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Quantum dots (QDs) are a class of luminescent materials with nanoscale dimensions and
unique optical and photoluminescent properties. Due to the effects of quantum confinement, size-
dependent changes to the electronic structure cause the QD band gap to increase in energy as the
nanocrystal diameter decreases, resulting in size-tunable absorbance and photoluminescence
characteristics. Their tunability and ultra-small size make QDs advantageous for a wide array of
applications, including energy conversion, photodetection, biological imaging, and display
technologies. Notably, nanocrystals with decreased toxicity and more widely accessible synthetic
protocols are two areas that could lead to increases in the availability and continued commercial
implementation of quantum dots. This dissertation describes investigations related to the impact
of surface functionalization on nanocrystal toxicity, explores strain-engineering strategies in
spherical quantum well (SQW) heterostructures, and presents alternate nanocrystal synthesis

pathways that may lead toward greater accessibility.



First, cadmium selenide / cadmium sulfide (CdSe/CdS) core-shell QDs are investigated as a
model system to understand the impact that the surface functionalization has on toxicity, stability,
and cellular uptake in biologically relevant fluids and mouse models. This study demonstrates that
functionalizing the QDs with polyethylene glycol decreases toxicity, improves stability, and
increases cellular uptake. Furthermore, in addition to surface chemistry, the QD concentration and
type of biological model utilized play a large role in the observed QD behavior, which must be
taken into consideration when choosing a model system to evaluate QDs for biological
applications.

In the next chapter, the sonochemical synthesis of CdSe QDs and magic-sized clusters (MSCs)
is examined. The synthesis utilizes ultrasound to generate nanocrystals under atmospheric
conditions without the need of a Schlenk line, specialized glassware, or heating equipment. In
addition, when nanocrystal precursors are dissolved in a single-phase system and sonicated, ultra-
small, white-light-emitting CdSe QDs were generated; however, when nanocrystal precursor were
compartmentalized in emulsion droplets in a two-phase ethylene glycol system, atomically precise
MSCs were produced. Moreover, since the nucleation and growth processes are entirely dependent
on active sonication, this synthesis is highly controllable and can be turned on and off rapidly.

The third chapter focuses on the generation of ZnS nanocrystals using a one-pot solvothermal
synthesis with improved scalability relative to commonly used hot-injection syntheses. By
utilizing a highly reactive sulfur precursor in combination with coordinating solvents that are liquid
at room temperature, we demonstrate a highly reproducible ZnS nanocrystal synthesis with
streamlined purification that consistently generates a high yield of monodisperse ZnS nanocrystals.
The nanocrystal diameters can also be adjusted via the reaction temperature, allowing for

straightforward tunability of the ZnS nanocrystal diameter and bandgap.



Finally, the growth of zinc selenide/indium phosphide/zinc sulfide (ZnSe/InP/ZnS),
ZnS/InP/ZnS, and ZnSe/InP/ZnSe core/shell/shell spherical quantum well (SQW) architectures
were explored. This strain-engineering strategy has been utilized previously to generate high-
quantum-yield cadmium chalcogenide SQWs with narrow emission linewidths and is a promising
candidate for application in other semiconductor systems with lower toxicity. Herein, we
investigate the impact that precursors and surface chemistry have on the successful epitaxial
growth of InP onto zinc chalcogenide cores, while demonstrating the importance that symmetry,
band alignment, and lattice match have on the photoluminescent characteristics of the resulting

SQWs.
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cores with c¢) oleic acid and b) oleylamine surface functionalization. e and f) ATR-FTIR of
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Chapter 1. INTRODUCTION

1.1 SEMICONDUCTOR NANOCRYSTALS

1.1.1 Quantum Confinement

Luminescent semiconductor nanocrystals, or quantum dots (QDs), are a subset of spherical

nanomaterials with diameters typically between 1 and 100 nanometers (nm). When a

semiconductor approaches the size of its innate exciton Bohr radius (i.e., the physical distance

between the charge carriers in a Coulombically bound electron-hole pair), the semiconductor

begins to experience the effects of quantum confinement. Upon reaching the Bohr radius, which

typically ranges between 2 and 50 nm for most materials, the valence and conduction band states

a Confinement width
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Figure 1.1. a) Schematic of the quantum
confinement effect in semiconductor
nanocrystals. b) Emission of colloidal CdSe
nanocrystals with different sizes, which
blue shift with a decrease in nanocrystal
diameter.!

begin to separate and the bandgap of the
semiconductor begins to increase (Figure 1.1a).! In
addition, discrete energy levels emerge at the band-
edge, with the separation between states increasing
in energy with a decrease in nanocrystal diameter.
With increasing confinement, the
photoluminescence (PL) of the semiconductor QDs
shifts to lower wavelengths, with materials such as
cadmium selenide (CdSe) exhibiting luminescence
in the red that blue-shifts and across the visible
spectrum for increasingly smaller nanocrystal
diameters (Figure 1.1b).! This direct radiative

recombination between a band-edge electron-hole
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Figure 1.2. Absorption spectra
of CdSe quantum dots with
diameters ranging from 12 A
(1.2nm) to 115 A (11.5 nm).?
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pair is referred to as band-edge luminescence. In addition to
size-dependent PL, the effects of quantum confinement are
also evident in the nanocrystal absorption spectra. As seen in
Figure 1.2, the peaks in a QD absorption spectrum correspond
to the allowed excitonic absorption transitions (1S3.21Se, etc.),
where the allowed excitonic transitions shift to higher energy
with decreases size. As seen in Figure 1.2, distinct absorption
features corresponding to allowed excitonic transitions are
observed, where the amount of energy required to generate an
exciton increases for smaller, more highly quantum-confined
nanocrystals. For example, the lowest-energy 1S3:21Se

excitonic transition shows a distinct absorbance peak that

shifts to higher energies as the nanocrystal size decreases, with

the higher-energy excitonic transitions also shifting to shorter wavelengths.?

1.1.2

Properties and Applications

The tunability of semiconductor quantum dots make them attractive for a variety of

applications, and the band gap of the semiconductor plays a large role with respect to the potential

applications of a particular semiconductor quantum dot. Figure 1.3 displays several semiconductor

materials with bandgaps that are tunable across the visible and near-infrared (NIR).? Quantum dots

that emit near or within the NIR region between 700 and 2500 nm, such as indium arsenide (InAs)

and lead sulfide (PbS), can be advantageous for deep tissue biological imaging,** solar cells,’®
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Figure 1.3. Ranges of photoluminescence emission for various

13 . . . . .
and multi-color biological  semiconductor materials.?

imaging.!*!

Quantum dots have been studied and optimized over the past decades in order to better
understand each nanocrystal system and improve their characteristics for the different purposes
they serve. For example, nanocrystals have significantly improved photostability relative to
fluorescent dyes and their surface chemistry can be readily functionalized for different targeting
applications, making them valuable for bioimaging and labeling.!*!®2% Their large absorption
cross-section and broadband absorption capabilities makes them promising for energy conversion

21-24 and several

applications, including solar cells, solar concentrators, and photodetectors,
semiconductor quantum dot systems have been optimized to have narrow photoluminescence
bandwidths and near-perfect photoluminescence quantum yields, making them advantageous for

high-efficiency and pure-color LEDs.'62>26

1.1.3 Toxicity and Earth Abundance

CdSe and PbS are arguably two of the most well-studied and highly optimized QD material
systems. They have been optimized to have high energy conversion efficiencies and have thus
been used in LEDs, photovoltaics, photodetectors, photoconductors, biomedical imaging, and

photocatalysis.?” However, both of these materials contain toxic elements, making them less



suitable for biological and commercial
applications. 283! As alternatives,
researchers are interested in developing
materials comprised of non-toxic and earth
abundant elements, including zinc
chalcogenides and indium pnictides
(Figure 1.4)2® For example, InP is
significantly less toxic than CdSe and can
similarly be tuned throughout the visible

spectrum, while silver sulfide (Ag:S) and
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Figure 1.4. Range of luminescence wavelengths and
relative toxicity and earth abundance of different QD
materials.?

InAs are less toxic than PbS and can be similarly tuned throughout the NIR.?® However, these

earth-abundant and non-toxic semiconductor QDs still need further optimization in order to

compete with CdSe and PbS. For example, most Ag>S nanocrystals exhibit exceedingly low

quantum efficiencies and most InAs syntheses utilize dangerous, highly reactive precursors or

generate QDs with low quantum efficiencies.?’*> Similarly, many syntheses of high-quantum-

yield InP QDs still utilize highly reactive precursors like tris(trimethylsilyl) phosphine, while InP

QDs synthesized with aminophosphines, which are significantly safer, still require further

optimization to create nanocrystals with both the high quantum yield photoluminescence and

narrow linewidths that are necessary to rival and replace CdSe.!®?326-3638 Thuys, significant work

is still required to improve the photoluminescent properties of these materials such that they are

more viable for commercial use.



1.2 COLLOIDAL NANOCRYSTAL SYNTHESIS AND OPTIMIZATION

1.2.1 Nucleation and Growth Methods of Nanocrystals

In 1950, LaMer and Dinegar proposed a model for the nucleation and growth of monodisperse

colloids.?” In this model, they described three main phases: (i) decomposition of precursors in

critical limiting supersaturation
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g Cmin ...........................................
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Figure 1.5. Nanoparticle nucleation and growth
described through LaMer and Dinegar’s model. The

black curve indicates the theoretical concentration
of monomers over time.*’
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Figure 1.6. a) Depiction of the nucleation and
growth of nanocrystals via the a) hot-injection
method and b) a schematic of the chemical set-up
commonly used for the hot-injection method.*!

solution until supersaturation is reached, (ii)
rapid self-nucleation of the colloidal
material, and (ii1) growth by diffusion as the
concentration of precursors declines to its
solubility limit. A depiction of this process
can be seen in Figure 1.5.%

Since then, this foundational model has
been utilized to describe nanocrystal
nucleation and growth through common
synthesis techniques, including the hot-
injection and solvothermal methods. While
the overall principal of the nucleation is
similar in hot-injection and solvothermal
methods, each have their own mechanisms,
which result in different advantages and
disadvantages for each.

