added. Solid products were collected by centrifugation (10 g, 2 min) and resuspend in
1 mL hexanes. The resulting solution was diluted 10x in ethyl acetate. Side products were
then removed by centrifugation (10 g, 2 min). CsPbBrs nanocubes Reaction mixture was
reacted for about 2 min. Solid side products were removed by centrifugation (10 g, 2 min).
Solvent was depleted by N2 flow until a cloudy suspension was formed, to which about 1 mL
ethyl acetate was added. Solid products were collected by centrifugation (10 g, 2 min) and
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resuspend in 1 mL hexanes. The resulting solution was centrifuged (7.5 g, 1 min) to remove
side products.

High-Throughput Synthesis

For high-throughput synthesis, dodecane solutions of cesium oleate (200 x diluted from
a Cs-OA stock solution), lead oleate (200 x diluted from a Pb-OA stock solution), benzoyl
bromide (80 x diluted - except where noted otherwise), oleylamine (100 x diluted) and oleic
acid (80 x diluted) were freshly prepared for every run. Dodecane was chosen as a solvent
because of its high boiling point to prevent evaporation during the reaction and observation,
as well as its high optical transparency. Using a Hamilton NIMBUS4 Microlab liquid han-
dling robot, dodecane, oleylamine, lead oleate, oleic acid and cesium oleate solutions were
added in varying proportions to a 96 well plate equipped with single-use 1 mL glass vials.
The entire plate was heated to the reaction temperature while shaking at 300 rpm and kept
at the reaction temperature for 800 s. Under continued shaking, benzoyl bromide solution
was added to each vial, for a final reaction volume of 500 pL. This addition sequence was
typically performed within 600 s. The plate was kept at the reaction temperature and shaken
for another 600 s after the addition.

High-Throughput Postsynthetic Transformations

The addition sequence for post synthetic transformation reactions starts in the same
fashion as the other high-throughput experiments. After waiting for 600 s upon addition
of benzoyl bromide, varying amounts of cesium oleate, lead oleate or oleylamine solution
were added while shaking, up to a final reaction volume of 500 pL. Upon addition of the
post-synthetic reagents, the reaction plate was shaken for another 600 s before transferal
to the microplate for absorption measurements. For every post-synthetic reaction, six vials
were prepared with the initial amount of reagents, and three vials were prepared with the
final amount of reagents. In three of the six first vials, the difference between initial and
final reagent amounts was added after the addition of benzoyl bromide solution, the other
three were kept as a reference for the starting material.

Characterization

Absorption Spectroscopy

In Collaboration with Xingzhi Wang and Xiao Huang
UV-Vis absorption spectra of the cesium lead bromide species were recorded using a Shi-
madzu UV-3600 double beam spectrometer. Samples were prepared by diluting stock solu-
tions of samples by a factor of 50 in hexanes. For each measurement, a blank spectrum was
subtracted from the signal as background.

Photoluminescence Spectroscopy

In Collaboration with Xingzhi Wang
Photoluminescence emission and excitation spectra of CsPbBrs cubes, 4 ML and 3 ML
nanoplatelets were recorded by an Edinburgh FLS 980 Spectrometer. The sample prepara-
tion procedures were the same as those for UV-Vis absorption spectrometry.

Powder X-ray diffraction (PXRD)
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In Collaboration with Xingzhi Wang and Xiao Huang
XRD patterns of NCs were acquired using a Bruker D2 Phaser X-ray diffractometer equipped
with a Cu Ko of 1.5445 Awavelength. Samples were prepared by drop-casting 100 pL
stock solutions of NCs onto a silicon substrate. Samples were dried under air flow prior to
measurements.

Transmission electron microscopy (TEM)

In Collaboration with Xingzhi Wang and Xiao Huang
TEM images of the cesium lead bromide species were acquired using a FEI Tecnai T20 trans-
mission electron microscope equipped with a Gatan RIO16IS camera and a LaB6 filament.
All images were recorded under 200 kV accelerating voltage. Samples were prepared by
dropcasting about 10 pLL 1000 x diluted stock solutions onto a carbon support with 400 cop-
per mesh. Samples were dried under ambient conditions prior to imaging. High-resolution
TEM images were taken under identical conditions.

High-throughput absorption and emission spectra

From a 96-well plate reaction, 30 pL of each 500 nL final reaction solution were removed,
diluted with 270 pL. dodecane and placed into a 96-well Hellma quartz microreader plate. A
Biotek Synergy 4 microplate reader was used to evaluate the reaction solutions. An automatic
calibration was carried out before each plate was measured, then absorption spectra were
recorded from 250 to 700 nm in 1 nm increments with a single reading per data point, while
emission spectra were recorded from 400 to 550 nm in 1 nm increments with an excitation
wavelength of 330 nm, with a detector sensitivity of 70 and a single reading per data point.

Data Analysis

Spectral Processing

Spectra and reagent amounts were loaded into a pandas dataframe.!™? Spectra that
had low absorbance at 250 nm (j 2.5 O.D.) were uniformly discarded, as low absorption in
this region indicated a lack of benzoyl bromide addition, except for solutions created with
low concentration Br stock solutions. Absorption spectra for references 2.4 B were chosen
based on their visual similarity to spectra of phase-pure compounds synthesized by hand
(Figure 2.1), and a single power scattering line (with the power constrained between -4 and
0) was fitted to the 550-700 nm region using the curveyit algorithm and subtracted from the
spectrum. Reference spectra of perovskite species were normalized to the optical density at
310 nm, and other materials were scaled to the same order of magnitude. We expect the
absorption cross section at this wavelength to be mainly dominated by a transition between
Pb s and p orbitals under the influence of a bromide coordination environment which should
be roughly similar for all of the materials examined here. In addition, one spectrum of
background absorption from a vial containing no discernible products as well as scattering
lines corresponding to different negative integer power dependencies on the wavelength were
added to the references to emulate multiple scattering length scales from the Rayleigh to
Mie limits.

Spectral Deconvolution



CHAPTER 2. ELUCIDATING THE CS-PB-BR PEROVSKITE NANOCRYSTAL
REACTION NETWORK 40

First and second derivatives of every spectrum with respect to wavelength were calcu-
lated after smoothing using a Savitzky-Golay filter 12" as implemented in scipy'?!) with a
window length of 21 data points and a 4th order polynomial. As the numerical values of the
derivatives are smaller than the values of the absorption, the first derivative was weighted
20 times higher and the second derivative was weighted 100 times higher than the original
spectrum to yield numerically similar and uniformly increased numbers. A cross-validating
LASSO algorithm, LassoCV 3 was used to find the coefficients of best cross-validated fit of
the collection of reference spectra and their associated derivatives to every single spectrum
and its associated derivatives 2.4( A), assigning a penalty value for using reference spectra
based on cross validation. These coefficients correspond approximately to the concentration
of the respective reference species in the reaction solution, up to a constant extinction coef-
ficient. Fractions of coefficients as well as an R? parameter of fit, the final penalty value and
the number of iterations were extracted for every spectrum.

Map Construction Example

For our main map 2.5, we wanted to show the raw absorption data and showcase how
the data analysis process in going from measured absorption data to map proceeded. In
2.9, we show all 81 spectra that go into a single panel of the map (a single concentration
of oleylamine). The spectra are split into 9 stacked plots by the amount of lead added to
each reaction, with 9 spectra in each stacked plot ordered based on the amount of Cs in the
reaction. In addition, next to each spectrum is shown the deconvolution of the absorption
based on our algorithm, in a pie chart, like the one shown in 2.4. In these pie charts, the
fraction of the pie chart corresponds to the species of the given color, while the size of the
pie chart corresponds to the total amount of spectrally observed species in the mixture.

[Pb]=0.012 mM [Pb]=0.024 mM [Pb]=0.036 MM [Pb]=0.048 mM [Pb]=0.06 mM [Pb]=0072mM [Pb]=0.084mM [Pb]=0.096 MM [Pk]=0.108 mM

w00 mM Cs
w7 mM Cs
1.2 mM Cs
= 0,3 MM Cs
w04 mM Cs
=== 0.51mM Cs
0.6 mM Cs
0.7 mM Cs
0.8 mM Gs

Absorbance (0.D.
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Figure 2.9: Absorption spectra and deconvolution of a factorial set of 9*9 synthesis experiments
at an oleylamine concentration of 2.4 mM.
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Figure 2.10: Arrays of pie charts showing the fractions and
amounts of different chemical species in the synthesis solution,
arrayed by their synthesis conditions for a OLA /Cs/Pb factorial
experiment. Color Code: Green for CsPbBr3 nanocubes; Pink
for CsPbyBrs nanocrystals; Grey for PbBry nanocrystals; Cyan
for 4-layer plates (4 ML); Blue for 3-layer plates (3 ML); Purple
for 2-layer plates (2 ML); Yellow for OLA2PbBr4 nanosheets
(monolayers); Dark Grey for Lead halide complex [PbBr,]; Red
for Cs4yPbBrg nanocrystals. [Br] = 12.72 mM, OA = 4.8 mM +
adjustments for solubility of lead and cesium precursors

The next step towards the map in Figure 2.5 is to remove the
spectra and reduce the information to the array of pie charts,
with the position on the x-y plane showing the concentra-
tions of lead and cesium in the synthesis and the pie chart
colors and size showing the result of the synthesis in Fig-
ure 2.10. There are 6 subplots corresponding to the amount
of oleylamine in the synthesis — these correspond to the 6
panels of the map. This displays an enormous wealth of in-
formation, showing the amount of 9 species as well as their
synthesis conditions for all 486 points individually. How-
ever, this amount of information is perhaps a bit much for
a casual glance, which is why we further reduced the com-
plexity to the color and purity of the majority species in the
map, with radial basis function interpolation between points
to create the appearance of spatial extent.
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Transformation Matrix Construction Example

We synthesized both the starting and ending points of a potential transformation reaction
directly and performed the chemical transformation by preparing another vial by adding
the amounts of reagents needed for the starting point, adding the halide precursor and then
adding the reagent necessary to bring the vial to the same concentration as the ending point.
Performing the chemical transformation in the synthesis solution enables us to directly probe
the viability of nanocrystal transformation reactions, as we can look at transformations and
compare them to the directly synthesized solution at the same exact concentrations. If both
reactions between two species are possible, there is likely an equilibrium connecting the two.

To speed up the exploration of transformations, a single starting material was created
as a reference for multiple transformations, creating a cluster of related transformations.
In the following figures 2.11, we show an example of the raw data, including ranges of
the absorption values in repeated experiments as well as the deconvoluted result of the
distribution of different species.
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Figure 2.11: Attempted transformations of 2 ML plates into 3 ML plates (successful) 4 ML plates
(partially successful), CsPbBrs (unsuccessful) and [PbBr,] (successful)

In the following example 2.12, we have sorted all the transformation reactions by their
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majority species of the starting material reference, and then sorted within those groups
by the majority species of the direct synthesis reference. For all reactions, we display the
pie chart denoting the composition of species for the starting material, transformation and
direct synthesis. The reactions are displayed along a series of octagons, with the inner (blue)
octagon showing the starting material, the middle (orange) octagon showing the chemical
transformation and the outer (green) octagon showing the direct synthesis. If a major
side product is expected and formed, or an unexpected reaction product is formed, we also
consider it in our analysis of which transformations are allowed.
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Figure 2.12: Chemical transformations (orange octagon) starting from 2 ML plates (blue octagon)
going towards other species (sides of the green octagon). Transformations to [PbBr,] are successful,
whereas the transformation towards CsyPbBrg is partially successful. There is no direct reaction
towards PbBro, and the reaction towards CsPbeBrs appears mostly suppressed. 1 ML and 3 ML
plates can form successfully. Reaction towards 4 ML and CsPbBrj are partially successful, resulting
in an incomplete reaction and some co-formation of 3 ML plates.
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Error Analysis

Next to obvious experimental errors such as failed injections which could be rejected in a
straightforward manner due to their much lower absorbance in the UV, there are more subtle
errors that may influence the dataset. In this section, we simulate the errors we would expect
to observe due to the spectral deconvolution as well as report measures of the experimental
standard deviations from duplicated experiments.

Errors due to the Spectral Deconvolution Algorithm

To estimate the errors of the deconvo-
Error Matrix lution, we simulated binary mixtures of all
e AN possible combinations of reference spectra.

background 0.020 . . . . . .
CsPbBr, For each combination, a logarithmic distri-
4ML o bution of 19 points between 0.01 x and 0.99
A 0015 X was chosen, which allowed better sensitiv-
g 2 '\ng\i g ity close to unity and close to 0. We used the
% 1ML2 g deconvolution algorithm to analyze the sim-
2w 00109  ulated spectra. This allowed us to compare
PbBr, 8 the deconvolution of the algorithm with the
CsPbBr 0_00: true values we used to construct the spectra.

Cs,PbBr,
Gl For every spectrum, we calculated the outer

[PbBr] _
e S e N T e R product of the deconvoluted species values
goaod=_|S J==a§ .

S IETEIESTE 3 with the true values and calculated the abso-
= o 0 -~ o~ 2 2 . . .
oo © 3 lute difference of this matrix from the outer
Mixture content 2

product of the true values to return an error
matrix for that sample. In this error ma-
trix, the y axis denotes deviations from the
true values in a certain species, and the x
axis denotes the mixture of another species
in which those deviations occurred, while color shows the magnitude of the error. All error
matrices for the simulated dataset were added and each entry divided by the number of sam-
ples in that entry (12*19 for each diagonal entry and 19 for each off-diagonal entry) to give
an average deviation per sample. We find that the average errors in spectral deconvolution
are less than 2 % of the species fraction, as in Figure 2.13.

To gain a better overview of each individual mixture, we plotted the real fraction of each
species against the calculated fraction (see Figure A.1.5). Ideally, this would be a straight
line, as shown by the blue line in each plot. There are some outliers for CsPbBrs and 4
ML platelets in the range of 5-10 %. All the deviations are under the line, pointing to a
consistent underestimation of these species. As we are applying a penalty on the coefficients
in the fitting in order to more consistently eliminate confusing minority contributions and
avoid overfitting, it is not surprising to see an underestimation at low true values.

Errors from Experimental Sources

To estimate experimental errors, we selected all entries that were identical with respect

Figure 2.13: Error Matrix for simulated binary
mixtures of all reference spectra
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to the values of temperature and addition concentrations in the dataset. This was performed
both for the mapping/transition type experiments and for the transformation type exper-
iments. For each species in each type of experiment, we plot a histogram of the standard
deviations and calculate the average and median standard deviation. For the experimental
standard deviations, we find overall average errors in the fractions to be in the range of 2 —
10 % depending on the species, both for mapping and transformation experiments, as shown
in Figure A.1.6.

However, this averaging over all duplicated fractions includes fractions in which a species
does not have a significant presence, which we arbitrarily define here as a fraction of less than
5 %. Only counting those experiments for each species in which there is a fraction larger
than 5 % allows us to more accurately estimate how large the errors are of the fractions
observed in an experiment, which are more on the order of 10 - 25 % , as shown in Figure
A1.7.

There are a significant number of out-
liers at higher errors, signifying that occa-
sional experiments may produce completely
different results if repeated. This is the most
likely explanation for the “islands” (i.e. re-
gions containing only 1 data point that are
surrounded by regions containing a differ-
ent species) found in some of the maps. We

Experimental Confusion Matrix

background
CsPbBr,

4 ML

3 ML
2ML_2
2ML
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L 108 created an approximation of an experimen-
PbEr, tal confusion matrix by going through each
CsPb,Br, of the sets of duplicates, and finding the

(¢)]

Cs,PbBr,
[PbBr]

outer product of the difference and the av-
erage of each duplicate, adding these ma-

géaas S S=Saqct ,  trices together for all duplicates and then
re] a - S NS o« o .. .
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[ORN&] O .
8 between the averages of duplicates to nor-

malize for the amount of products found
Figure 2.14: Experimental Confusion Matrix. overall. This way of showcasing the most
Showing the sum of experimental errors nor- common experimental confusions is shown
malized by the amount of overlap between two ip Figure 2.14, which allows us to observe,
species. White regions have no substantial over- {q instance, that conditions that produce
lap. CsPbBr; nanocubes could also lead to for-

mation of [PbBr,], Cs4PbBrg or 3 and 4 ML
plates, but never 1 or 2 ML plates, and only small amounts of PbBry or CsPbyBrs.

At this point, we do not know the causes of these errors; they may be due to human error
in preparing stock solutions, hidden variables such as changes in humidity and room tem-
perature or other measures not considered here. It is likely that the non-linear nature of the
experiments further exacerbates these errors; indeed, we find that in transition experiments,
errors appear to become larger close to transition points (see Figure 2.3).
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Chapter 3

Scientific Machine Learning of 2D
Perovskite Nanosheet Formation

In collaboration with Dr. Samuel Niblett and Prof. David Limmer at UC Berkeley, Prof.
Eran Rabani at UC' Berkeley, Dr. Yeongsu Cho from the Berkelbach group at Columbia, Ye
Zhang from the Yang group at UC Berkeley and Xingzhi Wang from the Alivisatos group at
UC Berkeley

3.1 Introduction

Machine learning methods make it possible to predict outcomes of complex chemical sys-
tems, °561.62] including nanocrystal synthesis. 649 Much recent work has focused on predict-
ing reaction outcomes given experimental inputs, essentially treating the synthesis process as
a black box. However, while it is difficult to understand synthesis, some fundamental prop-
erties are widely understood. Most importantly, synthesis involves a kinetic process, [30:58:80)
i.e. we need information about the behaviour of a reaction in time for deeper understanding.
For reactions in which we know that they are thermodynamically determined, it may be
reasonable to ignore these kinetic effects. In reactions where this is not certain, time series
data is of crucial importance for understanding the reaction. While work on time-series
prediction utilizing machine learning techniques exists, this has so far not been applied to
chemical synthesis.

Physically modeling the kinetics of reactions has long had a distinct place in synthesis
science. Linear, or at least analytic,[®® models of reaction kinetics or reaction rates as a
function of temperature, concentrations or chemical substituents are part of the standard
repertoire that chemists use to investigate how reactions happen. However, many reactions
do not yield neat, analytically solvable models. Connections between different reactions yield
stiff differential equations and non-linear processes - especially in nanoparticle synthesis. [26:49)
Ideally, time series modeling utilizing machine learning would connect to physical models in
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such a way that we gain models that are fast to evaluate and that allow us to determine
physical parameters such as rate constants and explore mechanisms.

There is movement from both sides: on one hand, machine learning models are being
interrogated for possible scientific insight.®® On the other, physical models are being given
more flexibility and parameters than might traditionally be done.'??l Systems under kinetic
control depend not on the formation energy of each chemical, but rather on the activation
energy between each pair of reagents. If only one activation energy matters, as in the enan-
tiodetermining step of catalytic reactions, this becomes a relatively straightforward task that
can be predicted with linear regression.!'?® For systems with multiple important rates, the
scientific prediction of outputs requires modeling of the kinetics by finding numerical solu-
tions to differential equations - a task that must be repeated anew for each initial condition
queried. While this is expensive, the computational cost of calculating differential equations
has also decreased significantly. The Scientific Machine Learning project uses fast numerical
solution of differential equations to model complex behaviour in a physically understandable
way across multiple domains. 24

As an interesting system to investigate, we choose to examine the formation of two dimen-
sional perovskite nanosheets. This material sits at the intersection of the highly active fields
of two-dimensional materials!'?> 1?7 and perovskite nanostructures.®'28) Two dimensional
materials capture the imagination of scientists across disciplinary boundaries with their un-
usual strength, optical, electronic and spintronic properties. 126127 Potential applications in
catalysis, 12 sensing, " electronics!™! and ultralight materials showcase the broad possi-
bilities given by these materials. Two-dimensional halide Van-der-Waals structures have also
been studied extensively.®™ These structures display strong quantum confinement, exciton
binding energies and directional transport, as is the case for other 2D materials.

Understanding the formation mechanisms of these structures remains a challenge, espe-
cially since most procedures require growth in a thin-film environment which is difficult to
probe in-situ. 132134 Especially the early stages of the reaction remain mostly unexplored.
By utilizing colloidal synthesis techniques, we can achieve much higher concentrations of
early stage nuclei that we can directly visualize, and obtain high quality time series data
through absorption spectroscopy. In addition, the blue-shift of the 2D exciton peak due
to lateral quantum confinement allows us to probe the size of the nanoflakes during early
growth. Combining both time and concentration information is crucial to creating a useful
model of the growth of these materials.

In addition to potential interest for the 2D materials community, this research connects
directly to the synthesis science of nanocrystals, and perovskite nanocrystals in particu-
Jar. 135136 Qynthesis science of perovskite nanocrystals has been obstructed by the absence
of kinetic data with good time resolution.!'*¢! By cooling the reaction down close to room
temperature and using stopped flow spectroscopy, we can gather an abundance of absorp-
tion spectra resolving the appearance of species early in the formation process. In previous
research, we and others have shown that binary lead halides can transform into the ternary
perovskite nanocrystal species. [43-4%137.138] Ty particular, the formation route of ternary lead
halides appears to be controlled by an equilibrium between solution complexes, 2D perovskite
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nanosheets and lead bromide nanocrystals (see Chapter 2). This equilibrium explained pre-
vious synthesis control strategies and we investigate the dynamics of these reactions further
here.

Models of nanocrystal synthesis have been developed continuously since early work by
Turkevich? and LaMer??. More modern models?"! include purely chemical versions such
as the Finke-Watzky formalism 71, models utilizing thermodynamic ideas from classical nu-
cleation theory and LaMer’s work pioneered by Sugimoto et al.?4 as well as applications
of nucleation theory to facet-limited growth developed recently by the Norris group.[?? We
develop our own models explicitly for two dimensional nanosheet growth that fit into a
chemical formalism while testing different types of growth laws and allowing us to track size
distributions over time.

In this work, we probe the synthesis of colloidal, single layer 2D perovskites using in-situ
stopped flow absorption spectroscopy, which yields time series of spectral information at
millisecond resolution. Next to discussing qualitative results, we employ traditional kinetic
analysis to understand a lead bromide chemical exfoliation mechanism by which nanosheets
form. Finally, we construct a model of the spectral absorption as a function of size as well as
a model of the kinetic behaviour of nanosheet nucleation and growth. Through combination
of these two models, we enable prediction of the entire stopped flow time series. By fitting
this model to experimental data and evaluating extrapolative cross-validation prediction
accuracy, we can determine physical parameters of the system and the most realistic reaction
mechanism.

3.2 Results and discussion

Characterization of Nanoscale Exfoliation

Lead halide nanocrystals transform into OLA;PbX, when exposed to oleylamine. This
can be observed from optical absorption spectroscopy by the appearance of a sharp exciton
peak at 397 nm (Figure 3.1 A) and the smoothing of the lead bromide shoulder at 330 nm.
Additionally, this product shows characteristic repeating X-ray diffraction peaks of stacked
monolayers, unlike the lead bromide nanocrystals (Figure 3.1 B). The transformation into
2D perovskite material from a lead halide crystal has been observed before, both in the
solid state and in colloidal solution, though no clear proof of the 2-dimensional nature of the
resulting product was offered. We demonstrate that the product formed by transforming col-
loidal lead bromide nanocrystals is indeed an atomically thin OLA;PbBr, nanosheet through
atomic force microscopy imaging (Figure 3.1). Sheets formed in this manner are much larger
than the initial nanocrystals they were formed from, as evident from transmission electron
microscopy. This could happen through two different processes: Either dissolution of the
nanocrystals and reprecipitation and growth into large sheets, or exfoliation of nanosheets
from the nanocrystals and subsequent Ostwald ripening.
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Figure 3.1: Characterization of Ezfoliation Process A) UV-VIS Absorption Spectra of PbBry
nanocrystal solution before and after treatment with oleylammonium bromide to form OLA>PbBry
nanosheets B) TEM image of PbBrs nanocrystals. C) TEM image of OLAyPbBrs nanosheets
generated from PbBrs nanocrystals through exfoliation. D) X-ray diffraction pattern of PbBry
nanocrystals before and after exfoliation to OLAyPbBry nanosheets. E) AFM image of OLA3PbBry
nanosheets. F) Cross-section of OLAsPbBry nanosheets showing single layer height of 3 nm

In-Situ Studies of Exfoliation and Synthesis

To determine which of these processes occurs, and whether this process is relevant to
the synthesis of 2D perovskite nanosheets, we utilized stopped flow studies. For the trans-
formation, PbBry nanocrystal solutions were mixed with oleylammonium bromide solutions
prepared through reaction of benzoyl bromide with oleylamine. On a qualitative level, what
is most apparent is that the characteristic 2D perovskite exciton peak appears immediately
above 390 nm, with hardly any observable blue-shift at shorter time scales (Figure 3.2 A),
regardless of the initial conditions chosen (Figure A.2.1). This implies that the nanosheets
do not undergo dissolution and renucleation during this transformation process because they
do not form small nanosheets - instead, entire layers of the lead bromide nanocrystals are
formed at once, which suggests a chemical exfoliation mechanism (Figure 3.2 B).

For the synthesis, solutions containing lead oleate, oleylamine and oleic acid were mixed
with benzoyl bromide solutions. As in previous work, there is a transition from producing
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Figure 3.2: Qualitative Observations in Stopped Flow of OLAsPbBry Synthesis A - D Stopped
flow absorption maps of OLA3PbBrs nanosheets formed through A) Transformation from PbBry
nanocrystals. B) Synthesis at low OLA concentrations. C) Synthesis at intermediate OLA concen-
trations. D) Synthesis at high OLA concentrations. E-H Cartoons of proposed formation processes
at conditions related to E) Transformation (A), F) Low [OLA] synthesis (B), G) Intermediate
[OLA] synthesis (C), H) High [OLA] Synthesis

mainly PbBry nanocrystals at low ratios of OLA to Pb precursors to mainly producing 2 D
perovskites (1 ML or OLA, PbBry) at higher ratios. At low OLA/Pb ratios formation of
PbBry nanocrystals occurs before the formation of OLAs; PbBry perovskite, which displays
a similarly small blue-shift to the direct transformation from PbBry nanocrystals. This
suggests that the transformation pathway is relevant in nanoparticle synthesis if PbBry
nanocrystals are formed. Conversely, at high OLA to Pb ratios there is a large observed
blue-shift of the excitonic peak early on in the synthesis (around 50 nm or 200 meV) and
no formation of PbBry nanocrystals, suggesting de-novo formation of perovskite nanosheets.
These qualitative observations imply that there are two mechanisms by which 2 D perovskites
may be formed in colloidal solution: either through a transformation process from PbBry
nanocrystals (Figure 3.2 E; F), or via a direct nucleation and growth pathway (Figure 3.2 G,
H). We have also observed that there appear to be intermediate processes, i.e. transformation
from very small PbBry nanocrystals at OLA /Pb ratios between those shown in Figure 3.2 B
and C (Figure A.2.2).
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Kinetic Analysis of Activation Energy of 2 D Perovskite
formation via PbBr,; nanocrystals
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Figure 3.3: Activation Energy of Transformation A) Kinetic traces of OLAsPbBry4 concentrations
at different temperatures. B) Kinetic traces of OLA3PbBry concentrations in a low OLA concen-
tration synthesis at different temperatures. C) Arrhenius plot of initial kinetic rates extracted from
A and B showing activation energies.

In addition to a qualitative analysis of the species observed in the stopped flow mea-
surements, we also attempted to analyze the rate of appearance of OLA; PbBry at early
times. This was possible for any stopped flow measurement in which we did not observe
significant blue-shifts (i.e. which follow the transformation pathway), as the deconvolution
algorithm used to determine the concentration of OLA;PbBry4 uses this peak to assign species
identity. We successfully extracted linear fits for this initial time for both the direct trans-
formation (Figure 3.3A) as well as the synthesis at low OLA/Pb ratios (Figure 3.3B) at a
variety of temperatures. A standard Arrhenius plot of the logarithm of kinetic rates versus
inverse temperature (Figure 3.3C) demonstrates that the activation energies for both the
direct transformation and the low OLA/Pb ratio synthesis cannot be distinguished within
standard error. This is another piece of evidence that both reactions occur via the same
mechanism.
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Defining a combined physical model to determine nucleation and
growth models of 2 D perovskite nanosheets

By utilizing kinetic models based on different mechanistic possibilities and critically eval-
uating their ability to fit and predict data, we can infer information about the nanocrystal
formation process that we cannot observe directly. As we could not use conventional ki-
netic analysis approaches to understand the de-novo nucleation and growth of 2D perovskite
nanosheets, we developed a combined spectral and kinetic model. Unlike for the transforma-
tion from PbBry, in which the exciton of the nanoplatelet does not experience confinement,
we were not able to perform a kinetic analysis for any stopped flow measurement in which
there were substantial blues-shifts of the exciton peak (i.e. which proceed via a direct
nucleation pathway). Performing this analysis requires deconvolution of small sheets grow-
ing in lateral size and shifting their exciton into the observed absorption peak and large
platelets with no such shift growing in mass. The spectral model in particular presented
some challenges as we were unable to quantify lateral sizes at which exciton confinement
proves relevant, as well as the associated changes to the exciton extinction coefficient. To
overcome this problem, we created a model of the spectrum and coupled it to a kinetic model
of the reaction, which allowed us to directly simulate the spectral data from stopped flow
absorption measurements.

Experiment Modeling Wavelength (nm)
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3 \
N~ § w o
o s u
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Constants, o
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Figure 3.4: Overview of Combined Model

Effective Mass Model

In collaboration with Dr. Yeongsu Cho, Berkelbach group, Columbia University and Prof.
Eran Rabani, UC' Berkeley
To enable a reasonable estimate of the excitonic energy as a function of size, we calculated
the optical gaps and bandgaps of a series of square nanoplates. Based on previous ob-
servations, electrons and holes have similar effective masses. The band gap without exciton
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binding, Fqqp, should thus be modeled as dependent on the mass of the hole and the electron
separately:
EGap = EGap,bulk + Econ,e + Econ,h (31)

Where Egap pur is the bulk band gap, Ecop,. and Eey, . are the confinement energies of the
electron and hole, respectively. Using a particle in a 2D box model leads to the following

equation:
h2m? h2m?
E ap — E ap,bu 3.2
Gap Gap,bulk + A, L2 + 4my,, L2 (3:2)

Where 7 is the reduced Planck’s constant, m., and my, are the effective electron and hole
masses and L is the side length of the confined species. The observed optical gap, Egzeiton
with exciton binding energy should be modeled with the effective mass of the exciton, i.e.
the combined mass of electron and hole, i.e.

h2m?

Meex + mh*)L2

EE:vciton = EGap,bulk - EEmcbind,bulk + 4( (33)

Where Egge,ingpur 15 the bulk exciton binding energy. A classical effective mass models
with a # dependence was unable to capture the resulting trends in size. However, a model
using a % dependence was able to capture the calculated results of both optical gaps and
bandgaps well using the effective mass, bulk exciton gap and bulk exciton binding energy
as fitting parameter to fit both datasets simultaneously, with m., ~ mj, as suggested by
previous measurements (see Figure 3.5). Such a % dependence has been suggested before for
effective mass models of confined semiconductor nanocrystals. This leads to the following,
final equations:

h2 72
FE =F 2 4
Gap Gap,bulk + Imol (3.4)
h2r?
ExcionL:Ea U _ECCCiTL U 3.5
Eaciton (L) Gap,bulk Eacyind,b lk+8me*L (3.5)

The effective mass of ~ 0.17e¢,, fit based on this equation was found to be in good agree-
ment with previous calculations and measurements that suggest an effective mass of ~
0.1e,. In addition, experimental measurements of Eg,ciron On micron scale single layer
(C4HoNH3)oPbBry crystals show a peak emission energy in line with the fit optical bandgap
of 408 nm.

Spectral Model

In collaboration with Prof. Eran Rabani, UC Berkeley
Next, we modified a model from .. et al. to allow estimation of the excitonic peak extinction
coefficients and peak widths as a function of lateral plate size. The original model estimated

peak width as

5E xciton L)1
WidthExcit0n<L) ~ Ed—z()a_ (36)
L
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Figure 3.5: Effective Mass Model Joint fits to optical and bandgap values calculated from DFT
based on the effective mass model in equations 3.4 and 3.5, showing a % and % dependence. Fit
values for the chosen % dependence : Mmex = Mps = 0.17€n, Egappu = 3.92eV, Epgcyind,bulk =
0.49eV

1 1
~ EExciton (L) WZdthExczton(L)

where F(L) is the energy as a function of size, L is the size and o, is the size distribution.
Most crucially, we substitute our expression for the effective mass and add constant bulk
exciton linewidths and extinction coefficients, since the bulk material is a 2D material with
strong exciton binding energy. In addition, based on our spacing of individual plates as

integer side lengths with differences in size of AL, we approximate o ~ 2L

ExtExciton(L) (37)

L
) K22
Widthggeiton(L) = A8me*L2 + B (3.8)
16m?, L?
Extppciton(L) = C—F/—2Z— + D 3.9
Tt prciton (L) PN (3.9)

We model the excitonic peak as a gaussian, with the center given by the effective mass model,
and the exciton extinction coefficient and peak width determined by the above equations.
To this gaussian, we add a power law for wavelengths lower than the peak, describing the
distribution of states above the bandgap. Experimental spectra can be described sufficiently
by this model. On all of the free parameters involved in the spectral model, we imposed
limits based on spectra of large OLAy; PbBr, nanosheets in solution, coupled with ICP
measurements of Pb concentrations.
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Kinetic Model

In collaboration with Dr. Samuel Niblett and Prof. David Limmer, UC Berkeley
Similar to Riedinger et al.,[*? we use the assumption that nucleation of facets (or in this
purely 2D case, edges) is the rate determining step to simplify the resulting simulation. Using
this assumption, all nanosheets grow and shrink laterally using the same set of equations.
We created multiple models based on different mechanistic possibilities.

1. One or two monomer units could be involved in the nucleation of new edges.

2. Attachment and detachment could be based on the number of edge atoms in a plate
(4N - 4), or it could be identical for every plate size.

3. Detachment might or might not involve ligands.

This gives rise to the following differential equation for each Plateyy, in which possible
choices have been italicized:

W = Kattach X [Plate(n_1)xn—1)][Monomer][Monomer|(4(N-1) - 4)
— kattach X [Plateyxn|[Monomer][Monomer](4N - 4) (3.10)
— Kaetach X [Platenn|(4N - 4) [Ligand]

[
[Plateyyiyx(v+1)] (4(N+1) - 4) [Ligand]

For the de-novo nucleation of 2D - nanosheets, i.e. the formation of Platesys with 4
monomer units, we additionally consider two nucleation reactions:

+ kdemch X

Ms + Monomer — Platesys (3.11)
Ms + My — Plat€2><2 (312)

In the first law, the potential intermediate M3 composed of 3 monomer units could also
be made in two different ways:

Ms + Monomer — M; (3.13)
3Monomer — M; (3.14)

with M, always formed through a reaction of two Monomer units. Including the possibil-
ity of ligand involvement in the Plates.o denuclation reaction and with factorial expansion of
each ChOiCG, we consider here 3Nuc X 2Denuc,Ligand X 2Attach,Monomer X 2Attach,Edge X 2Detach,Ligand X
2Detach,Bdge = 96 different reaction possibilities. Adding in solution reactions such as the de-
composition of benzoyl bromide and formation of lead halide complexes (see Chapter 4), we
set up full kinetic models for each of these possibilities. Utilizing a modified Runge-Kutta
method implemented in fortran, we were able to numerically solve the differential equations
within reasonable parameter regimes and produce time traces of different concentrations as
well as particle size distributions varying through time.
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Optimization Process

By multiplying the concentration of each plate at each point in time calculated with the
kinetic model with the extinction coefficient of each plate, we can effectively simulate the
stopped flow measurement at conditions in which only the 2D perovskite nanosheet forms.
We constructed a loss function by adding the x? loss of the entire stopped flow experiment
to the x? loss of peak position and height, with a penalty for solutions that did not produce
nanosheets or timed out after 20 s. Using a differential evolution algorithm, we determined
the rate constants of the kinetic model and the optical constants in the spectral model within
physically reasonable bounds for each of the 96 potential mechanisms.

Through an extrapolative cross-validation and testing, we utilized 3 out of 9 stopped
flow experiments to fit the data, and examined the predictive ability of the resulting models
on the other experiments, including a test set of two additional experiments, one of which
had a value of bromide precursor 3 times higher than any other experiment. This allowed
reasonable comparison of the models across experimental conditions with different benzoyl
bromide, oleylamine and lead oleate concentrations. Such an extrapolative cross-validation
procedure would not be useful in a traditional machine learning context, where extrapolation
is frequently not possible and model training is relatively cheap. In our case, training the
models requires significant computational expense, and the physical nature of the models
makes extrapolative predictions useful.

Analysis of combined model results

On a qualitative level, the models were able to reproduce important features of the
spectra, such as the general shape of the peak wavelength evolution. Important features such
as the observed blueshift of peak wavelengths at short timescales and general shape of the
peaks could be observed in simulated stopped flow experiments. Quantitatively, the models
show some correlation with the overall spectral values, though with generally relatively low
R? (< 0.4) and high x? (> 64 values for cross validation and test sets that suggest there is
still some portion of the physics which is not captured appropriately. Further optimization of
the simulations is required to improve models and may allow determination of a preferential
mechanism.

The ability of models to fit the data had different sensitivity to different parameters.
This parameter sensitivity was similar even with models utilizing different rate laws. Many
parameters, such as most solution rates did not change the final results even when varied
over a wide parameter regime, as long as they did not fall below a certain critical value. This
indicates that these reactions are fast compared to the rate determining step in the model.
Unsurprisingly, plate and layer nucleation rates and denucleation rates significantly affect
how well the simulation fits the data. There appears to be a correlation between plate and
layer nucleation, i.e. reasonable fits could be obtained by increasing or decreasing both rate
constants while keeping the ratio between them constant. Layer dissolution did not appear
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Figure 3.6: Eztrapolation from Optimized Combined Model A) True stopped flow results for
extrapolation at high bromide concentrations. B) Simulated stopped flow results at identical con-
ditions. C) Time traces of concentrations of simulation in B) D) Particle size distribution as a
function of time in simulation in B)

to correlate with either plate or layer nucleation. We did not observe a strong sensitivity to
the optical parameters, except for the overall extinction coefficient.
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3.3 Conclusion

Overall, we have obtained in-situ optical data of a 2D perovskite nanosheet synthesis
with high time resolution. We demonstrate that there are two formation pathways for this
nanoscale species, chemical exfoliation and direct nucleation, which can be controlled through
the ratio of oleylamine to lead in the synthesis. Observation of transformation reactions
from synthesized PbBrs nanocrystals with oleylammonium bromide have similar activation
energies as synthesis occuring through chemical exfoliation. We have complemented tradi-
tional kinetic analysis techniques by further developed a scientific machine learning model,
a physically interpretable model including a spectral and a kinetic component that can be
fit directly to observed stopped-flow data and allows extrapolative prediction of experiments
with conditions differing significantly from the training dataset. By evaluating the quality
of extrapolative prediction of a combinatorial set of kinetic models with different rate laws,
we can attempt to predict the mechanism by which 2D perovskite nanosheets are formed.
This framework fits neatly into the gap between traditional physical modeling and machine
learning and could be useful for understanding and predicting synthesis problems more gen-
erally.