In the hot-injection method, as depicted
in Figure 1.6a and b,*! precursors are rapidly

injected into a flask with hot coordinating



6

solvents, which are commonly fatty acids, fatty amines, or organophosphates heated between 150
and 350°C. These coordinating solvents, which also serve as ligands, are present during synthesis
to bond to the surface of the nanocrystal and are typically necessary for nanocrystal stabilization.
They can also act as reducing agents, assist with precursor decomposition, and influence surface-

related electronic states.**

Since most nanocrystal precursors decompose at elevated
temperatures, these coordinating solvents must have high boiling points as well. For compound
semiconductors with ionic character, the cation precursor is typically added to the flask along with
the coordinating solvents, while excess anion precursor is rapidly injected. Upon injection at
increased temperatures, there is rapid precursor decomposition followed by nucleation of
nanocrystals and growth via Ostwald ripening, where small nanocrystals coalescence into larger
particles.*! The rapid nature of this injection facilitates near-instantaneous nucleation of
nanocrystals and a fast depletion of precursors, resulting in a single rapid nucleation event that
generates monodisperse nanocrystals.*!*47 While the hot-injection method has been utilized to
produce a variety monodisperse nanocrystals, including II-V1, III-V, and IV-VI semiconductors,*®
the nature of the nucleation process makes it difficult to scale and relies on the speed of the
injection, which can vary day-to-day or human-to-human and can create batch-to-batch
46,47

inconsistencies.

In contrast, solvothermal

o

syntheses involve the simultaneous

heating of all precursors and

Magnetic moment

coordinating solvents in a single

{, Precursor ¥ Monomer @ Nanocrystal Time

temperature ramp. Upon reaching a
Figure 1.7. a) Depiction of the nucleation and growth of

temperature where all precursors have nanocrystals via the solvothermal method.*



7

decomposed, a burst nucleation and subsequent nanocrystal growth will occur, as seen in Figure
1.7.%° In comparison to hot-injection, the solvothermal method is significantly easier to scale and
does not rely on injection speed, decreasing variation and increasing batch-to-batch consistency.
However, it is significantly more difficult to separate the nucleation and growth of nanocrystals
via the solvothermal method, often resulting in several nucleation bursts and polydisperse
samples.’® To effectively control solvothermal syntheses, precursors, coordinating solvents, and
temperature ramps must be chosen carefully such that reaction kinetics are optimized to effectively
separate the nucleation and growth of the nanocrystals. It is particularly important to choose
precursors that are stable at room temperature but rapidly decompose at higher temperatures in
order to ensure a single, rapid nucleation burst for the synthesis of monodisperse nanocrystals.>
Given that both of these systems have contrasting advantages and disadvantages, development
of nanocrystal syntheses that can produce monodisperse nanocrystals and can also be easily scaled
is desired. In addition, for many nanocrystal systems, typical hot-injection and solvothermal
syntheses require inert conditions, which necessitates expensive equipment like glove boxes or a
Schlenk line, which further inhibits the scalability of these syntheses. Thus, developing systems
that can generate high-quality nanocrystals, be run in atmospheric conditions, are easily scalable,
and utilize common equipment is greatly desired in order to facilitate the integration of

nanomaterials into commercial products.

1.2.2  Magic-size Clusters and Intermediates in Nanocrystal Growth

Recently investigations into the nucleation and growth of semiconductor nanocrystals, have
unearthed systems with growth pathways that diverge from LaMer and Dinegar’s model. In 2015,

Gary, et al. monitored the nucleation and growth of InP quantum dots using a combination of
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a) ultraviolet-visible (UV-vis) absorbance

spectra, X-ray diffraction (XRD), and
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Figure 1.8. a) Two-step nucleation and growth of ‘ ‘
InP QDs, with MSCs as an intermediate.’’ b) Multi- before  being  converted into larger

step nucleation and growth of CdTe MSCs and
QDs. %2 nanocrystals, as depicted in Figure 1.8a.°! In

2017, Liu, et al. showed similar nucleation pathways for cadmium telluride (CdTe) QDs, where
two intermediates, both ~1 nm in size, were observed prior to the nucleation and growth of the
nanocrystals (Figure 1.8b).3? Based on their findings, they hypothesized a three-step process: the
assembly of Cd and Te precursors held together by noncovalent interactions, the formation of Cd-
Te bonds at higher temperatures, and finally, the formation of MSCs when dispersed into solvents
at room temperature or QDs when the solution was continuously heated. Additional studies have
shown that MSCs are common intermediates in the formation of CdSe QDs as well, with a
53-55

hypothesized multi-step nucleation and growth process that is similar to the InP QDs.

Researchers have also been able to isolate MSCs and utilize them as building blocks for larger

56,57 58,59

nanostructures, including 2D and 3D superstructures, nanoplatelets, nanorods,> quantum

dots,’!*%*6! and nanowires.®? In addition to acting as intermediates or building blocks, MSCs are
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useful for a variety of applications. Most notably, their photoluminescence spectra is dominated
by broadband emission deriving from their large surface area and large fraction of surface states,
making them promising for efficient white-light LEDs.!!*%3 Their ultrasmall size also makes them
advantageous for biological imaging and labeling since the body can easily clear them through the

renal system,60-64:65

1.2.3 Shell Growth onto Quantum Dot Cores

Type | Type It Type Il The addition of an epitaxial inorganic shell

CB CB CB
I—{/L\Fl |&| L’&A onto a semiconductor nanocrystal is an important
r'\T/l—l rvl—l H strategy that has been used to facilitate the
.V.B VB VB

localization and protection of the electron-hole

a b c

Energy

pairs, or excitons, in the quantum dot emitter. The

f thi tective shell has sh t It
Figure 1.9. Schematic of three different presence o1 tis protective shetl has shown 1o rest

band alignments between core/shell
semiconductor nanocrystals. a) Type I:
charge carriers are both localized to the
core. b) Type 1.5: one charge carrier is
localized to the core, while the other is
delocalized across the nanocrystal. c)
Type II: the charge carriers are specially
separated. In this case, the electrons are
localized to the core, while the holes are
localized to the outer shell.!

in increased radiative recombination, where
excitons recombine and generate a photon, rather
than recombining via competing nonradiative
pathways, thereby improving the
photoluminescence quantum efficiency of the
system. In particular, this shell must be able to
localize the exciton enough to prevent trapping of charge carriers in lower energy electronic states
that exist due to surface defects or by species present in solution, which can effectively “steal” a
charge carrier and prevent exciton recombination. Examples of defects that can lead to electronic

trap states include atomic vacancies and unbound surface atoms with poor ligand passivation and
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I o= I — incomplete valence or dangling bonds. Sufficient
) =9
: = o7 T —— exciton localization can be achieved through proper
oy o 0 ©0 , 6
e Mo ._ 7 band alignment between the core and shell.” In
c d particular, a type 1 or 1.5 band alignment is
| —_— ] | —_ 1l
== == " o typically utilized for efficient localization of the
h
o o~ charge carriers to the nanocrystal, as shown in
: .

Figure 1.9.! This structure has been utilized for a

Figure 1.10.‘Represenjcati0n of diffe.rent library of inorganic semiconductor quantum dots,
charge carrier trapping and exciton

recombination: a) thermalization via jncluding cadmium selenide/cadmium sulfide
exciton coupling, b) multi-exciton

generation via carrier energy transfer, c) (CdSe/CdS), zinc selenide/zinc sulfide (ZnSe/ZnS),
radiative recombination, and d) charge

carrier ejection into the environment of the jpdium phosphide/zinc sulfide (InP/ZnS), and
nanocrystal.!

16,25,67,68

many more. In addition to improved

quantum efficiencies, carefully engineered shells have been able to suppress PL “blinking”, or
emission intermittency, making single nanocrystals viable for single-dot biological tracking.'®®
Studies have shown that blinking can derive from thermal ejection, surface-state trapping, and
auger recombination—or transfer of energy from one charge carrier to another, as seen in Figure
1.10.57% While the presence of defects or trap states often enhances unwanted nonradiative
recombination pathways, they can also lead to radiative recombination. If the observed
luminescence is derived from surface-state-based recombination, this is sometimes referred to as
surface-state emission, which manifests as wideband luminescence at lower energies (longer
wavelengths) than the band-edge luminescence. However, growth of a protective shell that can
suppress charge carrier trapping and nonradiative recombination pathways will increase band-edge

luminescence quantum yields, decrease surface-state emission, and decrease blinking.!67°
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Two common strategies for the addition of this epitaxial protective shell are through a syringe-
pump-aided slow-drip method, where shell precursors are slowly added to a heated mixture of
quantum dot cores, and successive ion layer adsorption and reaction (SILAR), where individual
monolayers of each element in a compound semiconductor are sequentially added until the desired
shell thickness is achieved.!®”! Both methods have been successful at generating CdSe/CdS and