3.4 Methods

Synthesis

Chemicals and Materials

Dodecane (>99.0%), lead acetate (PbCH3;COO, >97.0%), oleylamine (OLA) >99.0%),
oleic acid (OA) >99.0%) and benzoyl bromide >99.0%) were purchased from Sigma Aldrich.
Hexane (mixed isomers, 98 %) was purchased from Fischer Scientific. All materials were
used as received.

Synthesis and Transformation of lead bromide nanocrystals

Lead Acetate was dissolved in oleic acid, and stock solutions of lead oleate solution was
prepared as in Chapter 2. Lead bromide nanocrystals were synthesized by mixing 60 pL
lead oleate solution with 60 pL oleic acid and 20 pL oleylamine in a 4 mL vial containing 2
mL of hexanes and a stirbar. At room temperature, 9 pL. of benzoyl bromide were added to
the mixture, then the solution was stirred for 10 minutes. An equal amount of isopropanol
was added to the solution to induce precipitation, then the mixture was centrifuged at 5,000
rpm. The resulting pellet was redispersed in hexanes.

Characterization

Powder X-ray diffraction (PXRD) patterns of NCs were acquired using a Bruker D2
Phaser X-ray diffractometer equipped with a Cu K of 1.5445 Awavelength. Samples were
prepared by drop-casting 100 ul stock solutions of NCs onto a silicon substrate. Samples
were dried under air flow prior to measurements.
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Transmission electron microscopy (TEM)

Transmission electron microscopy images of the cesium lead bromide species were ac-
quired using a FEI Tecnai T20 transmission electron microscope equipped with a Gatan
RIO16IS camera and a LaB6 filament. All images were recorded under 200 kV accelerating
voltage. Samples were prepared by dropcasting about 10 pL 1000 x diluted stock solutions
onto a carbon support with 400 copper mesh. Samples were dried under ambient conditions
prior to imaging.

Atomic Force Microscopy Imaging

Measurements performed by Ye Zhang, Yang group, UC Berkeley

Nanoplate samples were dropcast onto a silicon chip and dried under ambient conditions.
The thickness of the nanoplates was measured using Atomic Force Microscope (MFP-3D
Asylum Research, Oxford Instruments) equipped with an acoustic isolation chamber (AEK
2002) and a silicon tip (AC240TS-R3, Asylum Research, Oxford Instruments). The mea-
surements were performed in AC (or tapping) mode and at a low scan rate of 0.2 Hz with a
resolution of 256-by-256 pixels.

Pb ICP of nanocrystal solutions

Measurements performed by Xingzhi Wang

Inductively coupled plasma (ICP) spectroscopy was used to measure the concentrations of
Pb in transformed nanoplatelet samples. To prepare a sample for ICP, 300 pL stock solution
containing colloidal NPLs was dried under constant air flow. The sample was then further
dried in vacuum at 90 °C for 2 h. The dried sample was digested in 1.2 mL of a 5:1 (v:v)
mixture of 70% nitric acid and 30% hydrogen peroxide to break down all organic ligands
and nanostructures. After at least 12 h of digestion, 1 mL of digested sample was diluted
to 10 mL in deionized water, with anaddition of 100 pL. 1000 ppm Ni standard solution in
2% nitric acid as an internal standard. For each batch of samples, a sample containing only
the mixture of nitric acid and hydrogen peroxide was included as a blank sample to rule out
potential contaminations during sample preparation.

A Perkin Elmer 5300 DV optical emission ICP with auto sampler was used to perform
all the measurements. Calibration curves were constructed using a series of Pb standard
solutions obtained by diluting a 1000 ppm Pb standard solution in 2% nitric acid, and a
blank standard solution was made using only 2% nitric acid. To each standard solution, 100
pL aforementioned Ni standard solution was added as an internal standard. A calibration
curve was constructed each time prior to the measurement of the samples for each batch of
samples. To ensure the accuracy of the measurements, each measurement was performed
twice in a row, and a measurement was accepted only if its measured intensity of Ni was
within 10% of that measured in the blank standard solution.

DFT and GW calculations of perovskite nanosheets

Performed by Dr. Yeongsu Cho The OLA;PbBr; nanosheet is simulated by modify-
ing a tight-binding GW-BSE method described previously and summarized below.[39 A
nanosheet is modeled as a square sheet of nxn PbBr, units with additional Bromides on
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the boundary. Each PbBr, unit is assumed to have a cubic, centrosymmetric structure to
avoid complexities arising from a broken symmetry such as the Rashba effect. The PbBry
sheet is sandwiched by layers of organic cations, methylammonium, and suspended in vac-
uum. Since the frontier orbitals of a nanosheet are primarily comprised of PbBry, 4% a
tight-binding model is constructed in the basis of the Pb 6s and 6p spin-orbitals and the Br
4s and 4p spin-orbitals. The tight-binding parameters are determined by a single fully rela-
tivistic DFT calculation with MAPbBr3 approximated as CsPbBr3!4! to impose a perfect
cubic symmetry. The DFT was performed with PBEsol exchange-correlation functional 14
and plane augmented wave pseudopotential using Quantum Espresso,*? followed by the
parameter extraction using Wannier90. ™4 The non-collinear DFT calculation ensures the
tight-binding parameters to incorporate the spin-orbit coupling. Next, we apply the GW
approximation by adding a constant self-energy ¥, for each atomic orbital i to the diagonal
elements of the tight-binding Hamiltonian. The total approximate GW Hamiltonian is

HGYV = HF' 4+ HYOC + 5,6, (3.15)

for atomic orbital  and v. Solving HZW gives the energy ¢, and the wave function C,,,
of a molecular orbital m. The tight-binding representation allows to build a Hamiltonian of
a nanoparticle with an arbitrary shape, effectively capturing the carrier confinement effect.
The self-energies 3, and a rigid scissor shift of the conduction band Y¢p are optimized to
best reproduce the ab initio GW band structure of MAPbBr3. "5 There is another type of
self-energy arising from the heterogeneous dielectric environment. A charge in a nanosheet
has an additional electrostatic self-energy compared to a charge in a uniform bulk material
with a dielectric constant €pyp,,. The shift in the self-energy of an atomic orbital ;1 whose
atom is at the height z, is given by

5(20) = 5 (921 = 22 = 2) = 1/ erpmyp)] (.16

where W (p, 21, 22) is the screened Coulomb interaction between two charges placed on the
planes at z; and 25 and separated by the in-plane coordinate p. W is calculated by solving
the classical electrostatic problem, assuming the PbBr, slab and the sandwiching layers of
MA are infinite in lateral dimension and have a uniform dielectric constant eppp,, and €y 4,
respectively. The solution is obtained in a closed form via the electrostatic transfer matrix
method. 8 For each state, we correct the eigenvalues via the perturbation theory with an
expectation value

Eoji = €aji+ 068asi = €asi £ Y _ |Chuayil*05(2,) (3.17)

I

where a is a virtual orbital and ¢ is an occupied orbital. The optical gap is obtained by
solving the Bethe Salpeter equation in the Tamm-Dancoff approximation based on the GW
self-energy. 7] The eigenvalue equation for the excitation energy Fx and the wave function
AX of an exciton X is given by
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ExAly = (B, — E)AY =) (aa|Wlii) A, (3.18)
The two-electron integral associated with the screened Coulomb interaction is evaluated
with the zero differential overlap as

(aa|Wlii) =~ CrCruaCiiiCuiW (3.19)
uv

where the two-electron integral on the atomic orbital basis is

W, — {W(| Pu— Pv |, 2us 2,) if pand v are on different atoms (3.20)

(pp | vv) if 4 and v are on the same atom

Assuming charges on the same atom do not experience the dielectric screening, (puu | vv)
is calculated exactly with the bare Coulomb interaction 1/p, using def2-TZVP basis.

epppr, | 7.5048

EMA 2.1[149]
Zpb’s 0.066 eV
ZPb,p 3.7 eV
EBT‘,S 7.8 eV

ZBr,pJ_ -4.4 eV
EBT,pH 2.3 eV
EC’B 0.19 eV

Table 3.1: Parameters for the tight-binding GW-BSE calculation of 2D perovskite nanosheets

Stopped Flow Experiments

All stopped flow experiments were performed on an Applied Photophysics SX 20 stopped
flow spectrophotometer using a silicon photodiode array with 256 measurement points spaced
at equal distance between 190 and 735 nm. The stopped flow chambers were stored under
ethanol, then filled with toluene and emptied three times, then filled with dodecane and
emptied three times before measurement. Spectral aquisition times (usually ~ 25 ms) and
instrument gain were optimized with Dodecane as a solvent to minimize aquisition times
while maximizing spectral sensitivity and avoiding detector overflow. A background of do-
decane was subtracted internally. Spectra were recorded over 1000 points, usually for 60
seconds and for no longer than 3600 seconds. The syringes and stopped flow chamber were
periodically flushed with Ethanol to remove any accidentally deposited material in the mea-
surement chamber, and the same setup procedure was repeated after flushing.
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Stock solutions of Br, OLA, OA, Cs-OA and Pb-OA were prepared as as in Chapter 2,
but diluted to 8.5, 3.0, 3.2, 1.0 and 0.66 mM in dodecane, respectively. All stock solutions
were added to the syringes used for loading the stopped flow chambers with volumes varying
between 10 - 100 uL. and mixed with 2 mL dodecane. For synthesis experiments, OLA, OA,
and Pb-OA solutions were placed in one syringe and Br solutions were placed in the other
syringe. For the transformation experiments, a stock solution of lead bromide nanocrystals
was prepared at around 1.0 O.D. at 330 nm and placed in the first syringe, while OLA and
Br solutions were mixed in the second syringe. Each experiment was performed at least in
triplicate for a duration of 60 seconds.

The spectral data was opened in a pandas dataframe, 3 nm were added to the wavelength
values to match known peak positions, then a background region from 696 - 735 nm was
subtracted from every spectrum to account for oscillatory electronic noise from the detector.
The second spectral measurement value in a series was subtracted from all spectra to reduce
noise between measurements from residue in the sample chamber. Absorption peaks were
fit to the left (lower energy) half of the peak with a gaussian function using peak height,
position and width as free parameters in the region of 350 to 410 nm. Fits with a coefficient
of determination R? < 0.8 were discarded, as were any peaks with absorbance values lower
than 20 mOD. For fitting purposes, absorbance values of all spectra, peak heights and peak
positions were averaged between the repeated measurements at the same conditions, and
the standard deviations were used as a measure of the experimental error o to calculate y?
statistics used in the fit procedure.

Kinetic Modeling

In collaboration with Dr. Samuel Niblett and Prof. David Limmer, UC Berkeley, Code
and description mainly provided by Dr. Samuel Niblett
Concentration profiles were simulated using a simple kinetic model based on multivariate
differential rate equations. We separately computed the time-evolution of solution-phase
species concentrations and of the plate size distribution (PSD) for a population of nanoplates.

The solution-phase reactions represented the decomposition of benzoyl bromide and sub-
sequent reactions to form a variety of lead halide complexes. Each species was represented
using a single concentration, C'x(t), i.e. the liquid was assumed to be well mixed in space.
The time derivative of these concentrations took the standard chemical form

(l)
dCX = Z @) HC (3.21)

Here, i indexes the liquid-state reactions (of which there are N, in total), j 1ndexes the nt”
reagents of reaction i, ey) is the reaction order with respect to species j, and 1/ is the

stoichiometric coefficient indicating how many moles of j are consumed or produced by one
mole of reaction . Typlcally, € @ — _ @ for reagents and 0 otherwise, but this relationship

was not required by the model. We requlred that V ) be integer-valued, but not e( g
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Plate growth kinetics were similarly described by a parallel set of differential equations.
The key assumptions were taken from Riedinger et al.*? who used simple expressions for
the surface, edge and volume energies of a nanoplate to argue that the rate-determining
step for nucleation on a thin facet is the formation of a spanning island across that facet.
Subsequent expansion of this island to cover the entire facet is thermodynamically favourable
and essentially barrierless, allowing calculation of a single activation energy to increase the
plate side length by one unit cell. We expect similar energetic considerations to apply in our
system and hence have assumed stepwise lateral growth of plates, but due to the differences
in chemistry we have not assumed that the same rate laws will pertain as in the Riedinger
model.

We write the nanoplate side length as L = nV'/3, where V is the volume of a crystalline
unit cell and n is an integer indicating the number of cells in a side. For simplicity, we
assume that nanoplates are always square prisms, so that each plate geometry is uniquely
specified by its plate thickness m and a single L. In the present study we consider chemical
compositions without Cs, which are necessary to form three-dimensional nanocrystals, so
m is restricted to 1. The PSD for these monolayer plates is denoted P(n;t), being the
concentration (in inverse volume units) of plates with n unit cells per side.

Plates are generated from “monomer” units (a designated solution-phase species corre-
sponding roughly to free PbBry unit cells) that may aggregate into plate nuclei with n = 2
through the following series of elementary steps. We considered three possibilites:

A 2M — M, (3.22)
My + M —s M, (3.23)
My + M — Py, (3.24)
B)  3M —s M, (3.25)
Mz + M — Poyo. (3.26)
And

O)  2M — M, (3.27)
M+ My — Py, (3.28)

In each case, M represents a monomer and P a plate nucleus. These nuclei may then grow
or shrink by a layer at a time (increasing or decreasing n respectively). Several rate laws for
these processes were considered, captured by the following equation of motion:

OP(n;t)

e kaaCr ()™ [P(n — 1;6)N(n — 1) — P(n;t)N(n)]+kee [P(n+ 1;t)N(n+ 1) — P(n;t)N(n)] [OL.

(3.29)
Here (') is the concentration of monomers and k.4 and k4. are rate constants for nucleation
and desorption of layers on the thin facets, respectively. Mass conservation is enforced by
balancing all changes to the PSD with an opposite change in C};.
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The rate-law coefficients ey, = 1 or 2 and ¢, = 0 or 1, allowing some flexibility in the
mechanism represented by the model. Similarly, the function N(n) = 1 or 4n — 4 controls
whether plate growth and shrinking mechanisms are proportional to the number of available
edge sites for nucleation, or simply to the total number of plates. Together, different choices
of ey, €r, N(n) and the nucleation process give 96 possible mechanisms, all of which were
examined for their ability to reproduce the experimental data.

To produce a time-dependent concentration profile and PSD, the differential equations
3.21 and 3.29 are simultaneously integrated in discrete time using a 1st order Runge-Kutta
integrator with an adaptive timestep controlled by a 2nd-order error estimate. The error at
each timestep is approximated as the difference between the new concentrations C;(t + dt)
predicted by the first- and second-order integration schemes. If the maximum estimated
error (across all species and plate sizes) exceeds 10™® concentration units, the last timestep
is abandoned and dt reduced by 10%. If the error is smaller than the tolerance, the step is
accepted and dt increased by 10%. Typically dt is initially small and grows rapidly as the
reaction approaches completion and the concentrations level off.

Even with the adaptive timestep, we found that the timestep was often sufficiently large
that the plate growth “overshot” the available supply of monomers, causing C'; or some P(n)
values to go negative. To avoid this, if a negative concentration was detected we abandoned
the current timestep and reduced dt by half. This simple approach was sufficient to eliminate
the problem of spurious negative concentrations and permit stable, efficient solution of the
above equations of motion.
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Chapter 4

Investigation into Lead Bromide
Nanocrystal Precursor Chemistry

In collaboration with Jason Calvin and Dr. Matthias Loipersberger from the Head-Gordon
group at UC' Berkeley

4.1 Introduction

Connecting reactions occurring in solution with the formation of nanocrystals is funda-
mental to understanding the overall synthesis process. [1430:80:150] Thig intersection of organometal-
lic, inorganic and materials chemistry remains an active area of research for many different
nanocrystals. Y Most importantly, if the rate of reactions in solution is slower than nanocrys-
tal nucleation or growth, the precursors have a profound impact on the dynamic of nanocrys-
tal formation.

As metal nanoparticles are generally formed by reducing metal ions in solution, this
work has been driven primarily by consideration of the driving force of the reducing agents
in solution. ™% For semiconductor nanoparticles, one fundamental difference from studies on
metal nanoparticles is that there are generally two components that are incorporated into
the nanocrystal, a metal ion such as Cadmium, Indium or Lead and a main group anion
such as sulfur, selenium or phosphorous.?” In typical CdSe synthesis, elemental selenium is
dissolved with an organic phosphine. The resulting phosphine selenide should be considered
the active species in the nanocrystal reaction.

To form a monomer that could eventually grow into a nucleus, there first needs to be
an association between the two elements. Early work by Owen et al.’% showed that the
decomposition of the phosphine selenide species as had a rate proportional to the concen-
tration of cadmium phosphonate and phosphine selenide, which supported the idea of the
formation of a cadmium-selenide complex prior to formation of the monomer, and then a
slow decomposition of this complex. Identical rates measured both from the decomposition
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of the precursor with NMR and the formation of nanocrystal by absorption spectroscopy
demonstrate the control of the reaction rate by the precursor conversion. Lowering the elec-
tron density at the phosphorous by adding aromatic substituents had the expected effect of
lowering the reaction rate. Building off of these observations, organic precursor libraries with
controlled decomposition rates were developed, which could be used to tune the formation
rate of nanocrystals across several orders of magnitude. 3!

For the lead halide perovskites, systematic investigations have been difficult and pro-
duced somewhat disparate results. In part, this may be because all reactions involved are
incredibly fast compared to II-VI or III-V nanocrystal synthesis. In addition, lead halide
complexes are complicated - the number of halides binding to each lead atom is not well
defined. Using X-ray absorption spectroscopy, Sharenko et al. found that lead iodide com-
plexes in dimethylformamide at most synthetically relevant conditions were best explained as
hexacoordinated species, though it is unclear whether this was a single lead center or whether
there may have been cluster complexes. '®!) Multiple such lead iodide cluster complexes with
different solvent and counterion inclusions have been isolated, though the lability of the lead
halide bond always raises the possibility that different species may exist in solution compared
to the solid state. 152155

From our previous work on the Reaction Network of perovskite nanocrystals in Chapter
2, it is likely that there is a lead halide complex with an absorption peak at ~ 313 nm and an
emission centered aroun ~ 450 nm in non-polar solution. Previously, lead bromide complexes
absorbing in this wavelength region have been identified as [PbBry| due to their spectral
similarity to species complexes observed (optically) in acetonitrile™®® and their chemical
behavior in dimethyl formamide. ' However, spectra of complexes can shift due to different
solvent and coordination environments, as can be seen for shifts between complex inclusion in
crystal lattices, ['*") solvation in acetonitrile, ') propylene carbonate, %! reverse micelles %!
and water. 1% These convoluted optical responses are likely exacerbated by the complicated
chemistry of these species: PbBr, complexes with x ranging from 1 to 7 have been described
in water, 1% and polynuclear complexes were found in propylene carbonate. ™8 So far, lead
bromide complexes in non-polar solutions have only been probed using optical measurements,
and only complexation numbers up to 3 bromides per lead have been seriously considered. In
addition, the lead bromide complexes were started from dissolution of lead bromide crystals
and assumed a starting complex of [PbBry].[108:156]

In this work, we will give a perspective on the precursor chemistry involved in the syn-
thesis of CsPbBr3 nanocrystals and related species as discussed in 2 and in 3. We determine
rate constants and rate laws of benzoyl bromide decomposition, as well as the equilibrium
constants of oleylamine and oleic acid. Further, we discuss the formation of lead bromide
complexes derived from our own titration and theoretical results within the context of pre-
vious literature results. Finally, we show that large cluster complexes that match expected
spectral peaks of magic sized nanosheet clusters exist in solution and can be observed as
transient intermediates on the route to multiple perovskite species.
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4.2 Results

Equilibrium Constant of Oleylamine and Oleic Acid

Previous research has already described the existence of an acid base equilibrium as well
as potential effects of this equilibrium on the synthesis.!®? We repeat these experiments,
determining additional data points at higher oleic acid concentration. Through the known
linear relationship between chemical peak shift and ratio of fractions of reactions that are
fast on the NMR timescale, we can determine the fit of different equilibrium models to the
observed data. A simple protonation model with Keq ~ 15 and AG? = —6.7kJ/mol is
fully sufficient to describe the data observed here. This equilibrium constant is 3 orders of
magnitude lower than expected by comparing pK, values of the two species - likely due in
large part to the reduced stabilization of charged ions in the apolar environment compared
to an aqueous system. As shown from the gaussian process surrogate model trained on the
experimental data in Figure 4.1, while higher equilibrium constants can also fit the data
present, they are significantly less likely and require chemical shift values of oleylammonium
to be lower than those measured in solution. These higher equilibrium constants would also
not be able to explain the variation in chemical shift observed with temperature. From
temperature variation, we can fit AH? = —24kJ/mol and AS? = —60J/(molK). An
exothermic reaction is reasonable for an acid-base equilibrium, and the decrease in entropy
is also reasonable based on the predicted closer association of the charged species in non-
polar solution. Fits using homoconjugation of acid-base species with additional equivalents
of oleylamine did not yield discernible improvements in the quality of fit - while we cannot
exclude this possibility, we find it unlikely to have a significant effect on the equilibrium in
dilute solutions.

Reaction of Benzoyl Bromide

Benzoyl bromide and oleylamine react to form oleylbenzamide at room temperature, as
confirmed through mass spectrometry and NMR. Benzoyl bromide has a distinctive double
peak absorption feature at 295 nm and 282 nm, which shifts to 277 and 270 nm in oleyl-
benzamide. Reactions with oleic acid were not observed to occur within one minute at 30
°C, though it is likely that they would occur at higher synthesis temperatures. Tracking
the decay of the absorption peak at 295 nm allowed us to utilize stopped flow spectroscopy
to determine kinetic rates. Rate laws are first order with regards to the concentration of
oleylamine and benzoyl bromide, as would be expected from this reaction. A rate constant
of around 3 mM~! s7! was measured at 30 °C. Adding oleic acid reduced this rate constant
to around 2 mM~! s7!, and this value did not substantially change with different ratios of
oleic acid to oleylamine. While we would expect the rate of benzyl bromide decomposition to
decrease, since protonated amines cannot be utilized for the nucleophilic attacks required for
the formation of oleylbenzamide, the fact that there is only a slight decrease suggests that
the oleic acid / oleylamine equilibrium is fast enough to not change the rate substantially.
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Figure 4.1: Equilibrium of Oleic Acid and Oleylamine A) NMR Spectra showing the triplet peak of
NH>CHJj— R at different OLA/OA compositions. B) Equilibrium Equation fit to the NMR shift of
the center of the triplet peak in A), including also data from Almeida et al. [92] C) Gaussian Process
Surrogate function showing optimal equilibrium constants and oleylammonium N H. ; CH} — R'H
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based on fitted N H; CH} — R 'H Chemical Shift against inverse Temperature showing enthalpy
and entropy fit to data reported by Almeida et al. 92

We thus find the rate equation under the influence of oleic acid to be:

d[BnzBr]
dt

The use of benzoyl bromide as a precursor for hot injection methods has shown particular
promise in reliably forming high quality metal halide nanocrystals.['* Using Cs injection
leads to less reliable synthesis, potentially due to the presence of nanostructures prior to in-
jection as discussed in 2. Different organohalide reagents are starting to be utilized 99:161,162]
though the faceting and reaction dynamics may be quite different when compared to tra-
ditional synthesis. As we will discuss in chapter 5, trimethylsilyl bromide can also be used
for formation of monodisperse perovskite and double perovskite nanocrystals, but the low
boiling point makes this a challenging precursor to control at higher temperatures. We have
also utilized acyl halides such as 2-ethyl-hexanoyl chloride, appear to provide a greater driv-

loa = 1.8 £ 0.4mM s [BnzBr][OLA] (4.1)
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Figure 4.2: Benzoyl Bromide Degradation A) Spectra of benzoyl Bromide and Oleylbenzamide,
at a nominal concentration of 0.5 mM B) Stopped flow data of changes to the the absorbance at
294 nm with time. C) Calculated rate constant as a function of OA/OLA ratio

ing force and have been crucial to the synthesis of high quality antimony-containing double
perovskites. In principle, acyl halides and other organohalide compounds may provide a
platform for synthesis modulation of perovskite nanocrystals in a fashion analogous to the
thiourea compounds developed for II-VI nanocrystals. [31:163]

Lead Bromide Complexes - Observations

In collaboration with Jason Calvin and Dr. Matthias Loipersberger

By titrating lead oleate - oleylamine solutions with oleylammonium bromide, we were
able to gain insight into the complexation equilibrium of the lead bromide complexes starting
from a lead species with no bromide complexation. First, we observe the changes in UV-VIS
absorption spectroscopy. Prior to titration, a lead oleate complex shows an absorption peak
at around 250 nm. Addition of oleylammonium bromide generated in-situ gradually causes
a red-shift, with the addition of six equivalents of bromide leading to a peak at 295-300
nm. Further addition of bromide then leads to the formation of the previously identified
species with the characteristic absorption peak at around 313 nm, which saturates at around
30 bromide equivalents. A high oleylamine to lead ratio was required in order to prevent
formation of species with absorption features above 313 nm A.3.1.

From isothermal titration calorimetry (ITC), we can gain a sense of reaction progress
by measuring directly the reaction enthalpy. There is a strong exothermic signal during the
initial addition of oleylammonium bromide, reaching up to 30 kJ per mole oleylammonium
bromide added. This signal is reduced quickly upon further addition of oleylammonium
bromide to approximately 5 kJ/mol at six equivalents of bromide, and then decays down
close to baseline at the end of the titration (around 28 bromide equivalents). Isothermal
titration calorimetry in principle allows the determination of the heats of reaction, as well
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Figure 4.3: Titration Data A) Background corrected UV-VIS Absorption Spectra of bromide
titration into lead oleate B) Reaction enthalpy measured by isothermal titration calorimetry of
bromide titration into lead oleate. C) Change of the Absorbance of several peaks observed in panel
A) as a function of bromide equivalents added

as equilibrium constants and the number of additions to a complex, in carefully controlled
environments. However, reactions must be well separated to be able to perform this analysis
properly. Due to the overlap of multiple reactions, the I'TC data shown here can not be
interpreted as showing a particular type of reaction. What is clear, though is that there is a
qualitative difference between the reactions occurring within the first 6 equivalents of oley-
lammonium bromide and the reactions occuring thereafter, corresponding to the formation
of the species with the 313 nm peak in the optical spectrum.

Using DFT calculations, we can gain additional insight into the reaction. We set up a
manifold of different possible lead complexes coordinated by amine, carboxylate and bromide
groups, with ammonium groups present as counterions in a non-polar dielectric medium
with €, = 2. For each PbBrz combination, we identify the complex with the lowest Gibbs
formation energy. We observe that lead complexes binding up to two amine groups are
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Figure 4.4: DFT Structures and Energies of Lead Bromide Complexes

stabilized by 12 - 24 kJ /mol relative to complexes without binding amine groups, and binding
more than two amine groups appears generally to destabilize the complex, regardless of
coordination number. Complexes with coordination numbers above 6 frequently decompose
during geometry relaxation, so we do not consider them here. By using ammonium bromide
as an uncharged addition agent, we can then analyze the Gibbs energy of reaction for each
bromide addition. This energy is quite negative for each addition up to PbBré’, at around 50
- 70 kJ /mol per additional bromide added. This suggests that equilibria of lead binding more
bromide counterions are highly favourable beyond 3 bromide ions - which is reasonable from
hard-soft acid base theory, in which lead and bromide ions are well matched. The favourable
binding also matches experimental observations in aqueous solution measuring bromide ion
concentrations, which report PbBr2~ as the complex at high bromide concentrations. We
also note that forming dimers appears generally favourable as well, in line with previous
observations of multinuclear complexes. A structurally interesting note: complexes appear
to transition from a see-saw geometry with 0-2 bromides to a square pyramidal geometry
with 3 and 4 binding bromides to the octahedral coordination found in the solid state lead
bromide compounds we study with 5 and 6 bromide ions bound. This suggests that while
both oxygen atoms in the acetate binding groups are within binding range of the atom, the
acetate group as a whole only occupies a single binding site of the lead complex, as opposed
to binding in a bidentate uo fashion.
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Lead Bromide Complexes - Analysis

Using the optical absorption data as a starting point, we tested the following model equi-
libria with different binding bromide binding dynamics:

9Br : PU** + 2Br~ & PbBrt + Br~ <X PbBr
24 - K + _ K _ K -
3Br : Pb"" +3Br~ = PbBr™ +2Br~ = PbBry + Br~ = PbBr;

ABr: PU** 4+ 4Br~ =% PbBr + 3Br~ <X PbBry + 2Br~ = PbBry + Br- = PbBr;>

12

5Br : PW* + 5Br~ = PbBrt + 4Br~ =2 PbBry + 3Br~ =X PbBry + 2Br~
PbBry? + Br- <X PbBr:®

6Br: Pb>" +6Br~ = PbBrt +5Br~ <X PbBro+4Br~ = PbBr; +3Br~ < PbBry? +
- K -3 _ K —4
2Br~ = PbBr;° + Br~ = PbBrg
Br: PU** +7Br~ 2 PbBrt +6Br~ <X PbBro+5Br~ < PbBr; +ABr~ < PbBr%+
3Br~ < PbBr;® + 2Br~ <X PbBry’ + Br~ <& PbBr;”

3Br-Dimer : 2Pb?* +7Br~ <X 2PbBr* + 5Br~ <2 2PbBry + 3Br~ < 2PbBr; + Br— <&
PbyBr;?

ABr-Dimer : 2Pb** +9Br~ = 2PbBr+ + 7TBr~ 2 2PbBry + 581~ < 2PbBr; +3Br =
K
2PbBr;% + Br~ < PbyBry®

5Br-Dimer : 2Pb> +11Br~ 2 2PbBr+ +9Br~ <2 2PbBry+ TBr~ <X 2PbBry +5Br~ o
—2 _ K -3 _ Kp 7

As single wavelength / single variable linear methods cannot be applied to any of these
equilbria, we created a computational method that allowed the fitting of spectra over multiple
equilibrium variables. For each model, we optimized the equilibrium constants by simulating
the distribution of complexes under a given equilibrium law, fitting the spectra of each species
either through linear interpolation and iterative subtraction of defined spectra or through
linear regression of each wavelength, and finally determining the resulting overall fit to the
titration data. While linear regression is traditionally used for problems like this, we have
found that fits using iterative linear decomposition of spectra resulted in more realistic
predicted spectra of the different lead bromide species and lower overall residuals.

One clear result from this analysis is that an equilibrium with 4 lead species (i.e. iden-
tification of the 313 nm peak with PbBr3) is not sufficient to fit the overall titration data.
Equilibria going to PbBrg_ or PbBr‘é_, or including potential polynuclear species are required
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to accurately represent the data. Our best result was obtained from a model including com-
plexes coordinating up to 5 bromide ions, though we cannot for certain exclude the possibility
that models of 6 bromide ions or 5 bromide ions and dimer formation are applicable. We
note also that based on the extinction spectra of all models, all estimated extinction coef-
ficients for the 313 nm peak are significantly higher than those for the other lead bromide
complexes. This suggests that there is a significant change to the electronic structure, more
so than would be expected upon addition of another bromide ion. Proposing a multinuclear
species as the basis for the absorption peak at 313 nm thus appears reasonable.
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Figure 4.5: Analysis of PbBr, Complex Titration Data A: Mean squared error for different models
tested B) Simulated concentrations of species from the best performing model in (A), 5Br, at points
at which the measurements were conducted C) Residual error of each wavelength for 5Br model D)
Calculated Extinction Spectra for the different species in the 5Br model

Effect of Bromide Concentrations on Reaction Extent

Using high-throughput synthesis routines established in chapter 2, we further probed
the synthesis of lead bromide at varied concentrations of oleylamine and bromide. This
factorial search showed that the three main binary lead halide products previously identified,
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PbBr; nanocrystals, 2-D OLAsPbBry nanosheets and the lead bromide complex are the main
products of this reaction at bromide to lead ratios above 6 - except in cases in which there
is an excess of bromide to oleylamine, in which case nanocrystals or not observed. Below
the ratio 6:1 ratio of bromide to lead other products appear. Using the previously developed
deconvolution algorithm and manually adding new reference spectra until the collection of
spectra is well described, these products can be grouped into species with three distinct
absorption features: 1) species with rising absorption band starting at around 310-330 nm
2) species with a broad peak around 360 nm. 3) species with a sharp peak around 345
nm. The first looks visually similar to the products in the lead oleate titration and is likely
lead bromide complexes with a single lead atom, though we cannot perform our optical
previous optical analysis to figure out which coordination number is most likely due to noise
in the spectrum below 300 nm. At low OLA : Pb ratios, this products are adjacent to
PbBry nanocrystals at a Br : Pb ratio of around 2, as would be expected stoichiometrically.
Surprisingly, the transition to OLAsPbBry can also occur at this stoichiometry at slightly
higher OLA:Pb ratios - this is likely a result of the chemical exfoliation investigated in
Chapter 3. At higher OLA : Pb ratios, the second species is inserted between the 2 D
perovskite nanosheet and the first species. The point at which 1 ML, and the species 2 form
then shifts gradually to a Pb : Br ratio of 4 : 1. Species 3 occurs primarily between the
313 nm product and the lead bromide complexes, at a Pb:Br ratio above 4:1. Based on the
results of the titration experiments, it appears unlikely that products 2 and 3 are complexes
with a single lead atom. With the effective mass model in Chapter 3, the species at 345
and 365 nm may be assigned to a 3x3 or 4x4 nm plate, respectively. We will use the terms
3x3 and 4x4 magic sized cluster (MSC) from now on, though this is very much a provisional
assignment based on the observed data. While magic sized clusters usually have very sharp
peaks, we believe that the lability of lead halide species may cause them to experience subtle
differences in coordination environment, which could easily lead to shifts in the spectra, and
thus a peak that can change in width and position.

Magic sized nanosheet intermediates

We were able to observe the formation of 3x3 and 4x4 MSCs using stopped flow absorption
spectroscopy (Figure 4.7. Both of these species appear at 0.5 - 1 s after a species with an
absorption edge starting around 340 nm is formed, which is most likely PbBr3 or PbBry
based on our titration analysis. We further observed that species with 345 and 365 nm
absorption features occur during the formation of different products. Most obviously, the
formation of single layer nanosheets through direct nucleation will generally form a species
with an absorption spectrum at 370 nm. This species is longer lived at higher olelyamine
concentrations and lower temperatures, where a rather sudden transition to larger species can
be observed. A species with an absorption peak at 345 nm is clearly present in synthesis of
2 and 3 layer thick nanoplatelets as well as in some synthesis of nanocubes. There appears
to be a transition to a species with a peak around 370 to 380 nm, which then shifts in
wavelength continuously until the final product is reached. The central position of very
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small nanosheets in the synthesis of diverse nanoplate and nanoparticle products matches
well with previous theory developed for CdSe nanoplatelet formation.#2111112 However,
while we have occasionally observed kinetics that are in line with Ostwald ripening between
thin and thick nanosheets (Figure A.3.2), our observations suggest that in most cases the
formation of nanosheets of the final observed thickness or even a transition to an isotropic
shape occurs rapidly while the nanosheets are still small in lateral extent.
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Figure 4.7: Kinetic Data with potential Magic Sized Cluster Intermediates

4.3 Conclusion and Outlook

In this work, we have investigated the precursor chemistry and early reaction kinetics of
lead bromide species, including cesium lead bromide perovskites. We determine equilibrium
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constants for the oleylamine / oleic acid equilibrium based on NMR measurements as well
as for lead bromide complexation based on optical and calorimetry measurements. Further,
we determine the rate constant of decomposition for benzoyl bromide. We show that current
models of lead bromide complexation in non-polar solvents must be expanded to include
higher-coordinating and multinuclear lead bromide species to accurately describe existing
data, which is further supported by DFT calculations. The extent of bromide excess over
lead leads to important changes in the final lead bromide nanoparticle products observed as
well, with observation of species that may correspond to 3x3 and 4x4 magic sized clusters. We
also observe similarly absorbing species in synthesis of single layer lead bromide nanosheets
and in perovskite nanocubes as well as 2 and 3 atomic layer thin nanoplatelets.

This work also points out possible synthetic targets, such as the species absorbing at 313,
345 and 365 nm that could be used in order to confirm the chemical identity and structure
we propose here, or suggest changes to the model. We also suggest further development in
the area of halide precursors, which could be expanded and tuned to change the reaction
dynamics. Overall, we develop insight into the cascade of reactions important for perovskite
nanocrystal formation. Understanding the basic solution chemistry involved in forming these
complex nanocrystals will be crucial to more rational control over metal halide nanocrystal
synthesis and their properties.

4.4 Experimental

Nuclear Magnetic Resonance Spectroscopy

In a 1 mL NMR tube, 15 pL of oleylamine were added to 500 pL of Toluene. 'H NMR
measurements were performed on a 400 MHz Bruker AVB Spectrometer. After each mea-
surement, more oleic acid was titrated into the mixture, and the measurement repeated.

UV-VIS Titration of Lead Oleate

Lead oleate was prepared as described in chapter 2. 3 uL of lead oleate solution, 40 pL
oleylamine and 20 pL oleic acid were added to 4 mL of hexane. 300 pL of this solution were
diluted into 2 mL in a quartz glass cuvette for a final lead concentration of 0.065 mM. A
benzoyl bromide titration solution was prepared by mixing 3 pL of benzoyl bromide with
2 mL of hexane for a final solution concentration of 12.6 mM, or 0.084 Pb equivalents of
bromide per pL. This solution was added stepwise to the solution of lead oleate - oleylamine,
and absorption measurements were taken between every addition. The reaction was close
to instantaneous. A reference sample including the same amount of oleylamine and oleic
acid, but no lead oleate was titrated with the same benzoyl bromide solution to measure
and subtract the absorbance of organic oleylbenzamide generated during the reaction. Oley-
lamine and oleic acid were subtracted from all measurements based on the absorption of
the reference prior to titration. A linear exctinction value of oleylbenzamide was calculated
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from titration of the reference solution (see Figure 4.8), and the calculated absorbance was
subtracted from the titrated lead bromide solution. Absorbance values over 1.5 O.D. in raw
data measurements were excluded from analysis.
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Figure 4.8: Extionction Spectrum of Oleylbenzamide

Isothermal Titration Calorimetry of Lead Oleate

Measurements Performed by Jason Calvin

Pre-reacted benzoyl bromide solution was prepared by mixing 66 nL. OLA with 33 pL
OA in 10 mL dodecane and adding 13.7 pL benzoyl bromide and briefly shaking the solution
for a final content of 10 mM bromide, 20 mM OLA and 10.4 mM OA. Lead Oleate solution
was added by mixing 3 pL lead oleate solution in OLA (0.66 M Pb content) with 66uL. OLA
and 30 pLb OA in 10 mL dodecane for a final content of 0.2 mM lead, 20 mM OLA and
10.4 mM OA. All measurements were performed using a TA Instruments Nano isothermal
titration calorimeter (ITC). For measurement, 1.198 4+ 0.006 mL of sample solution was
placed in the sample cell (effective volume of 965 + 5 pLi) and 1.198 £+ 0.006 mL dodecane
was placed in the reference cell with the reference needle. The syringe was loaded with 250
nL of pre-reacted benzoyl-bromide solution in dodecane. The temperature was maintained
at 25 °C through the titration. After stirring was initiated at 250 rpm, the samples were
allowed to equilibrate until the differential heating slope was < 0.1 pW/h and the standard
deviation in the differential heating was < 0.01 pW over a period of lasting ~ 40 min. After
equilibration, an initial baseline was taken for 2400 s, and then 2.2 + 0.2 pL of titrant
solution was injected per injection. Between each injection the solution was stirred for 2400
s to allow the system to return to equilibrium. Integration of titration peaks calculates the
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heat of reaction. The standard error in the heat of injection is 23 pJ and was determined by
injecting water into water. Background subtractions were performed by injecting the ligand
solution into a dodecane solution containing equivalent concentrations of oleylamine and oleic
acid (20 mM OLA and 10.4 mM OA) in an identical manner to the sample measurements
and subtracting the integrated heat from the sample measurements.