CdSe/ZnS nanocrystals with high quantum yields, narrow bandwidth, and suppressed

blinking.!®7%73

1.2.4  Strain-Engineering in Semiconductor Nanostructures

While growing a carefully engineered shell can protect a nanocrystal core from and surface
traps and the surrounding environment, lattice mismatch between a core and shell often results in
strain at the core/shell interface. This strain can result in dislocations in the lattice, which leads to
the formation of defects, such as vacancies and dangling bonds,”*"* as seen in Figure 1.11. Similar
Surface and Interfacial Defects can:

trap charge carriers

reduce radiative recombination
decrease quantum yields

c)

Figure 1.11. Visualization of possible defects in nanocrystals a) before and b) after shell
growth in core/shell structures with large lattice mismatch. c¢) Visualization of trapping in the
electronic structure of a semiconductor.
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to surface defects, these interfacial defects can

a)
also result in charge carrier trapping and non-
radiative recombination, decreasing the band-
Gradient Gradient edge luminescence efficiency of the
Core Shell
nanocrystals.
d)
In attempts to combat lattice mismatch
and the resulting interfacial defects, a variety
Alloyed Spherical of strain engineering strategies have been
Core/Shell Quantum Well

employed in quantum dot systems. One

Figure 1.12. Depiction of strain-engineering
techniques in quantum dots: a) gradient cores, b)
gradient shells, c) alloyed core/shells, and d)
spherical quantum wells.

technique utilizes graded cores, which slowly
transitions from core material to shell material
instead of having a distinct interface between
the two, as seen in Figure 1.12a. For example, in 2003, Bailey and Nie demonstrated that CdTexSei-
x nanocrystals that slowly transition radially from CdTe to CdSe exhibit quantum yields up to 60%
with narrow photoluminescence spectra.’® CdSexSix QDs have also been synthesized that
exhibited 50-80% quantum yields and significantly reduced blinking.””’8

Similarly, gradient shells (Figure 1.12b) have been grown onto CdSe and InP nanocrystal
cores. In 2017, Cho, et al. synthesized CdSe/CdSexSix/ZnSeyS1-y/ZnS QDs with quantum yields
of 90%.” However, while the quantum yield was high, the nanocrystals exhibited wider-band PL
spectra, making them less useful for pure color LEDs compared to other QD architectures.
Interestingly, in 2019, Lee, ef al. compared InP/ZnSexS1x/ZnS and InP/ZnSe/ZnS nanocrystals

and found that the nanocrystals with discrete shells (InP/ZnS/ZnS) had a higher quantum yield,

narrower emission spectrum, and lower photoluminescent blinking than the corresponding
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nanocrystals with a gradient shell.*® Surprisingly, their analysis indicated that there was actually
larger lattice mismatch in the gradient-shelled nanostructures, explaining the less desirable
photoluminescence properties.

Another strategy employs the use of both an alloyed core and shell to minimize the lattice
mismatch between the two (Figure 1.12¢). In 2016, Pietra, et al. generated InxZnyP/ZnSe,S1-z with
maximum photoluminescence quantum yields up to 60%, but also exhibiting wideband emission.®!
More recently, in 2020, Mulder, ef al. synthesized alloyed InZnP/ZnMgSe/ZnS nanocrystals with
quantum yields up to 60% and similar wideband emission that narrowed with increased
magnesium (Mg) content.®?

Lastly, another approach to strain engineering high quantum yield emitters is through two-
dimensional layered heterostructures, also known as quantum wells, where the small band-gap
emitter is layered between two or more wider band-gap substrates in order to alleviate strain and
improve the device performance. These structures were first developed in the 1960s, where these
two-dimensional quantum wells were engineered at Bell Labs for improved lasers and LEDs.33-8
In these systems, if the emitting material is very thin—below a critical thickness value—and is
equally and oppositely strained by a substrate on both sides, the quantum well’s lattice structure
will remain coherent with the substrate, reducing strain at the interfaces between the two materials
and enhancing the photoluminescent properties.®*® Extending this technique further, the spherical
quantum well (SQW) combines the concepts of a traditional quantum well and strain engineering
within a colloidal semiconductor nanocrystal. In this system, the emissive material is sandwiched
between a wider bandgap core and outer shell (Figure 1.12d) in order to reduce interfacial strain

between each layer and improve the photoluminescent properties.?”®® The SQW was first

developed in 1994 with mercury sulfide (HgS), when Mews, et. al. investigated a CdS/HgS/CdS
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“quantum dot quantum well.”® In 2016, Jeong et al. synthesized CdS/CdSe/CdS structures with

an ultrathin CdSe shell and large CdS shell.’” When the CdSe shell was small enough, it became
coherently strained, reducing lattice mismatch between the CdSe and CdS. Upon growing a large
enough shell, they were able to generate CdS/CdSe/CdS nanocrystals with quantum yields
approaching 100% and low PL blinking without compromising narrow bandwidths. Based on these
results, the spherical quantum well seems to be a promising architecture that could be utilized to
increase quantum yields, photoluminescence stability, and color purity in other semiconductor

systems.

1.2.5  Surface Chemistry and Functionalization of Nanocrystals

The surfaces of quantum dots can be functionalized with different chemistries in order to

90-93 94-97

improve biological targeting and stability, induce self-assembly of nanocrystals, and
facilitate charge transfer in solar cells and photocatalysis.”***1% In particular, within biological
targeting, nanoparticles conjugated with polyethylene glycol (PEG) have been found to result in
decreased nanocrystal aggregation, increased circulation time in the body, increased penetration
into the brain, and reduced toxicity, making PEGylated nanoparticles a promising option for
biological applications.!?!:102

Furthermore, the choice of surface chemistry can greatly impact the quantum yield and
photoluminescent properties of quantum dots. Since shorter ligands can enhance charge transfer,
they are ideal when developing solar cells and photodetectors, but increase dot-to-dot coupling
and interactions with the environment, thereby decreasing nanocrystal quantum yields.?®!00-103.104

For example, in nanocrystals functionalized with fatty acids with different carbon chain lengths,

those with shorter carbon chains (C4-C8) exhibited significantly lower quantum yields than those
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with long carbon chains (C12 — C18).!% In particular, aliphatic long chain amines and carboxylic
acids have proven to enhance quantum yields due to their ability to pack tightly on the surface of
the nanocrystal, passivating a large fraction of surface trap sites and sufficiently insulating
nanoparticles from the environment.!%

In addition to chain length, the electronegativity of a ligand’s functional group can greatly
influence the density of hole traps at the surface of the nanocrystal. For instance, in CdSe
nanocrystals, the terminal oxygen of trioctylphosphine oxide (TOPO) forms a strong complex with
surface Cd sites due to the high electronegativity of oxygen, thereby effectively passivating surface
sites and increasing quantum efficiencies.!®!% Conversely, a terminal sulfur is less
electronegative and exhibits two lone pairs of electrons after bonding with the cadmium at the
nanocrystal surface, introducing deep hole traps, decreasing band-edge luminescence, and
increasing surface-state emission.'® Manipulating the elemental density at the surface of CdSe
nanocrystals, creating either Cd-rich or Se-rich surface chemistry, has also shown to impact the
quantum efficiencies. In 2007, Jasieniak and Mulvaney showed that Se-rich CdSe reached ~50%
quantum yields with TOP passivation and were much less sensitive to the presence of typical
metal-binding ligands, while Cd-rich CdSe had lower quantum yields but exhibited significantly
better PL stability in both oxygen-free and ambient air conditions.'?’

Compared to CdSe, InP nanocrystals are extremely sensitive to the presence of oxygen and
water, which can easily react at the InP surface at elevated reaction temperatures (100-300 °C) or
after long exposure to oxygen under atmospheric conditions.!?12 In 2010, Cros-Gagneux, et al.
demonstrated that using carboxylate-containing precursors and coordinating solvents in the
synthesis of InP NCs can result in ketonization of the carboxylic acids, leading to the formation of

water and oxidation at the surface of the nanocrystals.!!! This formation of oxidation species at the
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surface of the InP can create charge carrier traps and could prevent a pristine core/shell interface,
both of which would reduce the quantum yields of the InP. Therefore, in InP nanocrystals, reducing
oxygen exposure to the nanocrystals, especially during the synthesis process, is critically important
for increasing quantum efficiencies and decreasing nonradiative recombination.

Thus, based on the several studies and findings on CdSe and InP, it is important to carefully
consider chain length, ligand packing density, and electronegativity when choosing coordinating
solvents and ligands. Utilizing ligands such as oleic acid, TOPO, and trioctylphopshine (TOP) has

16,106

shown to improve quantum efficiencies in CdSe, while using oxygen-free coordinating

solvents like oleylamine are ideal for InP.?%!!!

1.3  DISSERTATION OVERVIEW

The research in this dissertation focuses on the development and optimization of luminescent
semiconductor nanocrystals. Collectively, the studies included efforts toward making nanocrystals
more clinically or commercially viable, including decreasing nanocrystal toxicity, developing
scalable and high-throughput nanocrystal synthesis methods, and studying techniques for
improving the photoluminescent properties of nanostructures.

Chapter 2 describes an investigation carried out on a model system of luminescent
nanocrystals for biological imaging and targeting. By adjusting the surface functionalization of
CdSe/CdS nanocrystals, we investigate the impact that the surface chemistry of these quantum
dots has on nanocrystal stability, toxicity, and uptake through in vitro, ex vivo, and in vivo studies
utilizing biologically relevant fluids and mouse models. Importantly, this chapter demonstrates the

significant impact that the specific study model and surface chemistry have on the resultant



17

quantum dot behavior, which will help to inform and guide future research on QD imaging probes
in neurological applications.

Chapter 3 highlights the sonochemical synthesis of CdSe quantum dots and magic sized
clusters. This system allows for the on-demand growth of nanostructures whose properties can
easily be tuned through active sonication time and system type, specifically through single-phase
or emulsion-based synthesis. These syntheses are also performed in atmospheric conditions with
common equipment, making this system a potentially scalable and sustainable option for
commercial nanocrystal synthesis.