DFT Calculations of Lead Halide Complexes

Calculations performed by Dr. Matthias Loipersberger Density functional theory (DFT)
calculations for free energies were performed with the Q-Chem package %% (version 5.3.0)
using the B3LYP functional'*167] with a mixed basis for the optimization and frequency
calculations (def2-SVP basis for C,H,0, def2-SVPD for N and Br, def2-TZVP basis set
for Pb).[168169 " In addition and the def2-ecp was used for Pb throughout. '™ Gibbs free
energies of formation (AG(}) were used to compute Gibbs free energies of reaction AGY.
Solvation energies were approximated by performing single-point calculations applying the
implicit SMDUI™ solvent model (using dodecane) with the larger def2-TZVPPD basis for
all elements as implemented in Q-Chem.'%4 A combinatorial set of possible charge neutral
lead complexes with amine, carboxylate and ammonium ligation with coordination numbers
up to 6 was evaluated for each PbBr, complex, with x being all integers from 0 to 6,
assuming a formal +2 charge of lead. Reaction energies were calulated with respect to
charge neutral amine, ammonium bromide and ammonium acetate species in solution. The
reaction energies of complexes with a number of bromides was evaluated with regard to
the complex with the minimum number of ligands for charge balance. The structures of
complexes with the most negative Gibbs free energy of reaction compared to the minimal
complex are displayed in Figure 4.4, and the reaction energies of ammonium bromide addition
(and ligand displacement, where applicable) were calculated between successive complexes.

Analysis of Titration Measurements

All absorption spectra in which there was no absorbance above 340 nm was used in
the analysis, background subtracted and selected as described above. This data was fit
directly to equilibrium constants. First, the chosen equilibrium constants and the titration
conditions were used to calculate substance concentrations using chempys equilibrium system
solver.'", Based on these calculated concentrations, for each species we determined the
points where only that species and species with a lower coordination number are occuring
at fractions above 5%. The extinction spectra were then calculated by iteratively finding,
for each species, the points at which no other absorbance should be present, then taking the
average of the absorbance values divided by the concentration values at each wavelength, and
then subtracting the reference spectra from the rest of the dataset. We constructed a loss
function based on the logarithm of the mean-square error of fit to the combined spectra and
the average variance in absorbance values of the extinction spectra, combined with a penalty
for negative absorption values in the extinction spectra. In cases where it was not possible to



CHAPTER 4. INVESTIGATION INTO LEAD BROMIDE NANOCRYSTAL
PRECURSOR CHEMISTRY 82

determine the spectra, a high value was returned. This function was optimized with respect
to the equilibrium constants using active learning with a gradient boosting regression tree
surrogate function as implemented in scikit-optimize with bounds between 10~2 and 100,
250 function calls with expected improvement as the acquisition function.

Stopped Flow Experiments

All stopped flow experiments were performed on an Applied Photophysics SX 20 stopped
flow spectrophotometer using a photodiode array with 25 ms integration time for 1000 time
points. The stopped flow chambers were stored under ethanol, then filled with toluene and
emptied three times, then filled with dodecane and emptied three times before measurement.
Stock solutions of Br, OLA, OA, Cs-OA and Pb-OA were prepared as in Chapter 2, but
diluted to 8.5 or 0.85, 3.0, 3.2, 1.0 and 0.66 mM in dodecane, respectively. All stock solutions
were added to the syringes used for loading the stopped flow chambers with volumes varying
between 10 - 100 uLL and mixed with dodecane to a final volume of 2 mL. For synthesis
experiments, OLA, OA, Cs-OA and Pb-OA solutions were placed in one syringe and Br
solutions were placed in the other syringe. Each experiment was performed at least in
triplicate for a duration of 60 seconds.

High-Throughput Synthesis and Optical Analysis

For high-throughput synthesis, dodecane solutions of lead oleate (200 x diluted from a
Pb-OA stock solution), benzoyl bromide (800 x diluted), oleylamine (100 x diluted) and
oleic acid (80 x diluted) were freshly prepared. Using a Hamilton NIMBUS4 Microlab liquid
handling robot, dodecane, oleylamine, lead oleate, oleic acid and cesium oleate solutions
were added in varying proportions to a 96 well plate equipped with single-use 1 mL glass
vials. The entire plate was heated to the reaction temperature while shaking at 300 rpm
and kept at the reaction temperature for 800 s. Under continued shaking, benzoyl bromide
solution was added to each vial, for a final reaction volume of 500 pL. This addition sequence
was typically performed within 600 s. The plate was kept at the reaction temperature and
shaken for another 600 s after the addition. 30 pL of each 500 pL final reaction solution were
removed, diluted with 270 pL. dodecane and placed into a 96-well Hellma quartz microreader
plate. A Biotek Synergy 4 microplate reader was used to evaluate the reaction solutions.
An automatic calibration was carried out before each plate was measured, then absorption
spectra were recorded from 200 to 500 nm in 1 nm increments with a single reading per data
point, while emission spectra were recorded from 350 - 500 nm in 1 nm increments with an
excitation wavelength of 315 nm, a detector sensitivity of 70 and a single reading per data
point.
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Chapter 5

Synthesis and Characterization of a
Family of Cesium Silver Main-Group

Metal Halide Double Perovskites

Adapted in part with permission from:

Bekenstein, Y.; Dahl, J. C.; Huang, J.; Osowiecki, W.T.; Swabeck, J.K.; Chan, E.M.;
Yang, P.; Alivisatos, A. P. “The Making and Breaking of Lead-Free Double Perovskite
Nanocrystals of Cesium Silver-Bismuth Halide Compositions” Nanoletters 2018, Copyright
2018 American Chemical Society

and

Dahl, J.C.; Osowiecki, W.T.; Cai, Y.; Swabeck, J.K.; Bekenstein, Y.; Asta, M.; Chan,
E.M. ; Alivisatos, A.P. “Probing the Stability and Band Gaps of Cs;AgInClg and Cs, AgSbClg
Lead-Free Double Perovskite Nanocrystals” Chemistry of Materials 2019, Copyright 2019
American Chemical Society

5.1 Introduction

Metal halide nanocrystals® 128 are a class of material for which it is possible to create
and explore a wide variety of compositions. The prototypical lead system is well studied
because of the attractive optoelectronic properties, which include high photoluminescence
(PL) quantum yield®*®l and high tolerance to defects.*"*8] Recent synthetic advances have
demonstrated the ability to precisely control the size, ®8 shape, 4173 cation['"17] and an-
ion 4142176 compositions of the nanocrystals to fine tune the respective band gaps and optical
properties. Following the surprising observations of good photovoltaic conversion efficiency,
potential applications for lead halide perovskites have expanded to include color-tunable light
emitting devices, optically pumped low threshold lasers, and efficient photodetectors. 177179,
In practice, the viability and use of lead halide perovskites in large scale manufacturing is
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currently limited by two main concerns: the toxicity of lead and the materials’ low stability
to common operating conditions such as moisture and heat. 39180

To circumvent this problem, stable and lead free perovskite systems are a current focus
of research in new materials chemistry. [89102181.182] Exploration of these systems, and their
relative stabilities, offers rich opportunities for learning more about the chemical and physical
principles that influence material properties and stability in metal halides. The investigation
of these questions is all of the more timely, since the practical application of lead halide
perovskite nanocrystals is severely limited by their long-term instability %3 and regulations
restricting the use of lead in devices.!™¥ Identifying environmentally stable, synthetically
accessible metal halide nanocrystals that avoid the use of lead while retaining the physical
properties of lead halide perovskite archetypes might allow the realization of the many proof-
of-concept solar and device applications in development. 18

Several groups of related materials that substitute lead with other metals have been ex-
plored in the recent literature.™-188 In principle, 3rd- or 4th-row p-block metal halides
should have similar electronic structures, due to a potential defect tolerant band struc-
ture arising from the Fermi level lying between two antibonding orbitals (mostly composed
of metal ns2 and np0) and strong spin-orbit coupling."®! Tin halide and germanium halide
perovskites are the closest structural and electronic analogs to lead halide perovskites and are
predicted to demonstrate efficient absorption and emission as well as defect tolerance; 8% Un-
fortunately, these materials are even less stable to light, heat, and moisture than lead halide
perovskites. 1371901921 Cg;M,Xg (M = Sb, Bi) and Cs;MXg[13 (M = Sn, Pb, Te) structures
are ternary metal halide structures that can accommodate p-block metals, and several inter-
esting examples, including CsoSnlg, PL19419] Cs3Bi,l, 196197 and CssBisly, 197198 have been
synthesized successfully both in bulk and at the nanoscale. The lower level of structural
connectivity of the metal halide octahedra in these structure types reduces conductivity and
exciton radii, which may limit their utility in electrical devices. CsyAgMX4 (M = Bi, Sb,
In) is a promising structure for lead-free halide perovskites since the metal halide octahe-
dra are connected across all three dimensions. '8 This 3D connectivity may explain why
photovoltaic devices made from these materials have exhibited some of the highest power
conversion efficiencies reported for lead-free halide materials despite the indirect nature of
their band gaps. 197:198]

Besides CsyAgBiXg, two other silver-containing double perovskite crystal structures have
recently been reported in bulk: CsyAgSbCls and CsyAgInClg. 199291 Although neither of
these materials is well suited for photovoltaic applications due to their large band gaps, they
may have applications in optoelectronic technologies such as the low-noise UV photodetec-
tors recently demonstrated for Cs,AgInCls.[2°?) Here, we report the successful synthesis of
CsyAgSbClg and CsyAgInClg nanocrystals and investigate their structure, absorption, and
emission properties.

Concerning the understanding of stability, most work has been predicated on the idea
that the Goldschmidt tolerance factor¥ can be used as a first guide to predict not only
whether a material will form but also what the stability will be. In recent publications, both
thermodynamic measurements!'® and more extensive theoretical calculations or literature
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comparisons 242%%! support the idea that the intrinsic stability of these halide systems does
indeed correlate well with the Goldschmidt tolerance factor. However, this does not take
into account the relative propensity to decompose according to specific pathways. When
a perovskite decomposition product consists of metal-ligand complexes or other molecular
species with varied bonding arrangements, the stability of those products can also vary widely
across a series of metals, and it is the net reaction thermodynamics that is most relevant.
The instability of many members of this class of compounds in the presence of water is of
particular practical concern. Even slight exposure to humidity is sufficient to decompose
materials such as CsPbls.*4 Many reports include discussions of stability by documenting
X-ray diffraction (XRD) data after a period of storage? or immersion of the material in
water, ethanol, or another solvent. %206 In this work, we develop an assay based on an amine
degradation reaction observed previously in CsPbBrs nanocrystals®>#4 to quantitatively
evaluate the stability of CsoAgBiClg, CsoAgSbClg and Csy AgInClg nanocrystals relative to
CsPbCls.

5.2 Results and Discussion

Synthesis

To synthesize double perovskite nanocrystals nanocrystals, we use an injection of acyl
halides!'9! or silyl halides["®" into a solution of metal acetate precursors, rather than adding
cesium oleate to a solution of metal halides.®¥ Briefly, in an open vial under atmospheric
conditions, metal acetates are added to a solution of xylene, oleic acid, and oleylamine, heated
to 100 °C, then an acyl halide or silyl halide is injected (see Figure 5.1). This substitutes the
water- and air-sensitive antimony(III) chloride or bismuth(III)halide with the more stable
acetates as a precursor and provides more tunability over the reaction by enabling the change
of type or concentration of halide precursor. In addition, due to the high reactivity of the acyl
halides and silyl halides with water, it is possible that some of the increased reproducibility
of this synthesis under atmospheric conditions is due to scavenging of residual water from the
reaction during halide precursor decomposition. Adding a solution of (aqueous) hydrochloric
acid yielded good results for Cs; AgBiClg, but not for bromide compositions or the other main
group metal.

The ionic nature of the metathesis reaction dictates the rapid nucleation and growth
kinetics of the resulting nanocrystals. As a result, the reaction time plays almost no role
in determining the resulting NC sizes, and most of the reaction is completed after 40 s,
analogous to the reaction time of colloidal lead halide nanocrystals. Longer growth times
lead to only small increases in size. The reaction reaches completion after less than 1 min,
and nanocrystals are separated from the reaction solution through centrifugation and redis-
persion. To showcase the broad utility of this synthesis, we also make CsPbCl; using the
same method, which show similar properties as previously reported nanocrystals.
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Figure 5.1: Reaction scheme for the synthesis
of double perovskite nanocrystals. A solution of
metal acetates (cesium, silver and indium, anti-
mony or bismuth) in non-polar solvent with oleic
acid and oleylamine is heated to 100 °C, then a
halide precursor is injected to form nanocrystals
of the corresponding CspAgMXg (M = In, Sb,
Bi,X = C1,Br) double perovskite.
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For the synthesis of Csy;AgSbClg, the
control afforded by acyl halide injection is
crucial: the addition of an equimolar amount
of benzoyl chloride or trimethylsilyl chloride
leads to the formation of lamellar structures
or stacks of small plates, whereas two equiv-
alents produce a mixture of nanoplatelets
and nanocubes; when a more reactive pre-
cursor, 2-ethylhexanoyl chloride, is added in-
stead, nanocubes form (Figure A.4.9). This
behavior bears some resemblance to the in-
fluence of the temperature on the synthe-
sis of CsPbBrs nanocrystals, with similar
lamellar structures found at very low tem-
peratures, which then transition to plates
and cubes as the temperature rises. 194 It is
possible that the decomposition kinetics of
the acyl halide precursor could control the

shape of the crystal through a growth insta-

bility arising from the competition of nucle-
ation islands on facets of different size, similar to recent reports on the formation of CdSe
nanoplatelets.?2 Slower kinetics may allow the formation of plates or even lamellar struc-
tures when the difference in activation barrier to form a new layer on a smaller crystal
facet instead of a larger crystal facet is a significant part of the overall energetic process;
faster kinetics may overwhelm this difference in activation energy, causing isotropic shapes
at higher temperatures, higher concentrations of the halide species or with a more reactive
halide precursor.

Structural Characterization

In collaboration with Dr. Yehonadav Bekenstein In transmission electron microscopy
(TEM) images, we observe cubic nanocrystals with edges approximately 10 nm in length and
a size dispersion of about 15%. Reactions forming Csy AgBiClg with hydrochloric acid form
smaller nanocubes with approximately 5 nm side length There is close agreement between
sizes determined by TEM (Figure A.4.2) and from Scherrer analysis of X-ray diffraction
(XRD) patterns (Figure A.4.3) for CseAgInClg, Cs;AgBiClg and CsyAgBiBrg crystals (Figure
A.4.3) and for CsyAgSbClg crystals with AgCl impurity synthesized under similar conditions
as the CsyAgInClg crystals. CsyAgSbClg nanocrystals synthesized in a phase pure manner
were larger and less monodisperse (See Figure 5.2.

CsAgBiBrg, CsyAgBiClg, CsaAgInClg and Css AgSbClg nanocrystals appear to exhibit
only the elpasolite or double perovskite F,, 3 structure in powder X-ray diffraction measure-
ments of nanocrystal thin films, as determined by comparing the peak positions to the bulk
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Figure 5.2: Structural Characterization of CsaAgSbCls and CsyAgInCls. (A) XRD pattern
of nanocrystals measured with a Co source (Ao = 1.7789A) with references COD 1546185
(Cs2AgSbClg), (B) TEM image showing cubic nanocrystals, (C) high-resolution transmission elec-
tron microscopy (HR-TEM) image of a nanocube on a [100] zone axis showing 0.45 nm ((200))
lattice planes parallel to the edge of the cube and 0.38 nm ((220)) planes diagonal to the edge of
the cube, and (D) STEM-EDS map of CspAgSbClg showing co-localization of cations. (E) XRD
pattern of nanocrystals measured with a Co source (Axq = 1.7789A) with reference COD 1546186
(Cs2AgInClg). (F) TEM image showing cubic nanocrystals. (G) HR-TEM image of a nanocube on
a [100] zone axis showing 0.37 nm ((220)) lattice planes diagonal to the edge of the cube and (H)
STEM-EDS map of CsaAgInClg showing co-localization of cations as well as silver spots.
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F3mm phases (Figure 5.2). Orientation effects appear to change the relative peak intensities
in the nanocrystal thin films we measure compared to the bulk phase. Under some synthesis
conditions, we observe AgCl impurities, which can be removed following synthesis through
careful centrifugation and redissolution of the nanocrystals in the case of Csy AgInClg but not
for CsyAgSbClg. We eliminated impurities in Csp AgSbClg by changing the ratio of M(III) to
Ag(I) precursor (Figure A.4.1). Due to the negligible optical response in the region impor-
tant for CspAgSbClg, we can measure the properties of CsyAgSbClg nanocrystals without
interference in a mixed sample of AgCl and CsyAgSbClg nanocrystals (see SI for a more
thorough discussion of the AgCl impurity).
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Figure 5.3: Structural Characterization of CsyAgBiBrg and CspAgBiCls (a) XRD patterns of
Cs2AgBiBrg (red) and CsyAgBiClg (blue) NCs compared to the reported pattern. (b) Model of
an extended unit cell of CspAgBiBrg, viewed down the 100 zone axis. (c) HRTEM of a unit cell
depicting a contrast difference between columns with Bi/Ag and Cs compared to those with only
halides. The (001) lattice spacing is measured to be 1.1 nm. (d) FFT analysis of lattice fringes
from a few oriented NCs demonstrates the cubic nature of this crystal structure on the nanoscale

Single NC high-resolution transmission electron microscopy (HRTEM) studies show simi-
lar lattice spacing of 5.5 Afor Cs,AgBiBrg; these studies also confirm the crystals are bounded
by [200] surfaces. In most cases, this zone axis is closely aligned with the TEM optical axis
due to the cubic morphology of the crystals. These properties simplify structural studies at
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the atomic level. For example, three types of atomic columns exist parallel to the (200) axis:
Br columns, Cs columns, and mixed Ag,Bi,Br columns. Indeed, the HRTEM demonstrated
columns of different contrast similar to those depicted in the cartoon. High-resolution TEM
images of Cs,AgInClg nanocrystals display a lattice spacing of 3.7 Acorresponding to a (220)
plane. For CsyAgSbClg nanocrystals, we observe 3.8 and 4.5 Alattice spacings that corre-
spond well to (220) and (200) planes. The correspondence of the lattice spacings throughout
the crystal to high-reflectivity, low-index planes supports the claim that these nanocrystals
are phase pure and single crystalline. The orientation of these planes relative to the edges
further suggests that the cubes are terminated by [200] facets, similar to reports on lead
halide perovskites

Silver Halide Impurities

In many of the synthesis used, an impurity of AgCl was found. The AgCl phase is
present as a second phase of nanocrystals, as determined by XRD Scherrer Radii (~ 15
nm) and TEM images where it can be seen as large round spheres (Figure A.4.4). AgCl
appears to form at a molar ratio to Cs;AgSbClg of approximately 1:1, as determined by the
excess of Ag over Sb in the EDS analysis of large-scale images (Figure A.4.6).AgCl has a
direct bandgap of 3.25 eV and an indirect bandgap of 5.15 eV, as well as an exciton
radius of 1.5 nm. 2% In a Tauc analysis for Cs,AgInClg, it would be possible to observe a
contribution of AgCl to the bandgap, which we should expect to be strongly indirect and
around 3.25 eV due to the negligible quantum confinement at that size of AgCl crystal, but
those samples do not show any X-ray diffraction peaks from AgCl and also do not show
any bandgap at 3.25 eV. However, for the Cs;AgSbClg band gaps, contributions from any
gap significantly above the measured gap around 2.5 eV would not be visible.Purification
of AgCl from CsyAgInClg was accomplished by concentrating the sample by evaporating all
but 50 pL of the nanocrystal solution in hexanes with a stream of N2 gas, separating out the
precipitate by centrifuging at 14,000 rpm for 10 minutes and redissolving the pellet in ~ 1
mL of hexane. Any insoluble solids were discarded, and this procedure was repeated another
time. The CsyAgSbClg crystals with AgCl impurities were more similar in size (~ 10 nm) to
the other nanocrystals, and were thus used for further analysis on bandgaps, STEM-EDS and
degradation, as individual crystals could be confirmed as CsyAgSbClg phase for STEM-EDS
and the optical properties used for bandgaps and degradation were not noticeably different
from the pure phase.

Probing Bandgaps

In collaboration with Dr. Yehonadav Bekenstein, Dr. Yao Cai and Dr. Joseph Swabeck
There are discrepancies in reports of optical spectra between nanocrystal '8! and bulk mea-
surements'®% which could lead to the interpretation that there is significant quantum con-
finement in these systems. To the naked eye, the Cs; AgBiBrg NC suspension with its distinct
yellow color is clearly optically different from the orange-red color of bulk material. Dilute so-
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lutions of CsyAgBiBrg NCs have a typical absorption spectrum featuring a sharp absorption
peak positioned at ~ 430 nm and a long absorption tail at longer wavelengths, suggesting
an indirect transition consistent with the reported bulk properties. A similar functional
form with a sharp peak is observed for the Cl compositions, with the peak positioned at
365 nm. A similar discrepancy is also observed in the absorption spectra of nanocrystal
solutions for CssAgInClg and CsyAgSbClg, which have a rising shoulder from 310 to 290
nm for Cs,AgInClg nanocrystals as reported previously ®2 and peaks at 360 and 300 nm for
CsaAgSbClg nanocrystals, which are both significantly removed from the reported bulk band
edge.?°) The dual absorption peaks for CsyAgSbClg nanocrystals are similar to the shape
of reflectometry peaks found in bulk samples.?!l A Tauc analysis?%! on absorption spectra
of dilute solutions of CsyAgSbClg and CssAgInClg nanocrystals indicates band gaps of 2.83
+ 0.02 and 4.15 4+ 0.05 eV, respectively (Figure A.4.7). This is a significant blue-shift from
the reported bulk band gaps of 2.5 and 3.5 eV, 2l which at first glance would lead to the
conclusion that these double perovskite nanocrystals show significant quantum confinement.
A confinement energy as large as 1 eV may occur and was reported for quantum confined
perovskite nanoplates. 194173 However, it is expected to be strongly dependent on the size
and dielectric environment confining the exciton.

. A — Cs,AgInCl, S |B[___cs,AgInCI, Sample Luminescence c
— Cs,Agsbel, || & Excitation (A, = 567 nm) 5
s > ——Cs,AgInCl; Sample Luminescence ‘—';0 5
'ﬁ Emission (A_, =300 nm) 1= =
1.5 £1.0 Ex K3 (]
h i
2 = '
2 8 % ’ 3 4 5
g 1.0 ﬁ Energy (eV)
g £ 1.0
E Eos D [— csginci,
p— === E _=3.57eV
0.5 g =
= £05
E S—
S
o
0.0 Z0.0
300 350 400 450 300 400 500 600 700 800 gg U
Wavelength (nm) Wavelength (nm) 2 3Energy (ev? s

Figure 5.4: Optical Properties of CspAgSbCls and Csa AgInCls nanocrystals(A) UV—visible ab-
sorption spectra of Cso AgSbClg and CsyAgInClg nanocrystals, with peaks centered at 360 and 300
nm for CsyAgSbClg and no discernible peak for CsoAgInClg. (B) Photoluminescence (PL) and
photoluminescence excitation (PLE) spectra of CseAgInClg samples. The maximum PL occurs at
550 nm, the maximum PLE at 300 nm. (C) Tauc plot of the absorption spectrum of concentrated
Cs2AgSbClg nanocrystals showing an indirect band gap of 2.57 + 0.05 eV. (D) Tauc plot of ab-
sorption spectrum of concentrated CsyAgInClg nanocrystals showing a direct band gap of 3.57 +
0.03 eV

We do not observe a corresponding blue-shift of the broad emission of Cs;AgInClg (<0.1
eV) compared to the emission in bulk. The photoluminescence quantum yield of Css AgInClg
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nanocrystals was measured to be 0.6%, which is within measurement error of the quantum
yield reported previously.['82) The excitation spectrum of this emission decays into the back-
ground at approximately 350 nm or 3.5 eV. This band edge is 0.7 eV lower than the calculated
band gap from absorption measurements but nearly identical to the bulk band gap.™* Sim-
ilarly, CsyAgBiBrg exhibits detectable photoluminescence centered around 650 nm, with a
full width at half-maximum of ~ 200 nm. The weak and broad emission is further consistent
with an indirect transition or trap emission, similar to the emission reported for bulk. 86!
While current research suggests that the broad emission may be due to self-trapped exci-
tons?1%  exposure to phosphonic acids gradually quenches the emission intensity (see Figure
5.7 ). As phosphonic acids are known to passivate surface traps in CsPbBr37), this could
indicate at least some contribution to this luminescence from surface traps. The photolumi-
nescence excitation spectrum coincides with the absorption peak at 430 nm, further verifying
that light absorbed at the 430 nm peak is emitted from the nanocrystals, and the excitation
measurement counts decay into the background at around the same energy as the reported
bulk bandgap.

These different optical measurements do not agree with each other, with absorption
spectra suggesting confinement energies of 1.0 eV for Cs;AgBiBrg and Csy;AgBiClg, 0.7 eV
for CsyAgInClg and 0.3 eV for CsyAgSbClg, whereas emission and excitation spectra of
CsyAgInClg and CsyAgBiBrg suggest less than 0.1 eV of confinement. Turning to density
functional theory to investigate which level of confinement one should expect in the different
double perovskites, we calculate the effective electron and hole masses and dielectric con-
stants (see Table 5.3). The resulting exciton Bohr radii, 1.02 nm for CsyAgSbClg, 0.90 nm
for CsyAgBiClg and 0.82 nm for Cs; AgInClg, are an order of magnitude smaller than the size
of the crystals, suggesting that quantum confinement should be minimal for these cesium
silver metal halide double perovskites.

To further test this dependence, we intentionally varied the NC synthetic conditions for
CsyAgBiBrg. We used different precursors, temperatures, and ligands that changed both
the size and dielectric environment of the NCs. The position of the absorption did not
significantly shift with changes in size, demonstrating that the peak does not in fact originate
from a confined exciton. Similarly, confined structures of Cs;AgSbClg, do not show a blue-
shift of either the shoulder at 360 nm or the peak at 300 nm, as would be characteristic for
a quantum confined exciton peak.

We propose that these discrepancies arise from differences in measurement technique
(transmission vs reflection) and concentration of the sample instead of from the underlying
optical response. This hypothesis receives further support from thin film transmission mea-
surements of single-crystalline Cs,AgBiBrg,?'!] which shows very similar optical signals to
the dilute nanocrystal solutions. Here, we elaborate on how these discrepancies may arise and
different techniques to use to ensure comparability between optical absorption measurements
from the nanocrystal and solid-state chemistry fields.

Since the absorption spectra are the only measurements supporting the interpretation
of strong quantum confinement, we considered the differences in measurement conditions
between bulk and nanocrystal to enable a more confident measurement and analysis of band
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Figure 5.5: Optical properties of the CseAgBiBrg NCs. (a) UV/vis absorption of dilute
Cs2AgBiBrg (red) and CspAgBiClg (blue) NCs suspensions demonstrating the characteristic peaks
at 430 and 365 nm, respectively. Inset showing a suspension of CsyAgBiBrg NCs, with distinct
yellow color different from the orange-red bulk material. (b) Photoluminescence from excited
CspAgBiBrg NCs (blue) (Aeze = 430nm), which is similar to photoluminescence described in the
literature for bulk crystals. Photoluminescence excitation scan collected at 650 nm (red) traces
the absorption peak at 430 nm, but does not decay into the baseline until 550 nm (c) Tauc plot
of diffuse absorption measurements of NC films assuming indirect band gap characteristics gives
similar measurements of direct (2.09 eV) and indirect (1.85 eV) to that of bulk crystals. (d) Plot
of center of absorption peak vs smallest side length of cubes shows no strong dependence of the
absorption peak on size, which rules out quantum confinement as a strong contribution to the high
energy position of this peak.
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gaps in nanocrystals in the cases where there is no emission and excitation data, such as
in CsyAgSbClg. Band gaps of bulk materials are commonly calculated from Tauc plots 2%
made with data obtained by reflection measurements of pure powders, whereas colloidal
nanocrystals are measured in dilute solutions in transmission mode and have historically not
been analyzed with Tauc plots. The difference in concentration is large, changing from pure
material in bulk to an optically dilute sample for nanocrystals, a range of at least 3 orders of
magnitude in the number of unit cells sampled. Preparation of nanocrystal solution samples
is usually quite dilute to enable peak analysis of the most strongly absorbing species. As
the variation in peak extinction coefficients of transition metal complexes (up to 7 orders
of magnitude)?'? exceeds the dynamic range of most absorption spectrometers (0.001-4
absorbance units in the instrument we utilize), it stands to reason that spectra optimized
for observing the strongest absorption peaks in nanocrystals may have insufficient signal
to accurately measure the absorption at the band edges for weakly absorbing bands. In
the case of the cesium silver metal halide double perovskites, the band edge absorption
features are indeed expected to be weak since the transitions close to the band edge should
be Laporte forbidden for Cs,AgInClg due to the 4d-5 s transition at the band edge?? and
momentum forbidden for the antimony and bismuth double perovskites due to their indirect
band gap. [186,201]

To overcome these problems and more accurately measure the absorption at the band
edges of CsyAgInClg and Cs; AgShClg nanocrystals, we perform Tauc analysis using absorp-
tion spectra of nanocrystal solutions that are 300 times more concentrated than those used
to observe the absorption maxima. Although these spectra do not provide information on
transitions that lie higher in energy due to the noise limit of the detector, this scheme is
necessary to obtain precise linear fits of the absorptance spectra at the weakly absorbing
band edges. The Tauc analysis of concentrated nanocrystal absorption spectra results in
band gaps consistent with those measured for bulk samples, 209291 with an indirect gap of
2.57 4+ 0.05 eV for CssAgSbClg and a direct gap of 3.57 + 0.03 eV for CsyAgInClg. It is
possible that for instance the high energy "band edge” of CsyAgInClg observed in our di-
lute samples as well as by others!"™? is not due to the inorganic material at all, but rather
due to impurities from organic material used in the synthesis, such as residual solvent or
impurities in oleylamine (Figure A.4.8). Another possible approach is performing this Tauc
analysis on diffuse reflectance measurement of a nanocrystal powder, which we performed
for CsyAgBiBrg (Figure 5.5 ¢). This reflectance measurement shows transitions at 1.85 and
2.09 eV and a bandgap value of 1.97 eV, which is similar to the bulk material. '3l

One possible concern when using concentrated colloidal solutions or nanocrystal powder
reflectance measurements for Tauc analysis is that lower-band gap impurities may confound
the measurement. However, since the Tauc plot is designed to ignore low probability contri-
butions at lower energies, such as the Urbach tail, it is also insensitive to contamination by
lower-band gap impurities, since the slope of any impurity absorptions that are not at their
band edge in Tauc plots is significantly different than the slope for the band edge. A good
test case is the analysis of CsyAgSbClg: There is a small-band gap impurity of unknown ori-
gin in the Csy AgSbClg spectrum, visible in the deviation of the spectrum from the baseline
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below the band gap of Cs;AgSbClg. Despite the evident impurity, it is possible to assign
the slopes to different materials, allowing for an unambiguous identification of the band gap.
We confirm that Tauc analysis can be a valuable tool in analyzing energies of band gaps
in nanocrystals, if appropriate measurement conditions are chosen. From our optical and
theoretical analyses, we further conclude that all of the Css AgMXg nanocrystals synthesized
here have close to no quantum confinement at the length scale synthesized, are unlikely to
exhibit much confinement unless the size is drastically decreased, and that this is likely to
be the case for any other silver main-group metal halide double perovskites.

Silver Nanoparticle Decorations and Reductive Degradation

In collaboration with Dr. Yehonadav Bekenstain, Dr. Jianmeir Huang and Dr. Wojciech
Osowiecki Amines are reducing agents and can produce silver particles in the presence of
silver ions. In TEM studies, small circular nanoparticles are frequently observed as higher
contrast decorations on the facets or inside the NCs of any double perovskite compositions.
Likewise, in the CsyAgInClg and CsyAgSbClg materials, we do not observe a significant
growth of the nanocrystallites during ~ 5 min 300 pA/nm exposure to the electron beam,
though some migration and coalescence do occur.

To further understand this silver degradation pathway of double perovskite nanocrystals
NCs, we conducted a STEM-EDS study of NCs with these higher contrast decorations (Fig-
ure 5.6a yellow and red areas, respectively). Elemental analysis indicates that these small
particles contain almost exclusively silver atoms, suggesting that they are silver nanocrystals
(Figure 5.6b, 5.2H). In contrast, the cubic nanocrystals in the background contains stoichio-
metric amounts of Ag" and Bi**, consistent with their assignment as Cs;AgBiBrg material.
We also performed high-resolution TEM structural analysis on higher contrast islands still
attached to CspAgBiBrg NCs. These small nanoparticles exhibit a distinct lattice fringe
(Figure 5.6¢) that does not overlap with those of the background perovskite material. Us-
ing selective Fourier filtering (Figure 5.6d—f), we measured a lattice spacing for the higher
contrast island of 0.24 nm, which matches the (111) spacing of metallic silver. The back-
ground lattice spacing is 0.4 nm, similar to the double perovskite (022) spacing. The larger,
Ag-depleted nanocrystals undergo a transition from the cubic F,,3; CsaAgBiBrg to trigo-
nal pgm1 Cs3BisBrg and Cs3BiBrg nanocrystals as confirmed spectroscopically and by XRD
(Figure A.4.10 a,b). The overall shape of these byproduct nanocrystals is no longer cubic
and more rounded crystals or triangular prisms are observed (Figure A.4.10c,d). The silver
degradation products we have observed are summarized in the following reaction equation:

3Cs9AgBiBr6 — Cs3BisBrg + Cs3BiBrg + 3Ag + ;B'f’g (5.1)

which includes the two different ternary Cs,Bi,Br, compositions and elemental silver we
have observed in optical measurements and in the transmission electron microscope. The
oxidation of bromides to bromine is used here for simplification. It is likely that other
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Figure 5.6: (a) HAADF image depicting cubic CseAgBiBrg NCs and a circular, high-contrast
particle. The bright decorations on the cubic NCs are assigned to silver islands. STEM-EDS
analysis is used to compare the composition of the yellow frame and red circle areas (Table 1).
The scale bar is 20 nm. (b) STEM-EDS images showcasing the uniform distribution of silver and
bismuth colocalized in the cubic nanocrystals. The bright circular particle (red) is a silver NC. The
scale bar is 20 nm. (¢) HRTEM of the decorations on cubic CsaAgBiClg crystals showing lattice
spacing for both the silver nanoparticle and the underlying double perovskite crystal, the scale bar
is 2 nm. (d) FFT of the selected area in panel ¢ (red) depicting two different periodicities marked in
blue and green. By Fourier filtering the different components, a lattice spacing of (e) 0.24 nm that
matches (111) of silver (blue) and (f) 0.4 nm that matched the double perovskites (220) (green)
can be clearly separated. The scale bar is 1 nm.
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species, such as oleylamine, would be oxidized first. These observations reveal a reductive
degradation pathway of Cs;AgMXg NCs in which silver diffusion, reduction, and coalescence
are identified as the key source of structural instability. This pathway is likely universal to
all silver-containing metal halide nanocrystals, and displays similarities to the photolysis of
AgBr used for the development of photographic film. 23]

Stability towards Ligands

Heightened interest in these materials is due to their practical application as future op-
toelectronic materials. In order to achieve this goal, material stability and point defect
formation must be better understood and controlled. Our absorption and emission data
strongly suggest that formation of defects and defect states are of importance in these mate-
rials. Nanocrystals are a good model system for studying the stability of double perovskite
materials because of the ability to combine spectroscopy and observe structural changes with
atomic resolution. We first study the stability of CsyAgBiBrg NCs towards reactions with
different ligand binding groups by monitoring the NC optical properties. In this experiment,
the different ligands were introduced in excess (0.06-3.6% weight /volume) to a colloidal sus-
pension of NCs at room temperature. Thiols and carboxylic acids did not evoke any clear
spectral changes, while phosphonic acids suppressed the emission from the nanocrystals but
kept the crystal absorption intact. The most important observation in this experiment was
with excess primary and tertiary amines, which caused significant spectral changes in the
crystals, leading to a disappearance of absorption (and emission) features, which we inter-
pret as complete dissolution of the NCs (see Figure 5.7). This result may suggest a similar
surface chemistry for the double perovskite nanocrystals to those of the lead halides in which
oleylammonium plays an important role in passivating the halide atoms on the surface, !
and excess amines degrade the NCs. [

We further sought a robust and quantitative measure of perovskite nanocrystal stability,
so we utilized the observed degradation with amines to develop a degradation titration as-
say for CsyAgSbClg, CsoAgInClg, CsyAgBiClg, and CsPbCls nanocrystals. Reactions with
amines serve as a more reproducible proxy for the stability of perovskite nanocrystals than
direct exposure to water, since amines and water are similar in hardness, but amines are
miscible with nonpolar colloidal solutions of halide nanocrystals. In the decomposition re-
action of CsPbBrj3 to CsyPbBrg, it has been proposed that three units of PbBrs from every
four unit cells react with amines to form a complex in solution, leaving behind lead-depleted
nanocrystals. [ For the double perovskites, STEM-EDS analysis of the depleted products
after amine degradation reveals trace amounts of Sb, Bi, or In, leaving large aggregates con-
taining Cs, Ag, and Cl (Figures S11-S13). The concentration of double perovskite unit cells
converges to a fixed value after being exposed to an excess of amine-containing solutions
during the time scale of the reaction. This suggests the possibility that the metal-ligand
complexes and other molecular species reach a quasi-equilibrium with the nanocrystals in so-
lution. The degradation process is a complex process on the individual nanocrystal level, and
nanocrystals of both double perovskite and perovskite compositions appear to etch, grow,
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Figure 5.7: Stability of CsoAgBiBrg NCs in various ligand environments with different final ligand
concentrations. We tested the decanoic acid, decylphosphonic acid, dodecyl amine, dodecanthiol,
trioctylamine, as solutions in toluene, and pure toluene in the control experiment. (a) Depicts
absorption measurements, with the 430 nm peak indicating the presence of Css AgBiBrg NCs while
(b) depicts emission, with the emission centered around 650 nm assigned to CsaAgBiBrg NCs

and fuse at the same time (Figure A.4.12). Nevertheless, on the macroscopic level, this
process appears reversible, as demonstrated previously for CsPbBrs nanocrystals through
heat or addition of oleic acid.** Since we cannot remove amines or nanocrystals from the
solution without substantially altering the reaction, we reduce the number of amines avail-
able chemically. By protonating the amine by adding oleic acid in excess of that already
present as surfactant in the nanocrystal solution, we couple the equilibrium of nanocrystals
with amine to an acid-base equilibrium of the amine with oleic acid. This allows us to re-
verse some of the degradations of double perovskite nanocrystals and suggests reversibility
of the nanocrystal degradation reaction at room temperature (Figure A.4.13). We therefore,

propose the following reaction with primary amines for all silver main group metal double
perovskites (M = Sb, In, Bi)

CSQAgMXG + RNH2 = RNHzMX?, + CSQAng (52)

To measure the degradation behavior of the above reaction, amines are titrated into solutions
of nanocrystals in dodecane, and the change in absorption from the original solution is
measured. For the materials examined here, CsyAgSbClg dissolves in the presence of the
lowest concentrations of octylamine (0.01-0.1 mM), whereas Cs;AgBiClg dissolves at a higher
concentration (~1 mM) and CsyAgInClg and CsPbCly require still higher concentrations (
~ 10-100 mM). (See Figure 5.8)
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Figure 5.8: Amine Degradation of Double Perovskite Nanocrystals Stability analyses of
CsaAgSbClg, CsaoAgBiClg, CsaAgInClg, and CsPbCls nanocrystals. Individual points represent
the fraction of initial absorption remaining after 4 h as a function of the different concentrations
of octylamine that the nanocrystal solutions were exposed to. The solid lines are fits of the data
points to an equilibrium equation 5.3, whereas the shaded regions represent 1 sigma confidence
intervals for those fits.
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These materials can be characterized and compared by the concentration of amine re-
quired to degrade a defined fraction of the sample. This point is defined as the 1/e point in
our analysis. Based on some of our observations as well as prior publications on CsPbBrj, 44
we postulate that this reaction is in quasi-equilibrium. Under this assumption, we developed
a simplified equilibrium model, which we use to fit the data to a model equilibrium con-
stant. The decomposition of several different materials can be well fit with this simplified
equilibrium equation, lending additional support to the idea that an equilibrium reaction is
occurring. Based on the proposed reaction equation 5.2, we rewrite the equilibrium equa-
tion by replacing the concentration of product by the difference between initial and current
concentrations of starting material so that the equilibrium constant is expressed entirely
by the fraction of starting material remaining and the initial concentration of amines and
nanocrystal unit cells

Xo — fiXo
[iXo — Lo(Xo — fiXo)

Where K is the equilibrium constant, X is the initial concentration of double perovskite,
fi is the fraction of starting material remaining, and Lg is the initial concentration of amines.