Chapter 4 presents a highly reproducible synthesis of monodisperse ZnS nanocrystals. This
one-pot solvothermal synthesis employs a highly reactive sulfur precursor that results in improved
reproducibility and narrower size distributions, while also utilizes coordinating solvents that
facilitate efficient nanocrystal purification in order to decrease processing steps and improve
purified nanocrystal yield. The size of the nanocrystals can also be tuned via the reaction
temperature, where increased temperatures result in increased nanocrystal diameters.

Chapter 5 focuses on the development of InP shelling techniques in order to investigate strain-
engineered InP spherical quantum wells, an architecture that has been demonstrated to enhance
the quantum efficiencies, reduce blinking, and generate narrow photoluminescence bandwidths in
other material systems. Developing and improving the photoluminescence properties of InP is of
particular interest since InP is a significantly safer material than what is currently being utilized
for visible spectrum emitters in commercial products. A selection of indium and phosphorus
precursors were explored, and our results indicate that aminophosphines, a low-cost family of
precursors that are safe to use under ambient conditions, are a good option for the epitaxial growth

of InP shells onto zinc chalcogenide nanocrystal substrates. In addition, we can utilize the spherical
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quantum well model to highlight the importance of symmetry, band alignment, and lattice match
in these systems for making higher quantum efficiency emitters.
Finally, Chapter 6 will highlight the conclusions from these studies and their contributions to

the field, as well as future projects that can continue and expand upon this work.
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Chapter 2. SURFACE FUNCTIONALIZATION OF FLUORESCENT

NANOCRYSTALS FOR BIOLOGICAL IMAGING

The work presented in this chapter is result of a collaborative project between the Holmberg Lab
and the Nance Lab (UW Chemical Engineering). I, with the assistance of Nicole Thompson and
Reyn Aoki, led the synthesis, surface functionalization, and characterization of the CdSe quantum
dots. Dr. Mengying Zhang and I worked together closely to study the cadmium dissolution and
photoluminescent stability of the CdSe quantum dots. Dr. Mengying Zhang, Kate Hildahl, Binh
Dang, Olesya Mironchuk, Nina Chen, and Dr. Elizabeth Nance led the remaining studies on

nanocrystal toxicity, stability, and cellular uptake.

This chapter is adapted and reproduced in part from “Zhang, Mengying; Bishop, Brittany P.;
Thompson, Nicole L.; Hildahl, Kate; Dang, Binh; Mironchuk, Olesya; Chen, Nina; Aoki, Reyn;
Holmberg, Vincent C.;* Nance, Elizabeth,* Quantum Dot Cellular Uptake and Toxicity in the
Developing Brain: Implications for Use as Imaging Probes. Nanoscale Advances (2019), 1, 3424-
3442. https://doi.org/10.1039/CINA00334G” with permission from the Royal Society of

Chemistry.

2.1 INTRODUCTION

Fluorescent imaging has become an important tool for use in biological studies and clinical

14-16,20,113-118 This

practice. technique is particularly important for viral and molecular tracking'!?,

cellular imaging,''* and in vivo imaging and tracking of diseases inside the body.!>!!>
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Traditionally, biological imaging has been conducted using a variety of fluorescent proteins
and dyes, which can emit in a wide-range of wavelengths and are able to target different tissues
and cells.!"> While these dyes can be versatile, these proteins can often exhibit low quantum yields
and exhibit photobleaching when exposed to the excitation wavelengths required to excite

them,llS,llS

making them difficult to use in time-dependent techniques, such as viral and molecular
tracking.
A recent approach to improved biological imaging is through fluorescent semiconductor

nanomaterials, such as cadmium selenide (CdSe) quantum dots (QDs), which have been optimized

to have high quantum yields,'® can be tuned to emit various wavelengths of light for multicolor

14,20 0

imaging, can be functionalized for cell and disease targeting,”’ and are more stable than
proteins, reducing the effects of photobleaching—or “blinking.”'¢! The use of these
semiconductor nanocrystals in biological studies have since been critical in making more robust
and versatile biological imaging techniques and improving the study of several diseases.'*!3-20:119

In particular, CdSe nanocrystals (NCs), with a high-quality cadmium sulfide (CdS) shell, are
incredibly bright, with quantum yields approaching 95% in organic media and up to 70% in
aqueous media. In 2013, Chen, et al. developed a method for generating this CdS shell via a slow-
drip method, followed by a high-temperature annealing period, resulting in a low defect interface
and increasing the quantum yields significantly.!'” Since then, the Peng lab has also showed that
minimizing surface species and defects on these CdSe/CdS NCs through a combination of surface
treatment and choice of ligand can reduce blinking and dramatically improve the quantum yields
of the nanocrystals.!” "

To improve the application of semiconductor nanocrystals in biological studies, these

materials must be optimized for biological compatibility. Specifically, it is important for the
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photoluminescence (PL) emission wavelength of the semiconductor material to be tuned near or
within the near-infrared (NIR) tissue transparency window,!!” from ~700 to 1300 nanometers
(nm), in order to maximize visibility of the fluorescent light through biological samples. Since
CdSe/CdS NCs can be tuned to emit up to 650-700 nm, on the edge of the NIR window, they are
useful for shall-depth biological imaging. To utilize these CdSe/CdS nanocrystals in biological
studies, the nanocrystals must also be compatible in biological samples, which can be done through
functionalization of the nanocrystal surface. By changing the surface chemistry, the CdSe/CdS can
be dispersed into aqueous media and target different types of cells or parts of the body.

One area of particular interest is the use of QDs for functionalized drug delivery and targeted
imaging biomarkers in the brain. However, there has not been a comprehensive assessment of QD
behavior in the brain, which could hinder the use of QDs for targeted drug delivery or neurological
imaging. A significant concern is the toxicity of QDs, which can result from the leaching of
inorganic ions from the QD crystal,'?® or the loss of QD stability and subsequent nanocrystal
aggregation.'?!"123 Furthermore, different QD surface functionalities and terminal end groups can

have different cell- or tissue-targeting effects, resulting in diverse cell cytotoxicity,'**

varying
degrees of injury,'?® and distinctions during in vivo biodistribution.'?® Despite significant interest
in QD engineering, little is known about QDs in physiological environments, which has limited
the use of QDs in biological applications.'?” Therefore, a systematic evaluation of QDs focused on
both nanoparticle engineering and physiological variance in the tissue environment is essential.
Herein, we present the synthesis of CdSe QDs for use in biological studies conducted by Dr.
Elizabeth Nance and her students at the University of Washington. Upon growth of a CdS shell

onto the CdSe core, monodisperse NCs were formed with an overall increase in quantum

efficiency. To effectively disperse these materials in aqueous solution, a ligand exchange and
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surface functionalization was conducted on the CdSe/CdS NCs. The NCs were customized to have
one of three surface functionalities—3-mercaptopropionic acid (MPA), poly(ethylene glycol)
(PEG)-5000k-methoxy (PEG-OMe), and (PEG)-5000k-hydroxyl (PEG-OH)—to allow for further
study of the surface chemistry in neurophysiologically important environments, including
investigations into photoluminescent stability and ion leaching. Dr. Mengying Zhang, Kate
Hildahl, Binh Dang, Olesya Mironchuk, Nina Chen, and Dr. Elizabeth Nance then studied the
impact that the surface chemistry had on the quantum dot stability, cellular uptake, and toxicity in

relevant brain environments, including in vitro, in cultured brain slices (ex vivo), and in vivo.

2.2 SYNTHESIS AND SURFACE FUNCTIONALIZATION OF CADMIUM SELENIDE

QUANTUM DOTS FOR BIOLOGICAL IMAGING

2.2.1 Materials

Cadmium oxide (CdO, >99.99%), selenium (>99.99%), trioctylphosphine oxide (TOPO,
90%), trioctylphosphine (TOP, 97%), hexadecylamine (HDA, 90%), oleic acid (OLA, 90%), 1-
octadecene (ODE, 90%), 1-octanethiol (>98%) and 3-mercaptopropionic acid (MPA, >99%) were
purchased from Sigma-Aldrich. PEG5000k-methoxy (PEG-OMe, PLS-604), and PEG5000k-
hydroxyl (PEG-OH, PBL-8083) were purchased from Creative PEGWorks. Hexanes (>98.5%),
toluene (>99.5%), acetone (>99.5%), methanol (>99.8%) and citric acid (>99.5%) were purchased

from Fischer Scientific. All reagents were used as received, without further purification.
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2.2.2  Synthesis of Cadmium Selenide Quantum Dots
CdSe nanocrystal cores were synthesized via a modified version of the protocol developed by
De Nolf et al.!?® In a typical synthesis, 150 mg cadmium oxide (CdO), 12 g 1-octadecene (ODE),
and 1 g oleic acid (OLA) were added to a 100 mL 3-neck flask on a Schlenk line, heated to 110
°C under nitrogen, and degassed for 30 min while stirring. The mixture was then heated to 280 °C
under nitrogen and stirred at 600 rpm until clear and colorless. After lowering the temperature to
100 °C, 2 g of hexadecylamine (HDA) and 2 g of trioctylphosphine oxide (TOPO) were quickly
added and the mixture was degassed for an additional hour. The flask was then heated to 280 °C
under nitrogen, after which a solution of TOP:Se (190 mg of Se dissolved in 4 mL of
trioctylphosphine) was rapidly injected. Aliquots were taken as the nanocrystals grew, and UV-vis
absorption spectroscopy was used to monitor nanocrystal diameter by tracking the position of the
1S3/2S. excitonic absorption feature.'?” Once the desired nanocrystal diameter was achieved, the
heating mantle was removed, and the mixture was allowed to cool. When the temperature of the
flask reached 100 °C, 10 mL of toluene was injected in order to facilitate nanocrystal purification.
Once cooled to room temperature, the nanocrystal cores were purified by adding antisolvent
(ethanol) to the reaction mixture until the point of opalescence, followed by rapid centrifugation,
and dispersion of the resulting nanocrystal precipitate in clean toluene — a process which was

repeated three times.