In our experiment, f; = Xio is determined as the fraction of the initial absorption remaining
( abs

abs;
fits the absorption data, this suggests the Llo dependence used in the equation.

The absorption data in the decomposition curves are fit to this equilibrium equation
model, and equilibrium constants for each of the nanocrystals are extracted. This equilib-
rium model is undoubtedly an oversimplification of a complex process involving reactions
at different times and length-scales, but it is consistent with the observations and allows
us to quantitatively compare the relative stability of these materials. Although the errors
on the extracted equilibrium constants are substantial, the differences between the various
equilibrium constants are separated by at least one standard error, with exception of the
constants of CsPbCl; and Csy;AgInClg, which are close to identical. Using the fitted equi-
librium constants, the standard Gibbs free energy of reaction can also be estimated through
AG® = —RTInK (Table 5.1). The large and negative free energy values agree with the spon-
taneous occurrence of these reactions in dilute solution at room temperature as well as with
the large extracted equilibrium constants.

To verify that the results of the amine titrations are reasonable proxies for real stability
differences under atmospheric humidity, we measured the degradation of TEM samples in at-
mospheric moisture. CsyAgSbClg placed on a TEM grid degrades into a Sb-depleted phase in
a matter of hours, whereas Csy AgInClg is stable under atmospheric conditions for more than
a week (Figure A.4.14). Additionally, the Cs;AgSbClg nanocrystals degrade under standard
beam conditions during STEM-EDS measurement (Figure A.4.15), and STEM-EDS mea-
surements of the Csy AgSbClg nanocrystals exposed to air for more an hour show a significant
depletion of Sb content in the crystals, with a corresponding accumulation of amorphous Sb-
containing agglomerations outside of the crystals (Figure A.4.16). The difficulty of purifying

K= (5.3)

). The equilibrium equation with one amine binding one metal halide most consistently
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AgCl from Cs;AgSbClg might also arise in part from the instability of the parent material,
potentially causing some degradations to AgCl during purification.

Compound CsyAgSbClg  CsyAgBiClg  CsyAgInClg
K., 5 x 10° 3% 10% 40
AG° (kJ/mol) -27 -20 -9
1/e point (M OLA) 9x107° 4x107%  4,4x1072
Electronegativity (in eV) 2! 2.12 1.88 1.13
Pearson Hardness (in V)2l 3.78 3.18 2.75
Standard Formation Energy from the elements/ unit cell (calc, in eV) -16.5 -17.0 -174
Formation energy from most stable precursors/ unit cell (cale, in eV) -0.04 -0.31 -0.06
Melting Temperature of M 131l in °C 73.4 234 583
Bond distance ratio in MCl3 3.4: 2.4 3.2: 25 2.5:25
Goldschmidt Tolerance Factor 0.94 0.9 0.94
Octahedral Cation/Anion ratio 0.53 0.6 0.54

Table 5.1: Calculated stability parameters and other physical measurements

Based on the quantitative data on the stability of these three compounds, we now consider
different factors which could potentially explain the difference in stability between cesium
silver chloride double perovskites (see Table 5.1), primarily : (1) The Goldschmidt tolerance
factor, (2) the stability of the crystal as measured by crystal formation energies, or (3) the
binding affinity of the p-block metals for the amines over chlorides, which should correlate
to the hardness of the metal. The Goldschmidt tolerance factor as well as more complicated
radius ratio fits that include both the tolerance factor and octahedral radius ratios do not
explain the observed trends in stability. Although crystal stability correlated well with the
melting point of the binary halides as well as with the standard heats of formation from the
elements, the difference in crystal formation energies from the lowest energy starting mate-
rials, AH, which is a more direct measure of the intrinsic crystal stability, did not correlate
with the measured stability at all. The Pearson hardness?'% of the elements correlates well
with the degradation energy, with Sb, the hardest acid, releasing the most energy during
a reaction with the hard amine base and In as the softest acid releasing the least. Metal
trichloride melting temperatures also appear to correlate well with the stability. However,
other possible measures, such as the hardness of the ions, of the metal halide complexes
or solubility might better describe this interaction. To better understand and predict the
stability in complex metal halide materials to the wide variety of environmental perturba-
tions, such as humidity, heat, light, electrical current, and others, more experimental and
theoretical studies comparing materials in a quantifiable manner are needed. We anticipate
that the method presented here could aid in the quantification of the stability of metal halide
materials.
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5.3 Conclusion

In this section, we demonstrate a colloidal synthesis of nanocrystals of CssAgMXg dou-
ble perovskites using a robust, tunable method of injecting acyl halides under atmospheric
conditions and relatively mild temperatures. We identify the type and concentration of the
halide precursor as an easily tunable variable that profoundly affects the synthetic outcome.
The particles synthesized are crystalline nanocubes of ~ 10 nm edge length terminated with
[200] facets and decorated with silver particles. We show that the optical properties remain
unchanged from bulk despite the appearance of dilute absorbance spectra and discuss the
need to perform concentrated liquid absorption or solid diffuse reflectance measurements
for accurate Tauc analysis of nanocrystals. Observation of degradation in different solvent
and ligand environments, as well as through decomposition based on silver nanoparticles
shows evidence of different degradation pathways. We develop degradation assay using the
amine degradation pathway for the nanocrystals and show a decrease in chemical stability
from CsyAgInClg over CsyAgBiClg to CsyAgSbClg. This ability to quantitatively measure
perovskite environmental stability can enhance the understanding of metal halide materials,
accelerate the identification of more stable perovskite analogs, and enable the elucidation of
design rules for the environmental stability of a broad range of metal halide semiconductor
nanocrystals.

5.4 Experimental

Synthesis

Materials

Acetone (99.9%, Fischer Scientific), antimony(III) acetate (99.99%, Aldrich), benzoyl
chloride (99%, VWR), bismuth(III) acetate (99.99%, Aldrich), Bromotrimethylsilane (TMS-
Br, 97%, Aldrich), cesium Acetate (99.9% Aldrich), cesium standard for ICP (1000 ppm
in 2% aqueous nitric acid, Aldrich, TraceCert Lot: BCBK9448V), 2% aqueous nitric acid
(Aldrich, 99.999%), 2-ethylhexanoyl chloride (98%, Aldrich), hexanes (mixture of isomers
99.99%, Fischer Scientific), Hydrochloric Acid (HCI, 36.5% w/v in H20, Fischer Scientific),
Indium(I1T) acetate (99.99%, Aldrich), lead(IT) acetate trihydrate (99.99%, Aldrich), octy-
lamine (99%, Aldrich), oleic acid (90%, Aldrich), oleylamine (70%, Aldrich), Toluene (99.9%,
Fisher Scientific), silver acetate (99.99%, Aldrich), and m-xylene (99.9%, Fisher Scientific).
All chemicals were used as purchased. Bromotrimethylsilane was stored under Argon.

Synthesis of Double Perovskite Nanocrystals In a typical synthesis, 5 mg (0.025
mmol) of cesium acetate, 8 mg (0.05 mmol) of silver acetate, and 0.05 mmol of the main
group metal (16 mg indium (III) acetate, 20 mg bismuth (III) acetate, 17 mg antimony (III)
acetate) were placed into a 4 mL glass vial with a stir bar. Solvent (Xylene or Toluene)
(1 mL), oleic acid (0.25 mL, 0.8 mmol), and oleylamine (0.075 mL, 0.2 mmol) were added,
and the vial heated to 100 °C for 10 min in an oil bath. The halide precursor (0.040 mL,
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0.3 mmol) was injected quickly. Then, the vials were taken out of the oil bath and left to
cool to room temperature. CsyAgSbClg metal halide and surfactant precursor mixtures that
were heated for more than a minute or left stirring under argon at room temperature for a
prolonged period of time developed a reddish-brown tint and did not yield nanocrystals. For
routine measurements, the nanocrystal reaction mixture was precipitated by centrifugation
at 14,000 rpm for 5 min, and the resulting pellet was redispersed in hexanes.

Species Solvent, OLA OA Cs M Ag Halide Precipitant
(mmol) (mmol) (mmol) (mmol) (mmol) (mmol) (mL)

In, Bnzo-Cl Xylene 0.2 0.8 0.025 0.05 0.05 0.3 None

Sb, Ethexo- Xylene 0.2 1.3 0.025 0.05 0.02 0.6 None

Cl

Bi, TMS- Toluene 0.11 0.11 0.025 0.05 0.02 0.6 Acetone, 2

Br mL

Bi, HC1 Toluene 0.3 0.3 0.05 0.05 0.06 1.2 Acetone,
4 mL; 2-
butanone,
4 mL

Pb, Bnzo- Xylene 0.2 0.8 0.05 0.05 0.0 0.3 None

Cl

Bi, Bnzo-Cl Xylene 0.2 0.8 0.025 0.05 0.05 0.3 None

Sb (Ag), Xylene 0.2 0.8 0.025 0.05 0.05 0.3 None

Ethexo-Cl1

Ag, Bnzo- Xylene 0.2 0.8 0.0 0.0 0.63 0.75  None

Cl

Table 5.2: Reaction conditions for different double perovskites

Reaction Optimization of Cs;AgBiBrg Nanocrystals Reaction conditions opti-
mization of CsyAgBiBrg quaternary compounds pose a synthetic challenge due to the large
experimental parameter space required for further synthetic optimization. By utilizing high-
throughput synthetic techniques that enable fast screening of synthetic parameters, we were
able to extend our understanding of the double perovskite NCs. To match the technical
requirements of the high-throughput apparatus (lower temperatures, atmospheric condi-
tions) we devised the additional synthetic pathways mentioned above the result in the same
nanocrystals. For the reaction optimization, we used a Hamilton Microlab NIMBUS system
to dispense liquids, while solids were dispensed by hand. A 24 well reaction plate was set
up with 4 mL vials, which were filled with 20 mg bismuth triacetate, 8 mg silver acetate
and 2.5, 5, 7.5 and 10 mg cesium acetate. Stock solutions of oleylamine, oleic acid and
bromotrimethylsilane in toluene were prepared by adding 2.25 mL oleic acid to 2.25 mL
toluene, 2.36 mL oleylamine to 2.14 mL toluene and 0.98 mL bromotrimethylsilane to 1.82



CHAPTER 5. SYNTHESIS AND CHARACTERIZATION OF A FAMILY OF CESIUM
SILVER MAIN-GROUP METAL HALIDE DOUBLE PEROVSKITES 103

mL toluene. The 24 well reaction plate was set up on the heater/shaker, while the stock
solutions were split into 4 equal parts and placed on the reaction deck, along with one 50
mL container of toluene. The NIMBUS robot was programmed to place 16, 31, 62, 125, 250
and 500 pL of the oleylamine and oleic acid stock solutions into the respective containers
and fill up the rest of the volume to 1 mL with toluene, creating a full factorial expansion
of the ligand and cesium concentration combinations. Then, the heater/shaker was shaken
at 500 rpm and heated to 90 °C for 10 minutes, after which 100 pL of TMS-Br solution was
added to all the mixtures. The plate was left heating for an additional 30 minutes after
injection, then cooled to room temperature. Once the reactions had cooled, heavy particles
were precipitated out by centrifugation at 4,000 rpm, after which the supernatant was trans-
ferred to Eppendorf tubes, 1 mL acetone was added and the resulting mixture precipitated
by centrifugation at 14,000 rpm. This precipitate was suspended in hexane and used in this
form. Absorption measurements of the resulting reactions were taken on a Biotek Synergy
2 plate reader. The height of the peak at 430 nm was used as a measure to quantify the
amount of double perovskite present in solution.
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Figure 5.9: High throughput synthesis optimization. (a-d) absorption spectra of CsaAgBiBrgNCs
synthesized with different ratios of ligands and Cs precursor. Bi and Br ratio where kept constant.
The peak intensity at 430 nm serves as an indicator for the concentration of NCs produced in the
reaction. (e) 2D absorption map (@430nm) shows maximum absorption at 2 Ligand equivalents to
0.5 Cs equivalents
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We show the formation of similar high-contrast nanoparticles as observed as side prod-
ucts in our other reactions (Figure A.4.1) and demonstrate that the absorption of AgCl
nanocrystals (100 pL as synthesized solution in 3 mL of hexane) is not significant red of 280
nm (Figure A.4.5); We cannot speak to the absorption blue of 280 nm due to the convolution
of the absorption of ligand and solvent impurities in the system used for synthesis.

Characterization

Absorption Measurements

For dilute absorption measurements, approximately 10-100 p L of nanocrystal solution
was added to a quartz cuvette containing 3 mL of hexanes and measured in a Shimadzu UV-
3600 UV-vis-NIR spectrophotometer. To measure the band edge, the entire concentrated
nanocrystal solution was placed in a quartz cuvette and measured in the same spectropho-
tometer. Then, the absorbance was converted to absorptance, and either the square root
(for indirect band gaps in CsyAgSbClg) or the square (for direct band gaps in CssAgInClg)
of this value was plotted against energy. (50) A straight line was fit to the linear part of
this function, and the x-axis intercept was reported as the band gap. The errors of the
band gap were propagated from the fitting errors in the parameters of the line equation. To
ensure that the band edge has been accurately measured, the concentration of nanocrystals
was changed by a factor of 2 and a series Tauc plot was generated. If the band gap of two
consecutive concentrations converges, as can be seen with the first two and the last two
measurements in Figure 5.10, a band edge has been measured. It is, however, still possible
that there are several edges with different absorption cross-sections, such as the edge at 4.2
eV. To determine which edge is the correct one, we would suggest validating experimental
results with theoretical calculations (such as those of exciton radii) to ensure that the band
edge chosen is reasonable.

Photoluminescence Measurements

In collaboration with Dr. Joseph Swabeck

A concentrated nanocrystal solution was placed in a quartz cuvette, and spectral photo-
luminescence and photoluminescence excitation measurements were taken on an Edinburgh
FLS 980 Spectrometer. The photoluminescence quantum yield of Css AgInClg was measured
at an excitation of 300 nm wavelength in an Edinburgh spectrometer equipped with an inte-
grating sphere. The light out of the integrating sphere was integrated between 480 and 840
nm for emission and between 275 and 325 nm for absorption.

Transmission Electron Microscopy (TEM)

One drop (~ 10 pL) of dilute nanocrystal solution (prepared for optical measurements,
1:30 dilution) was cast onto a TEM grid (EMS, CF400-Cu). The samples were observed
with a 200 kV Tecnai G2 T20 S-TWIN with a Gatan SC200 CCD camera.

X-ray Diffraction

The nanocrystal solution in hexanes was further concentrated by evaporating with a flow
of nitrogen. This concentrate was drop-cast onto a low-background substrate, and the X-ray
beam focused on the resulting film. Measurements were taken using a GADDS D-8 Series
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Figure 5.10: Series of CsyAgInCls Tauc plots at different concentrations Concentrations of Cs
equivalents are calculated based on molar absorptivities and dilution ratios

1 Diffractometer equipped with a Vantec 500 detector or on a D2 Phaser equipped with a
Silicon SSD 160 detector.

Scanning Transmission Electron Microscopy and Energy Dispersive X-ray
Spectroscopy (STEM-EDS)

In collaboration with Dr. Wojciech Osowiecki and Dr. Karen Bustillo

A concentrated nanocrystal solution was evaporated with a stream of nitrogen until it
became cloudy; then the crystals were precipitated by centrifugation at 4,000 rpm and re-
dispersed in hexanes. The centrifugation and re-dispersion were repeated once more, then
the solution diluted by about 10x in hexanes. One drop of the solution was drop-cast onto a
copper TEM grid (Ted Pella, 01824) that was cleaned with oxygen-plasma right before drop-
casting. The instrument was a FEI TitanX operating at 120 kV, using a Fischione high-angle
annular dark-field detector with an inner semiangle, 3, of 63 mrad. The EDS detector was
the FEI Super-X windowless detector with a solid angle of 0.7 radians. Once a larger region
of interest was found, it was beam-showered at 235x magnification for 5-10 minutes. The
above-mentioned steps of purification from ligands and crosslinking organics on the TEM
grid are important to prevent carbon contamination buildup during the measurement. For
analysis of the STEM-EDS data, the Bruker Esprit computer program was used. We fit
the Cliff-Lorimer factor of the L-edges of Cs, Ag, In, and Sb to the results obtained by
using the K-edges of Cs, Ag, In, and Sb during a long exposure at lower magnification.
We then subtracted the background spectrum through a group of automatic fits based on a
manual selection of regions with no characteristic X-ray peaks and report the composition
data calculated by the Bruker Esprit program.

Cs GF-AAS Concentration Measurements

About 1 mL of each nanocrystal stock solution was dried in a vial. High-purity aqueous
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nitric acid (2%) was added, and the vial sonicated for 20 min. The resulting solutions were
weighed and diluted 20,000 times in 2% nitric acid. A 1000 ppm Cs standard solution was
diluted 20,000, 50,000, and 200,000 times. These dilutions were used to create a calibration
curve, against which the other samples were measured. The solutions had Cs concentra-
tions of 6.194, 6.316, 18.03, and 13.37 ppb for Css AgSbClg, CsyAgBiClg, CsaAgInClg, and
CsPbCls3, respectively, and these concentrations were used to calculate the molar absorptiv-
ity of the original nanocrystal solutions to keep the concentration approximately the same
between the different nanocrystals for comparison in the amine degradation assay (Figure
A4.11).