223 Growth of Cadmium Sulfide Shells onto Cadmium Selenide Cores

Protective CdS shells were grown onto the CdSe nanocrystal cores using a modified version

of the protocol developed by Chen et al.*® Prior to shell growth, cadmium oleate was prepared

using previously established procedures.?* Briefly, 129 mg CdO, 950 uL OLA, and 10 mL ODE
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were heated to 110 °C and degassed for 45 minutes using standard Schlenk line methods. The
mixture was then heated to 280 °C under nitrogen and stirred at 700 rpm until clear and colorless.
The resulting cadmium oleate complex was then cooled to 100 °C and degassed for an additional
hour prior to being cooled to room temperature and transferred to a nitrogen-filled glove box for
storage. Core—shell CdSe/CdS QDs were then prepared by adding 200 nmol of CdSe nanocrystal
cores to a mixture of 2.5 g ODE and 2 g HDA in a 100 mL flask attached to a Schlenk line. The
mixture was heated to 60 °C under nitrogen and degassed for 1 h while stirring at 850 rpm,
followed by heating under nitrogen to 120 °C and degassing for an additional 20 min. A syringe
pump was then loaded with two separate syringes: one containing cadmium oleate dissolved in
ODE, and one containing 1-octanethiol dissolved in ODE. For the 3.4 nm-diameter CdSe cores
used in this study, 8.7 mL of cadmium oleate complex mixed with an additional 0.8 mL of ODE
were loaded into one syringe, and 300 pL of 1-octanethiol mixed with 9.2 mL of ODE were loaded
into the other syringe. To facilitate shell growth, the dispersion of nanocrystal cores was heated
under nitrogen to 290 °C at a rate of ~14 °C min"!, and once the solution temperature reached 200
°C, the syringes containing the cadmium and sulfur precursors were slowly injected at a rate of 2.3
mL h™! using the syringe pump. After completion of the injection, the dispersion was held at 290
°C for an additional 30 min. 2 mL of OLA were then rapidly injected, and the dispersion was
cooled to 200 °C and left to anneal at that temperature for 1 h. After cooling to room temperature,
the core—shell QD dispersion was purified several times by the addition of ethanol, followed by

centrifugation and dispersion of the precipitated QDs into clean toluene.



25

2.2.4  Surface Functionalization of Cadmium Selenide/Cadmium Sulfide Quantum Dots
Core—shell CdSe/CdS QDs were functionalized via ligand exchange procedures modified
from Zhanget al'*®using three different target surface chemistries, including 3-
mercaptopropionic acid (MPA), PEG5000k-methoxy (PEG-OMe), and PEG5000k-hydroxyl
(PEG-OH). In a typical synthesis, QD surface functionalization and transfer to aqueous media was
achieved by dissolving either 70 uL. MPA, 120 mg PEG-OMe, or 120 mg PEG-OH into a mixture
of 300 pL deionized water and 1 mL methanol. The ligand solution was then adjusted to a pH of
~12 by the gradual addition of 40% NaOH. ~15 nmols of core—shell CdSe/CdS QDs dispersed in
500 pL chloroform (for MPA functionalization) or hexanes (for PEG-OMe and PEG-OH
functionalization) were added to the 1.3 mL ligand solution along with a stir bar. The solution was
then stirred at 1000 rpm for 30 min, followed by the addition of 1 mL deionized water. The solution
was then left to stir for another 20 min. The organic and aqueous phases were then separated, and
the functionalized QDs (now dispersed in the aqueous phase) were collected. MPA-functionalized
QDs (QD-MPA) were purified via the addition of acetone, followed by centrifugation, dispersion
of the precipitated QDs into deionized water, and filtration through a 0.2 um nylon filter. For PEG-
OMe and PEG-OH functionalized QDs (QD-PEG-OMe and QD-PEG-OH), the dispersions were
filtered through a 0.2 um nylon filter, neutralized with citric acid, and placed under vacuum using
a rotary evaporator to remove excess hexanes and methanol. The optimized syntheses outlined in
the preceding sections were carried out numerous times to produce the large quantities of

functionalized QDs necessary for the in vitro, ex vivo, and in vivo studies.
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2.2.5 Quantum Dot Characterization
QD absorption characteristics were determined by collecting ultraviolet-visible (UV-vis)
extinction spectra with an Agilent Cary 60 UV-vis spectrophotometer. Care was taken such that
all absorbance values recorded were below 1.0. Nanocrystal morphology was
evaluated via transmission electron microscopy (TEM) using a FEI Tecnai G2 F20 Supertwin
TEM operating at an accelerating voltage of 200 kV. ImagelJ software was used to determine
nanocrystal size distributions. Photoluminescence characteristics were determined for each sample
of functionalized CdSe/CdS QDs using a PerkinElmer LS-55 fluorescence spectrometer. Absolute
photoluminescence quantum yield measurements were carried out using a Hamamatsu C9920-12
integrating sphere and verified using a rhodamine 640 perchlorate reference dye (Exciton, Inc.).
QD particle concentrations were determined by measuring the position and intensity of the
1S3218Sc excitonic absorption feature.’* FTIR spectra for MPA, PEG-OMe, and PEG-OH-
functionalized CdSe/CdS QDs were obtained using a Bruker Alpha IR spectrometer equipped with
a platinum attenuated total reflectance (ATR) accessory and a diamond crystal sampling module.
Prior to FTIR analysis, the QD-PEG-OMe and QD-PEG-OH samples were placed under vacuum
in a rotary evaporator until completely dry, and then were re-dispersed into chloroform. The MPA-
functionalized QDs were purified via the addition of acetone, followed by centrifugation and
dispersion of the precipitated QDs into methanol. Spectra were recorded under a nitrogen
atmosphere after forming thin films of material on the diamond ATR crystal. QD thin films were
formed by drop-casting the chloroform or methanol particle dispersions directly onto the surface

of the ATR crystal and allowing the solvents to evaporate completely.
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2.3  CHARACTERIZATION AND SURFACE FUNCTIONALIZATION OF CADMIUM

SELENIDE/CADMIUM SULFIDE QUANTUM DOTS

Due to the effects of quantum confinement, CdSe NCs and their absorbance properties change
based on the NC diameter. During the synthesis process, the NCs increase in diameter over time,
and the PL and ultraviolet-visible (UV-Vis) absorbance red-shift with the increase in size. In 2003,
Yu, et al. correlated the wavelength of the first excitonic peak, the lowest energy—or highest

wavelength—peak, and the diameter of the NCs, as seen in Equation 2.1.'%

D = (1.6122 * 1079)A* — (2.6575 * 107%)A3 + (1.6242 * 1073)A% — (0.4277)A + (41.57) (2.1)

where D = nanocrystal diameter and 1 = wavelength of first excitonic absorption peak'?’

To monitor the growth of the NCs, aliquot samples were taken over time and using Equation
2.1, the diameter of the NCs were calculated. Scaled absorption of the CdSe NCs at various time

points throughout the synthesis can be seen in Figure 2.1. To synthesize CdSe compatible for

Absorbance (Arb. Units)

300 400 500 600 700 800
Wavelength (nm)

Figure 2.1. Absorbance spectra for CdSe quantum dots as they grow in diameter
over time. The purple spectrum indicates the smallest nanocrystals, while the
light green spectrum indicates the largest.
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biological imaging, the NCs grown had to be small enough for use in the body, but large enough

for PL emission to be seen though biological samples. Specifically, nanocrystals with a

hydrodynamic size below ~20 nm have reported to be suitable for neuron and glial labeling and
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Figure 2.2. Surface functionalization and characterization of CdSe-CdS core—shell QDs. (A)
Absorbance and photoluminescence of CdSe nanocrystal cores (blue and pink) and final core—shell
CdSe/CdS QDs (red and black) with 60% quantum yield. (B) TEM images of final 6.7 + 0.5 nm
diameter core—shell QDs and initial 3.4 + 0.4 nm-diameter nanocrystal cores (inset). (C, D) Images of
QD dispersions under UV excitation (C) before and (D) after surface functionalization and transfer to
aqueous media. (E) Relative emission intensity of initial nanocrystal cores (pink), and final core—shell
QDs before (black) and after (green) surface functionalization and transfer to aqueous media.
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Figure 2.3. ATR-FTIR spectra of QD-MPA (orange), QD-PEG-OMe (blue), and QD-PEG-OH
(red). The FTIR spectra of the PEGylated QDs show the distinct features of the polyethylene glycol
polymer ligand. The peak at 1100 cm™ is characteristic of an ether C-O-C band, while the peaks
at 2870 and 1465 cm™! correspond to CH: stretching and scissoring vibrations, respectively. The
remaining peaks indicate the presence of a long-chain polyether. The peaks at 1340, 1280, and
1235 cm’! are indicative of CH2 wagging, symmetric twisting, and antisymmetric twisting,
respectively. The peak at 960 cm™ corresponds to a combination of coupled symmetric CHa
rocking, C-C stretching, and C-O stretching, while the peak at 840 cm™ corresponds to coupled
CH:2 rocking and C-O stretching. The QD-PEG-OH samples show an additional broad O-H
stretching band extending from 3300 to 3560 cm™!, which is indicative of the additional terminal
O-H functional group attached to the PEG. The 3-mercaptopropionic acid-functionalized QDs
exhibited characteristic antisymmetric and symmetric alkyl CHz stretching bands at 2920 and 2860
cm’!, respectively, along with clear antisymmetric and symmetric carboxylate (COO-) stretching
bands at 1560 and 1410 cm™!, respectively. These observations, in combination with the absence
of a strong carboxylic acid C=0 stretch at 1710 cm’!, indicate complete deprotonation of the
carboxylic acid groups on the MPA ligands.
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tracking.!*!"!3? Therefore, care was taken to keep the overall diameter of the inorganic nanocrystal
below 8 nm, such that the overall hydrodynamic diameter of the functionalized QDs would be
below ~20 nm (accounting for a ~6 nm-thick ligand corona).