Amine Degradation Assay

Stock solutions with 1%, 0.1 %, 0.01%, 0.001% and 0.0001 % octylamine in dodecane
(v/v) were created through a dilution series. Nanocrystal solutions of 0.3 mM Cs-equivalents
concentration were prepared based on the molar absorptivity measured with Cs GF-AAS.
30 nL of this solution was placed into a Helma 96 well quartz plate. 70 puL of dodecane
were added and an initial absorption measurement of all the wells was taken in a Biotek
Synergy 4 plate reader. 10 - 100 pL of amine stock solution was added to different wells, the
wells were topped off with 0 — 90 uL. of dodecane for a final well volume of 200 pL, and the
absorption measured every 30 minutes for 10 hours. The absorption measurement used for
analysis was performed after the absorption had stopped changing (=~ 4 hours). Dodecane
was chosen to avoid solvent evaporation during the time frame of the measurement, and
octylamine was chosen to enable reasonably fast equilibration of the reaction while also
avoiding evaporation of the amine. Degradation processes for all the double perovskite and
perovskite nanocrystals can also be observed with other primary amines such as oleylamine,
undecylamine or 2-ethylhexylamine and in different non-polar solvents, such as toluene and
hexane.

The absorption spectrum at ~ 4 hours after the addition of amines was fit to a linear
combination of the initial absorption spectrum and a scattering function with a generic power
law formula S = a)’, where S is the total scattering, ) is the wavelength and a and b are
fitting constants This fit was created by linear regression with Python’s statsmodels.ole.fit
function in the region of 275 - 600 nm for Cs;AgInClg, 320 - 600 nm for CsyAgBiClg and
CsyAgSbClg and 380 — 600 nm for CsPbCl;. The algorithm depicted in Figure 5.11 was the
inspiration for further development of the algorithm in Chapter 2. The power of the scatter-
ing power law was extracted from the absorption in the region of 450 nm - 600 nm by a linear
fit of the decadic logarithm of the absorption to the decadic logarithm of the wavelength,
while imposing the physical constraint that the power (fitting constant b) must be between
A~%in a purely Rayleigh scattering, small object limit and independent of wavelength (\°)
in the large object limit. Modeling the entire peak based off the initial absorption spectrum
rather than just modeling the scattering and then using one peak wavelength allowed us
to retain much lower rates of error overall, as we calculated the fit of the final spectrum
to the initial spectrum over many points instead of just one. (Figure 5.11) The fraction of
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Figure 5.11: Amine Titration Analysis Example of decomposition spectra and explanation of
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the initial absorption remaining was chosen as the measure of how much of the nanocrystal
material remained undegraded. The linear regression with the initial absorption spectrum
provided a quantitative estimate of this fraction. The fraction of remaining absorption was
plotted against the concentration of octylamine in solution, and this data was fit using chi?
minimization to the equation

_ 2 _ _
y:\/(K CoK + 2 + 1) + 4C,K — Coz — 1 5.4

200K

where y is the absorption divided by the initial absorption gf;, K is the equilibrium constant

of the transformation, x is the concentration of ligands and CY is the initial concentration
of double perovskites which was adjusted to 0.035 mM. Parameter errors from this analysis
were found by analyzing the difference in chi squared to the minimum chi of this equation
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with variation of the equilibrium constant; Once this difference reaches 1, the equilibrium
constant has reached the bounds of one standard error, which allows us to differentiate
between positive and negative bounds of the equilibrium constant.

Theoretical Calculations

Performed by Dr. Yao Cai

All structure relaxations were carried out employing spin-polarized PBE-GGA 217 based
density functional theory methods, as implemented in the Vienna ab-initio simulation pack-
age (VASP). Gamma-centered 20x20x20 k-point meshes were used for band structure calcula-
tions in VASP, employing the Perdew-Burke-Ernzerhof (PBE)5 generalized-gradient approx-
imation (GGA).!?'8l For the calculations involving molecules, we employ periodic supercells
which are carefully tested for energies to be converged (with respect to system size, i.e., to
remove artifacts of interactions with periodic images) to within 0.2 meV/atom. The ex-
citon radius (R) was computed within the Wannier Mott model,?*”) using the expression
R = <52 where m* is the reduced exciton mass — = mL + lh apgo is the Bohr radius, and
¢ is the dielectric constant of the material. For the dielectric constant, we considered only
the contribution from electronic polarization, i.e., taking the high-frequency contribution,
assuming € = ey, The dielectric constant was calculated by means of density functional
perturbation theory, as implemented in Vienna ab initio simulation package (VASP).[?8!
The average effective mass was calculated using VASP and the methodology implemented in
the BoltzTrap code.??*! The PBE-GGA band structure was used as input to BoltzTrap to
calculate the conductivity tensor U(::’“ ), where 7 is the constant relaxation time, temperature
T set to 300 K, and p indicates the Fermi level. The average effective mass is calculated as
m = % The effective mass defined this way is an average of m(i, k) around Fermi level
1, with ¢ the band index, and k the wave vector. Convergence of the effective mass with
respect to the density of k-points is carefully tested and the values are found to be converged
to within 1% using a 20x20x20 mesh.

compound CsyAgSbClg  CsyAgBiClg  CssAgInClg

Me 0.37 0.38 0.29
mp 0.49 0.53 0.9
m* 0.21 0.22 0.22
€inf 4.04 3.74 3.39
Ey (meV) 175 214 260
R(nm) 1.02 0.9 0.82

Table 5.3: Physical parameters calculated based on DFT modeling
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Chapter 6
Outlook

6.1 Metal Halide Nanocrystals

The work presented here connects different reactions observed in metal halide nanopar-
ticles into one cohesive picture. We have determined and quantified precursor reactions
involved in the synthesis of lead bromide perovskites, discovered potential magic sized clus-
ter intermediates that appear in multiple synthesis pathways, built an overview of cesium
lead bromide nanocrystal reactions in general and created and optimized a full physical
model of the binary lead bromide (2D perovskite) nanosheet in particular. We show that
while synthesis models of other nanocrystals can be applied to metal halide nanocrystal for-
mation reactions under certain conditions, the role that nanocrystal transformation can and
does play in the synthesis of lead halide perovskites requires special consideration. We also
demonstrate that these transformations are important for metal halide nanocrystals beyond
the well-studied lead halide perovskites with the family of silver bismuth, antimony and
indium halide nanocrystals we studied.

As mentioned in Chapter 2, the collection of large synthesis and characterization datasets
can easily be leveraged for multiple investigations, including understanding factors control-
ling photoluminescence efficiency and Stokes shift in perovskite nanocrystals, educational
applications and synthesis optimization. Based on the workflow we have developed here,
we believe it will be possible in future to create models of the entire synthesis process of
lead halide perovskites. Future work in understanding perovskite synthesis will require the
development of models that integrate nanocrystal formation with phase transformation -
keeping track of multiple nanocrystal populations and their size distributions. Many in-
teresting questions remain - the effects of different chemical species of ligands, halides or
metals, effects of precursor degradation rates, observing changes in nanocrystal equilibria
with temperature or contamination with water, integration of these results with different
synthesis protocols and many others. We believe that utilizing the approaches outlined here,
it should be possible to integrate this information in a comprehensible manner to ultimately
understand and predict how metal halide nanocrystals form and react.
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6.2 Nanocrystal Synthesis Science

As new nanocrystalline materials being synthesized move increasingly beyond single com-
ponent or binary structures, nanocrystal synthesis science will continually increase in com-
plexity. The methods introduced in Chapter 2 could be useful for the exploration of any
multinary nanocrystal system with multiple strongly absorbing products - which will in-
clude most materials of interest for optoelectronic applications. The model competition in
Chapter 3 could be utilized to settle current disagreements on nanocrystal synthesis models
- or demonstrate that perhaps synthesis in different nanocrystal systems, or even different
portions of the same system, may be best explained by differing models. Explorations of the
transitions between models and mechanisms - such as the transition between the chemical
exfoliation and the direct nucleation pathway to 2D perovskite nanosheets - promise a rich
area for the study of changes in formation mechanisms induced by chemical concentrations
or other external driving forces.

We also would like to showcase the utility we derived from absorption spectra. Tradi-
tionally, absorption spectra are used for quantitative analysis only in simple cases, such as
determining single equilibrium constants with a clear isosbestic point or determining sin-
gle component formation or degradation reactions in stopped flow measurements. In this
work, we have developed multiple algorithms allowing us to work with more complex cases
in which many species with overlapping absorption spectra are present in the same solu-
tion. To do so requires careful evaluation of possible errors and ideally includes modeling of
the underlying physical process, whether kinetic or thermodynamic - or even of the spectra
themselves. Based on the ease with which absorption spectra can be obtained, this approach
comports well with machine learning and other data driven scientific approaches and could
additionally enhance scientific inquiry into nanocrystals in institutions without the resources
for complex and expensive equipment such as electron microscopes. The determination of
multiple complex solution equilibria from an integrated fit to a series of absorption spectra
could also be utilized for work on general equilibria of absorbing species.

6.3 Machine Learning in Synthesis Science

We show here that integrating even simple scientific relationships, such as Lambert-
Beer’s law of absorption in the deconvolution algorithm in Chapter 2, into machine learning
frameworks can create accurate and interpretable data analysis techniques. Further examples
are the use of machine learning model selection approaches to validate and select models in
Chapter 3 as well as the optimization of a joint spectral-equilibrium model using active
machine learning in Chapter 4. The full physical model of stopped-flow absorption spectra
can also be considered a type of scientific machine learning, though it is of considerably
higher complexity and current training routines require significant computational power.
Future work automating the generation of potential models and speeding up computation
of chemical kinetics is needed to achieve the goal of inferring complex reaction mechanisms
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from large data.
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Appendix A

Supplementary Figures

A.1 Chapter 2 Supplementary Figures

dcﬂ}-;:. = 0.38 nm

; e
10 nm

Figure A.1.1: High-Resolution TEM of Cs,Pb,Br, species, with measured d-spacings. For the
nanoplatelets, stacking distances were measured instead of lattice d-spacings. Lattice planes hkl
indices and Fourier transform pattern included when applicable. a) CsyPbBrg, b) CsPbeBrs,
¢) PbBra, d) 2 ML nanoplatelets, e¢) 3 ML nanoplatelets, f) 4 ML nanoplatelets, g) CsPbBrj
nanocubes.

Each panel shows 16 experiments with varying Cs and Pb levels. Generally, at low Cs
and Pb levels, there are small plates (1 ML or 2 ML), which increase to thicker species at
higher concentrations of reagents. This increase is much sharper and shifted towards the
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Figure A.1.2: Series of synthesis conducted at varying Cs concentrations with Pb = 0.26 mM,
OLA = 49 mM, Br = 12.72 mM, OA = 4.8 mM at 30 C. This series shows a transition from
[PbBr,;] to CsyPbBrg with increased Cs concentration, as detailed by the pie charts showing the
analysis estimate (red is CsyPbBrg, dark purple is [PbBr,]). The deconvolution between these two
species is successful because of the change in absorption onset and decrease in peak width.

lower right with decreasing OLA (as in Figure 2.5 in the main text), or with increasing
temperatures. There is some Cs4PbBr6 at low Pb and high Cs levels, particularly at lower
temperatures and high OLA concentrations. CsPb2Br5 is prevalent mainly at very low OLA
concentrations and increases somewhat with Temperature. At higher temperatures, low OLA
concentrations and high Cs and Pb levels, visible products eventually vanish entirely — we
attribute this to formation of ever larger nanocrystals which will eventually aggregate. The
decrease in plate thicknesses between T = 40 and T = 50 is likely due to an experimental
batch error at T=40.
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Figure A.1.4: Pie Chart Array varied in Temperature, and OLA, Pb and Cs Arrays of pie
charts showing a factorial experiment in T, OLA, Cs and Pb. Br = 12.72 mM, OA = 4.8 mM +
adjustments for solubility of Cs and Pb precursors
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Figure A.1.5: Simulated binary mixtures of reference spectra.

Position in matrix: Mixture

between species in x column and species in y column. X-axis: true value of species in y column.
Y-axis: calculated value of species in y column. Dots: simulated reference spectra, 19 per subplot,
2584 overall. Line: idealized perfect correspondence between simulated and calculated spectra.
Dots in the space above the line correspond to overestimations, dots under the line correspond to
underestimations.
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Figure A.1.6: Histograms of measured standard deviations in the fraction of species assigned
(spectral purity) of all duplicates in Map type and Transformation type experiments. Bin width is

5%
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Figure A.1.7: Histograms of measured standard deviations in the fraction of species assigned
(spectral purity) in duplicates containing more than 5% of the species in question for Map and
Transformation type experiments. Bin width is 5 %



APPENDIX A. SUPPLEMENTARY FIGURES 150

A.2 Chapter 3 Supplementary Figures

400
N
395 I—
B o
— 3 0120 00450
] B} [OLA
& 380 4 Innlulndu
g —  [Bd oAl
2 5 0042 00450
Brl [OLA]
% 3851 — ] lnnlmlne-{m
3 [Be] [OLA]
g T 0021 0OTe
= 380 {__ mdow
[} & 00 0038
I ] [OLA]
000105 0.038
§ ars ] [OLA)
- 10 0.00525 0038
(] [OLA]
E 11 0.021 0.008
[iir] JOLA]
ﬂ 370 wlo’gm aém
T
13 021 0038
365 ) [OLA]
14021 0087
Y
15 02626 0.095
360 ! v v .
00 02 04 06 08 10

Fraction of Maximum Peak Height Reached (Reaction Extent)

Figure A.2.1: Variation of Transformations from PbBry A) Cartoon of the transformation process
from PbBrs B) Plots of extracted peak Wavelength as a function of a reaction coordinate, the
maximum fraction of peak absorbance reached, to remove confounding kinetic factors. The reaction

. . s AbsPeak
coordinate is defined separately for each reaction as Abspeak maz

, and is averaged in 20 steps. Concentrations of benzoyl bromide and oleylamine in the
legend are reported in mM, and the same concentration of lead bromide nanocrystals was
used throughout~ 0.50.D.@Q330nm.
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Figure A.2.2: 2D Perovskite formation with variation of OLA A) Plots of extracted peak Wave-
length as a function of a reaction coordinate, the maximum fraction of peak absorbance reached, to

remove confounding kinetic factors. The reaction coordinate is defined separately for each reaction
AbsPeak

as Abspeak,max

, and is averaged in 20 steps. B) Cartoon of formation process at variable concentrations of

oleylamine

A.3 Chapter 4 Supplementary Figures



152

APPENDIX A. SUPPLEMENTARY FIGURES

380 400

340 360

260 280 300 320

240

o LM

5 -

] Ty o [Fg'
™ g ~ S ™ ol ™
— — — — o o o

(QO) @3uequosqy paldallod

Wavelength (nm)

Figure A.3.1: Titration at higher Pb:OLA ratio
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Figure A.3.2: 1 ML to 2 ML Ostwald ripening Observation of Stopped flow synthesis showing
Ostwald ripening as proposed by Riedinger et al. We have not observed this type of synthesis
frequently.
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Figure A.4.2: Sizing Histograms of Double Perovskite Nanocrystals Size Analysis of TEM image
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Figure A.4.3: XRD Peak Widths of Double Perovskite Nanocrystals
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100 nm

Figure A.4.4: TEM of AgCl Contamination CsaAgSbClg nanocrystals (square shapes with lower
contrast) along with AgCl nanocrystals (round shapes, higher contrast)
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Figure A.4.5: Absorption of AgCl Nanocrystals Absorption spectroscopy of dilute solutions (100
nL of as-synthesized nanocrystals dissolved in 3 mL of hexanes) of CsyAgInClg, CsaAgSbClg and
AgCl. AgCl nanocrystals do not appear to have much absorption of their own, as most of the
absorption in this sample can be attributed to organic impurities (see Figure A.4.8)
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Figure A.4.6: EDS analysis of AgCl Contamination Large scale CsoAgSbClg nanocrystal image,
including areas of silver accumulation. The excess of Ag over Sb in this image in atomic percent is
14.9 %, which leads to a molar ratio of CsoAgSbClg to AgCl of 1:1
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Figure A.4.7: Tauc plots of dilute nanocrystal solutions Tauc plots of dilute nanocrystal solutions
(A) CsaAgSbClg and of (B) CsaAgInClg. Tauc analysis on dilute solutions ignores weakly absorbing
parts of the absorption spectrum of materials close to the band edge, which is especially problematic
if the band edge is forbidden or indirect, as it is in this case. Using Tauc analysis on dilute

nanocrystal in this way is incorrect, and the procedure used for Figure 3C and 3D should be used
instead.
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Figure A.4.8: Absorption Spectra of Organic Contaminants Absorption spectra of xylene (5 pL
in 3 mL of hexane), oleylamine (2 1 L in 3 mL of hexane) and a dilute sample of CsyAgInClg
nanocrystals. Absorption past 290 nm is most likely dominated by a small amount of organic
impurities. As some of those impurities appear associated with the ligands, we have not been able
to remove them through cleaning.
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Figure A.4.9: TEM images of CsyAgSbClg nanocrystals synthesized with: (A) molar ratio of
1:6 antimony (III) acetate:benzoyl chloride; (B) molar ratio of 1:12 antimony (III) acetate:benzoyl
chloride (C) molar ratio of 1:6 antimony (III) acetate:2-ethylhexanoyl chloride
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Figure A.4.10: Degradation of CsyAgBiBrg NCs (a) UV/vis Absorption measurements of fresh
CspAgBiBrg NCs (red) and a degraded sample (blue);the 380 nm peak indicates the presence of
Cs3Bi2Br9 NCs. To further confirm this we directly made (b) Cs3Bi2Br9 films (blue) these were
measured and compared to thin films of CseAgBiBrg (red) using an integrating sphere, depicting
similar absorption features. (c and d) TEM characterization of the degraded samples reveals NCs
with shapes that deviate from the cubic shape we observed for the CsaAgBiBrg NCs These shapes
include (c) circular NCs and (d) triangular prisms (blue) that we assign to the hexagonal Cs3Bi2Br9
composition and smaller, higher contrast circular silver NCs (yellow) discussed in the main text.



APPENDIX A. SUPPLEMENTARY FIGURES 163

—
9
= |

CsyAgBiClg

Cs,AgInClg

Cs2AgSbhClg
CsPbCl;

-
N

-
o

ot
oo

o
(o]

o
A

Absorption for a solution containing 0.1 mM Cs (O.D.)
o
N

o
o

200 250 300 350 400 450
Wavelength (nm)

Figure A.4.11: Calculated Extinction Spectra Calculated 0.1 mM Cs equivalent absorption curves
based on Cs GF-AAS. CseAgSbClg has a molar absorption coefficient per formula unit of 1.2 x
10°M~1 at a peak wavelength of 356 nm, CsyAgBiClg of 2.1 x 10°M~! at a peak wavelength of
363 nm.
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Figure A.4.12: TEM images of Amine Degraded Nancrystals (A) CsyAgBiClg (B) CsaAgInClg
and (C) CsPbCl;
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Figure A.4.13: Reversibility of CsyAgBiCls degradation While an addition of primary amines
decreases the characteristic absorption of CseAgBiClg, a subsequent addition of a large excess of
oleic acid reverses the trend and increases the characteristic absorption again
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Figure A.4.14: Atmospheric Stability of Double Perovskites on a TEM Grid (A) CseAgInClg
sample 1 hour after preparation. (B) CseAgInClg sample after 1 week. (C) CseAgSbClg sample
1 hour after preparation. (D) CsaAgSbClg sample after 2 days
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Figure A.4.15: Degradation of CsyAgSbCls under STEM Beam TEM images of CsaAgSbClg (A)
before and (B) after a 300 pA electron beam dose over 5 minutes, showing extensive beam damage.
Comparable beam damage in Cse AgInClg nanocrystals was not observed
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Figure A.4.16: STEM-EDS of CsyAgSbCls degradation products T(A) STEM-EDS map and
composition analysis showing Sb dispersed across the entire sample area in a sample degraded by
humidity, not localized in the crystals. (B) STEM-EDS Spectrum, showing significant signal of Sb.