Both CdSe nanocrystal cores and core—shell CdSe/CdS QDs have a roughly spherical
morphology (Figure 2.2), with CdSe nanocrystal cores exhibiting diameters of 3.4 + 0.4 nm and
final core—shell CdSe/CdS QDs exhibiting diameters of 6.7 £ 0.5 nm (Figure 2.2B) excluding the
outer ligand corona. The spectral profiles of the QDs (Figure 2.2) remained largely unperturbed,
irrespective of which surface ligation was selected. Additional physicochemical evidence of
successful surface functionalization via attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectroscopy can be found in Figure 2.3. Both PEGylated QD samples exhibit all of
the expected characteristic FTIR peaks,'**"1*° with the QD-MPA samples exhibiting clear
carboxylate (COO") stretches at 1560 and 1410 cm™!,'*¢137 indicating full deprotonation of the

MPA ligands.

2.4  NANOCRYSTAL STABILITY, TOXICITY, AND CELLULAR UPTAKE

2.4.1 Quantum Dot Photoluminescence Stability

QD-MPA, QD-PEG-OH and QD-PEG-OMe particles were diluted by artificial cerebrospinal
fluid (aCSF) to form 0.1 pM suspensions and incubated at 37 °C for up to 24 h. The aCSF was
adjusted to pH 7.4-7.6 before adding the QDs. Photoluminescence spectra of QD suspensions were
measured at 0 h, 1 h, 4 h and 24 h using a SpectraMax M5 Microplate Reader (Molecular Devices)
with a 450 nm excitation wavelength, and the photoluminescence intensity was then plotted as a

function of time.
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24.2  Quantum Dot Dissolution Stability
QD-MPA, QD-PEG-OH and QD-PEG-OMe particles were diluted by aCSF to form 0.1 pM
suspensions and incubated at 37 °C for up to 24 h. The aCSF was adjusted to pH 7.4—7.6 before
adding the QDs. At 0 h and 24 h, 1 mL of QD suspension was transferred to an Amicon Ultra-2
Centrifugal Filter Unit (50 kDa) and centrifuged at 3000 x g for 10 min in order to filter out the
QDs. The fluid that passed through the filter was then collected for inductively coupled plasma
mass spectroscopy (ICP-MS) analysis using a NexION 2000 ICP Mass Spectrometer

(PerkinElmer) to measure the quantity of Cd*" ions released into the suspension.
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Figure 2.4. (A) Cadmium ion release of 0.1 pM CdSe/CdS QDs with different surface functionalities
in aCSF at 37°C after 0 h and 24 h incubation. The level of free Cd** ions in all groups tested was less
than 10 parts per billion (ppb). Note that the initial 0-h baseline levels of Cd** are due to a small subset
of CdSe particles that pass through the 50-kD filter and are digested to Cd*" during ICP-MS sample
preparation. When a lower molecular weight cutoff filter (3 kD) was used on identical PEGylated
samples, a baseline Cd** ion level of 1 ppb was achieved. The concentration of free Cd** ions remained
virtually unchanged (less than 1 ppb change in concentration) for all samples over the 24-hour
measurement period. (B) Photoluminescence intensity of QDs incubated in aCSF under physiological
conditions as a function of time.
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243 Cadmium Dissolution and Photoluminescence Stability of Quantum Dots in

Neurophysiologically Relevant Fluids

Importantly, in aCSF we see no dissolution of QDs into appreciable amounts of Cd ions. Using
ICP-MS analysis, we measured Cd-ion concentrations following incubation for 0 and 24 h in
aCSF. Cd-ion concentrations were stable for all QDs across the experimental time frame, and
remained less than 10 parts per billion (ppb) (Figure 2.4A).We also incubated 0.1 pM QDs in aCSF
at 37 °C for 24 h, and measured the luminescence intensity of the QD suspensions at 0 h, 1 h, 4 h,
and 24 h of incubation (Figure 2.4B). The photoluminescence (PL) of the QD-MPA particles
remained stable over 24 h, while the PL intensity of the PEGylated QDs decreased over time. This
likely occurs because the well-dispersed PEGylated QDs are completely exposed to the aCSF
environment, while the non-PEGylated QDs (QD-MPA) aggregate quickly (Figure 2.5A),
resulting in a lower initial PL intensity, but a less rapid decrease in PL intensity since the QD-
MPA particles contained within the aggregate are protected from aCSF exposure. Independent of
the change in PL, all confocal imaging studies (Figure 2.5D and E) have clear QD detection at low
laser power with high signal to noise in the in vitro cell culture, ex vivo brain slices, and in

vivo tissue sections.

2.4.4  Nanocrystal Stability, Toxicity, and Cellular Uptake

The following studies on nanocrystal stability, toxicity, and cellular uptake were conducted
by Dr. Mengying Zhang, Kate Hildahl, Binh Dang, Olesya Mironchuk, Nina Chen, and Dr.
Elizabeth Nance. While several studies took place to study QD-MPA, QD-PEG-OH, and QD-
PEG-OMe, Figure 2.5 provides a few examples of the different in vitro, ex vivo, and in vivo studies

that were performed.



33

2500 aCSF B 20
H T - oh 150 T . onr © QD-PEG-OMe c .
£ QD-PEG-OH I
H:muu 4h s b 2 15 : T I Q25 .
@ 1500 = 24h =1 | 2 . T | % 20
£ H e
E a0 2 B anr 5 10 < -
E, 300 . > 6 hr & o g 154 .
$ w0 |—| 3 24 hr E ; ® =10 1
=
3 10: . _ o ° = 2
T T T v r . = 54 | 1
w o © 0 1 2 4 8 24 =
& & & Tims (h) NI=1= BT =
& g & © (3
& < a?
@ Time (h)

E)

| o
o
T

Niba1/

m
m
|

Proinflammatory

24(-AACH)

5 7 &5

[

-

[

[1m]

m

e = > T s

Corpus Callosum

F)

Corpus Callosum

Figure 2.5. (A) QD hydrodynamic diameter at 37 °C in aCSF at 0, 4, 24 h (n = 3 measurements per particle
type). (B) Toxicity of QDs on in vitro BV-2 cells. Treatment of QD-MPA and QD-PEG-OH at 0.01 uM
concentration on in vitro BV-2 cells for 1, 2, 4, 6, and 24 h, with reported % cell viability. For each
condition, n = 3 wells were evaluated with 10,000 cells per well when plated. (C) Dose-dependent toxicity of
QD-PEG-OH and QD-PEG-OMe in ex vivo OWH slices. Treatment of QD-PEG-OH (red) and QD-PEG-
OMe (blue) at 1 pM concentrations in P14 rat organotypic brain slices for 24 h. QD toxicity was determined
by LDH assay at 0, 1, 2, 4, 8, and 24 h as follows. For each QD concentration, n = 3 slices per QD per
concentration condition were evaluated; for NT group (black), n= 5 slices. (D) Time-dependent mRNA
profiles of QD-induced proinflammatory and metallothionein markers in OWH slices. Fold-changes in mRNA
expression were measured at 1 h, 6 h, and 24 h of QD-MPA (orange), QD-PEG-OH (red), and QD-PEG-OMe
(blue) exposure at 0.1 mM concentration in OWH slices. The fold-changes were measured for metallothionein
isoform Mtl and proinflammatory cytokine TNF-a, and compared to NT slices (black). For 1 h, 6 h, and 24 h
time points, n = 3 groups and n = 3—6 slices per group were evaluated for each experimental sample (except
for the QD-PEG-OMe 6 h proinflammatory sample, where n = 2 groups with n = 6 slices in total were
evaluated). All data are reported as median values with 95% confidence intervals. (E) Ibal+ microglia and
lysosome uptake of QDs in ex vivo OWH slices. Representative 40x magnification images of QD-MPA, QD-
PEG-OH, and QD-PEG-OMe distribution and Ibal+ cellular uptake in the corpus callosum in P14 Sprague-
Dawley (SD) rat OWH slices (300 um thickness). QDs (red, all images) were found internalized into Ibal+
microglia (green, all images). Representative high-magnification images of QD-MPA, QD-PEG-OH, and QD-
PEG-OMe localization inside Ibal+ cells are shown as insets. Cell nuclei were stained with DAPI and display
blue luminescence. (F) QD cellular uptake in P7 rats, 4 h post-administration. Representative images of QD-
PEG-OH (red, all images) colocalization with Ibal+ microglia cells (green, all images) in the corpus callosum
regions in P7 mglur5 WT, 4 h after i.p. administration. 40% magnification images with 4-fold zoom (160x)
are presented in the rightmost column to show QD-PEG-OH internalization in cells. Data provided courtesy
of Dr. Mengying Zhang, Kate Hildahl, Binh Dang, Olesya Mironchuk, Nina Chen, and Dr. Elizabeth Nance.
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To study the stability of the QDs under neurophysiologically relevant conditions, the
hydrodynamic diameter of the core—shell CdSe/CdS QDs with different surface functionalities was
monitored in aCSF at 0 h, 4 h, and 24 h at 37 °C, using dynamic light scattering (DLS) to evaluate
any long-term tendency toward aggregation in brain-related fluids at physiological temperatures.
QD-MPA particles tended to aggregate immediately (hydrodynamic diameter > 1500 nm), while
QD-PEG-OMe particles were relatively stable in aCSF over the entire 24-hour period and QD-
PEG-OH showed a statistically increased hydrodynamic diameter at 24 h but remained below 100
nm in total hydrodynamic size (Figure 2.5A).

In vitro QD toxicity studies demonstrated the importance of surface functionality on cellular
vitality of BV-2 microglia cells. When applied directly to microglia, 0.01 pM QD-MPA induced
significant cell death starting at 1 h, as compared to a non-treated (NT) group treated only with 1x
phosphate-buffered saline (PBS). The viability of QD-MPA-treated cells was observed to drop
below 50% before some recovery at 24 h. QD-PEG-OH, however, did not show any statistically
significant decrease in cell viability, as compared with NT, except at 6 h (Figure 2.5B).

To study the amount of QD-induced toxicity in organotypic whole hemisphere (OWH) slices,
whole-slice cytotoxicity caused by the QDs was evaluated by measuring cell death after 24 h of
QD exposure, as a function of QD surface functionality. To note, QD-MPA was not included in
the OWH slice toxicity assessment due to the observed rapid aggregation in biological fluids and
subsequent hindered penetration and cellular uptake in OWH slices. Cytotoxicity at 0.01 and 0.1
uM showed no significant differences between QD-PEG-OMe, QD-PEG-OH, or the NT samples.
However, at 1 uM, QD-induced cytotoxicity was around 15% for QD-PEG-OMe and slightly
above 10% for QD-PEG-OH. The cytotoxicity of 1 uM QD-PEG-OMe was significantly higher

than the NT group, starting at 4 h post-treatment, and remained statistically higher at 8 h and 24 h
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(Figure 2.5C). The relatively low toxicity of QD-PEG-OH and QD-PEG-OMe at low

concentration is likely imparted due to the PEG coating, which has been previously shown to
effectively decrease cytotoxicity and maintain tissue viability.!*3

To investigate QD-induced inflammation, mRNA profiles for metal detoxification and
oxidative stress. At 0.1 uM QD concentrations, the pegylated QDs induced significant increase of
the M1t expression (Figure 2.5D), indicating a cellular response to activate metal detoxification
for Cd*" exposure. However, QD exposure resulted in almost no statistically significant
inflammatory response, as seen via the TNF-a expression (Figure 2.5D), or other oxidative stress
responses, indicating that PEGylated QDs are not inducing inflammation to brain cells under 24-
hr time frames.

The cellular uptake of QDs in OWH slices was evaluated as a function of surface functionality.
Independent of surface chemistry, all QDs were found localized primarily in microglia in the
neonatal rat brain, particularly in the corpus collosum (Figure 2.5E) and hippocampus regions.
Confocal images acquired at 60x magnification and 4-fold zoom enabled a closer look at QD
internalization in microglia at the single-cell level. Although several QD-MPA aggregates were
still observed to uptake in the microglia, the QD-PEG-OH and QD-PEG-OMe uptake was much
more distinctive and diffuse in the microglial cytosol (Figure 2.5E inset). An additional study also
showed that while QD-MPA aggregated in ex vivo brain slices and showed decreased cellular
uptake, QD-MPA penetrated nicely during in vitro studies due to direct access to the cells,
emphasizing the importance of the model utilized during biological studies.

A metabotropic glutamate receptor 5 (mglur5) neuroinflammatory rat model was used to
evaluate QD uptake in vivo. QD-PEG signals were detected in the brain, at both 4 h and 24 h time

points, after intraperitoneal (i.p.) injection in postnatal day (P) 7 wild-type (WT) rat pups (Figure
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2.5F). However, the QD signal was minimal, due to the majority of the sub-20 nm QD-PEG being

cleared rapidly.'*® Although the total quantity of QDs in the brain was low, colonized QDs were
identified in microglia in various regions. QD-PEG-OH particles were found colocalized with
Ibal+ microglia in the cortex, corpus callosum (Figure 2.5F), hippocampus, and periventricular
region (PVR), with the majority of accumulation in the corpus callosum region at 4 h post-injection
(Figure 2.5F).

Additional studies demonstrated the impact of brain region, QD concentration, cell type, pH,
and type of neurophysiological-relevant fluid on the QD stability, toxicity, and cellular uptake.
These studies revealed that each factor plays a significant role in the QD behavior during in

vitro, ex vivo, and in vivo studies.

2.5 CONCLUSIONS

The implementation of engineered nanoparticles as biomarkers is a challenging task, requiring
a comprehensive understanding of both nanoparticle engineering and the disease environment in
which the nanoparticle will be applied. To develop QD-based biomarkers for application to the
brain, it is necessary to better understand QD behavior in the brain environment. Here, we
synthesized and functionalized CdSe/CdS QDs for use in biological studies. We comprehensively
assessed the interaction of functionalized, core—shell CdSe/CdS QDs with the brain
microenvironment, including QD colloidal stability, toxicity, and cellular uptake in vitro, ex vivo,
and in vivo. Importantly, stability, toxicity, and cellular uptake of QDs were dependent on one
another, and dependent on the model used to evaluate the effect. We found that surface chemistry
strongly influenced QD behavior in the brain. PEG-coatings improved QD stability in complex

neurophysiological-relevant fluids, induced low cytotoxicity in brain slices, and led to stable,
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diffuse cellular uptake. QDs were preferentially taken up into microglia, especially in the corpus
callosum, which was further confirmed in vivo. Non-PEGylated QDs, however, destabilized
rapidly when exposed to brain-relevant fluids, which likely led to the increased photoluminescence
stability, but prevented penetration into brain tissue. We also found that administration of
functionalized QDs can result in dose-dependent toxicity in brain slices. Lastly, our results clearly
demonstrate the importance of considering the specific model system that is used to evaluate QD

behavior.
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Chapter 3. SONOCHEMICAL SYNTHESIS OF FLUORESCENT
SEMICONDUCTOR QUANTUM DOTS AND MAGIC-SIZE
CLUSTERS

The work presented in this chapter is result of a collaborative project between the Holmberg Lab
and the Pozzo Lab (UW Chemical Engineering). Dr. Ryan Kastilani conducted the majority of the
initial sonochemistry experiments, characterization, and analysis, including temperature profiles,
absorbance and photoluminescence spectra, quantum yields, X-ray diffraction, precursor
conversion, and TEM after 180 minutes of sonication. I assisted in designing the sonochemistry
experiments, synthesized all CdSe precursors, provided guidance to Dr. Kastilani with respect to
the cleaning and characterization and analysis of the quantum dots and magic-size clusters,
synthesized and characterized the CdSe magic-size clusters in the emulsion system via 20 minute
periodic on-off cycles, and carried out TEM characterization of the magic-size clusters after 60

minutes of sonication.

This chapter is adapted and reprinted in part with permission from “Kastilani, Ryan; Bishop,
Brittany P.; Holmberg, Vincent C.; Pozzo, Lilo D.*, On-Demand Sonochemical Synthesis of
Ultrasmall and Magic-Size CdSe Quantum Dots in Single-Phase and Emulsion Systems. Langmuir
(2019), 35(50), 16583-16592. https://doi.org/10.1021/acs.langmuir.9b02891”. © Copyright 2019

American Chemical Society.
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3.1 INTRODUCTION

In recent decades, semiconductor quantum dots (QDs) have been of great interest due to their
tunable and unique properties. In additional to tuning photoluminescent emission by the size and
shape the of nanocrystal, semiconductor QDs, such as cadmium selenide (CdSe) have been

1626.190 making them

optimized to have high quantum yields, narrow bandwidths, and high stability,
advantageous for a variety of applications, including biolabeling and imaging, light-emitting
diodes (LEDs), solar cells, photodetectors, field-effect transistors (FETs), and memory
elements.'>!41142 One subset of semiconductor QDs is magic-size clusters (MSCs), which are
nanostructures typically less than 2 nm that have a discrete size and number of atoms.'**!4* Their
small size and physical structure sets them between molecules and nanocrystals, resulting in sharp
absorbance features, unique optical properties, and entirely surface-state luminescence, making
them beneficial to a wide range of applications. For example, their surface-state emission results
in wide-band luminescence, making them useful for white-light LEDs, and their small size makes
them advantageous for biological applications due to their rapid clearance through the renal
system.®’ In addition, they have proved useful as precursors for larger nanostructures, including
quantum dots and nanorods.>!-3-60:61

Traditionally, these quantum dots and magic-size clusters are synthesized with high
temperatures, expensive equipment like a Schlenk line, and the hot-injection method, which make
these syntheses difficult to scale and can result in batch-to-batch inconsistencies.*®*’ While one-
pot solvothermal syntheses are scalable, nucleation and growth of the nanocrystals can be difficult
to separate, leading to several nucleation events and polydisperse nanocrystals.>

A relatively new and less frequently utilized nanocrystal synthesis technique is through

sonochemistry, which is a method of generating nanocrystals via ultrasound, or sonic energy.



41

e +
3@ '
4o =
T2
g e
38
150 =
3 / | IMPLOSION
"‘I-=-: n'l. |
9 400 = AN ;
3 ) A T
h= 5 Gﬁﬂw /'\ / W |
- = N 7 \J | SHOCKWAVE
o % L
o g 2
2|8/ /
= u_ Fs T
o - HOT  RAPID
o SPOT QUENCHING
L] L Li L|
0 100 200 300 400
Time (us)

Figure 3.1. Schematic representation of transient acoustic cavitation. !4

When ultrasound is applied to a liquid, in this case nanocrystal precursors, transient vapor bubbles,
or cavities, form during the negative pressure period of the applied sound waves.!* These bubbles
primarily form at interfaces within the system, which act as nucleation sites. As the sound waves
alternate between positive and negative pressure, the bubbles oscillate in size and grow,
continually gaining potential energy, as seen in Figure 3.1.% As the bubbles continue to grow,
they can overgrow and become unstable, resulting in an implosion that releases all of the
accumulated energy in a highly localized space, or a hot spot.'*” While direct measurement of the
conditions generated during bubble collapse is difficult to measure, chemical reactions induced
through sonochemistry have been studied to estimate the localized conditions post-cavitation.
These hots pots are believed to reach up to 5000 K and 1000 bar in the center of the cavitation

event, and up to 2000 K in the surrounding liquid.'4"-'48
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These extreme conditions have been shown to decompose chemical precursors,'4%!%

facilitating the growth of colloidal nanostructures, including metal oxide nanoparticles,'>! metal

150,152 153 4

nanoparticles, metal nanobelts,'>® metal nanoclusters,'>* semiconductor nanoparticles and

156 and doped metal oxides.'>” With the application of

nanowires,">> two-dimensional nanosheets,
ultrasound, these sonochemical syntheses are more easily reproducible and require relatively
simple equipment in comparison to traditional nanocrystal syntheses. In addition, they do not
require external heating sources for the nucleation and growth of nanostructures. While
sonochemical synthesis is an advantageous method for cheap and reproducible nanocrystal
synthesis, there are few controlled and systematic studies, and the effects of sonication are often
convoluted with other effects, including a possible rise of the bulk solvent temperature, which
results during continuous sonication without active cooling.

In this work, the sonochemical synthesis of ultrasmall and magic-sized CdSe QDs is reported

in single-phase and emulsion-based systems, while actively maintaining the solvent temperature
Transfer Sonicate Surfactant stabilized
to vial nanocrystals

Oil containing
precursors and

surfactants -
I‘-

- e

Disperse in Sonicate Centrifuge Surfactant stabilized [

ethylene glycol and decant nanocrystals

Figure 3.2. Schematic of the sonochemical nanoparticle synthesis procedure, along
with photos of the final products under UV excitation.
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to minimize effects related to bulk temperature increases. We hypothesize that sonochemical
synthesis in emulsion systems offers an efficient, accelerated, and controllable pathway toward the
on-demand synthesis of complex nanomaterials. A schematic of the synthesis process is shown in

Figure 3.2.

3.2  MATERIALS AND METHODS
3.2.1 Materials

1-Octadecene (90%), oleic acid (90%), oleylamine (70%), cadmium oxide (>99.99%),
selenium (>99.99%), trioctylphospine (97%) (TOP), and dodecane (>99%) were purchased from
Millipore-Sigma (St. Louis, MO). Hexanes (mixed isomers, 99.9%) and ethylene glycol were

purchased from Fisher Scientific (Hampton, NH). All chemicals were used as received.

322 Precursor Preparation

The cadmium precursor, 84 mM cadmium oleate, is prepared in the following way. To a round
bottom flask, 0.256 g of cadmium oxide, 20 mL of octadecene, and 2.6 mL of oleic acid were
added. Using a Schlenk line, the flask is degassed by applying vacuum while stirring at 800 rpm
using a magnetic stir bar. Under the nitrogen atmosphere, the flask is heated to 270 °C and is held
at this temperature for 30 min or until the mixture becomes clear and colorless; the temperature is
then held for 30 additional minutes. At this time, the temperature is lowered to 150 °C, and 1.3 mL
of oleylamine is added. The temperature is then lowered to 100 °C, and the flask is degassed for

30 min. Finally, the resulting product is cooled to room temperature. The selenium precursor, | M
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TOP:Se, is prepared by mixing Se powder and TOP overnight in a glovebox until all of the Se is

dissolved and the solution is clear and colorless.

3.2.3  Sonochemical Quantum Dot and Magic-Size Cluster Synthesis

The cadmium precursor is first mixed with the selenium precursor at a 1:4 molar ratio. A
schematic of the synthesis process is depicted in Figure 3.2. In the emulsion system, 2.245 mL of
the cadmium precursor is mixed with 0.755 mL of the selenium precursor in a 20 mL glass
scintillation vial. The vial is hand-shaken to mix the two precursor solutions, before adding 7 mL
of ethylene glycol. The capped vial is again shaken by hand vigorously to create a coarse emulsion.
The vial is then placed in a cooling bath containing water at 20 °C. Sonication is then initiated
using a Branson 450 Digital Sonifier (400 W max power, 20 kHz), equipped with a 3/8 in. titanium
horn directly immersed 0.5 cm into the solution. Sonication is performed continuously at a 20%
power setting on the control panel, which has been calibrated to be equivalent to a power
dissipation of 12.6 W. Sonication is then temporarily stopped to collect sample aliquots at each
relevant time stamp, and an equivalent volume of ethylene glycol is added into the scintillation
vial such that the volume is always kept at 10 mL. The volume of aliquot that is withdrawn is such
that there is approximately 250 pL of oil phase (octadecene) in each aliquot. The water in the
cooling bath is also exchanged with fresh cold water, and the sonication is continued. The
temperature of the vials is also monitored with a thermocouple to separate the effect of
sonication/cavitation from that of a possible bulk temperature increase.

Each sample aliquot is then centrifuged and decanted to separate the dispersed oil phase
containing the quantum dots from the continuous ethylene glycol phase in the emulsions. These

samples are referred to as “unpurified” because of the presence of excess unreacted precursors and
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organic components. The “as-synthesized” samples are diluted about 100-fold in octadecene for
UV—visible (vis) spectroscopy as a function of sonication time. For X-ray diffraction (XRD), the
assynthesized samples are purified by simply precipitating with the addition of excess ethanol. The
powder is then separated and deposited onto a silicon wafer for analysis. Alternatively, the as-
synthesized samples are diluted 10-fold in dodecane, and purification is performed by
liquid—liquid extraction using an equivalent volume of methanol (250 pL) that is changed three
times. After each addition of methanol, the samples are vortexed and centrifuged. Care is taken to
replace the dodecane lost during the extraction process to prevent the particles from precipitating
since precipitates are not redispersible. After cleaning, particles are also diluted into hexanes 10-
fold for UV—vis spectroscopy, 1000-fold for photoluminescence (PL) spectroscopy, and 100-fold
for transmission electron microscopy (TEM).

In the single-phase system, the sonication procedure is very similar. The only difference is
that the 10 mL reaction volume is entirely composed of the precursor mixture. No ethylene glycol
is used and no emulsification is necessary. Also, for these samples, no makeup solvent is added
upon removal of sample aliquots as a function of time. The as-synthesized samples are diluted
about 10-fold in octadecene for UV—vis spectroscopy. Purification of these samples is also
performed by liquid—liquid extraction using an ethanol wash of equivalent volume (250 pL) three
times, after which, the particles spontaneously adhere to the walls of the plastic centrifuge tubes.
For XRD sample preparation, the purified samples are redispersed into toluene and drop-cast onto
a silicon wafer. Samples are also redispersed into 250 pL. of dodecane and then diluted into hexanes

10-fold for UV— vis spectroscopy, 1000-fold for PL spectroscopy, and 100-fold for TEM.
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324 UV—Visible (UV—Vis) Absorbance and Photoluminescence (PL) Spectroscopy.

Both UV—vis and PL spectroscopy are performed using quartz cuvettes with a 1 cm
pathlength. UV—vis spectroscopy is performed using a Thermo Scientific Evolution 300
(Waltham, MA) spectrophotometer operating over a 300—700 nm wavelength range. PL spectra
are obtained using a Molecular Devices SpectraMax M5 (San Jose, CA) fluorescence
spectrophotometer. PL. quantum yield (PLQY) is measured using an integrating sphere,
Hamamatsu C9920, using an excitation wavelength of 360 nm. For PL measurements, the
concentration was low enough such that the absorbance at and above 360 nm is below 0.1 to

minimize inner-filter effects.

3.2.5 Transmission Electron Microscopy (TEM)

Bright-field TEM is performed using FEI Tecnai G2 F20 Super-Twin (Hillsboro, OR)
operating at 200 kV. Samples are deposited over a copper TEM grid with 300-mesh carbon from

Electron Microscopy Sciences (Hatfield, PA) by drop casting 3 uL of the sample and letting it dry.

3.3 RESULTS AND DISCUSSION

While CdSe QDs have previously been synthesized via sonochemistry,'® these studies did
not control the temperature of the system and the solutions reached up to 200 °C, which is nearing
temperatures of typical hot-injection and solvothermal CdSe syntheses.'®!*® This rise in
temperature makes it difficult to determine whether the nanocrystals were synthesized entirely due
to the cavitation events in solution or a combination of high temperature and ultrasound. To

decouple the effects of temperature and sonochemistry, CdSe QDs and MSCs were sonicated with



a water bath to maintain low temperatures. After
sonicating both the single-phase and emulsion-
based systems, temperatures did not exceed 65 °C
(Figure 3.3), which is significantly lower than
temperatures utilized for typical CdSe syntheses.
To verify that this temperature does not induce
QD generation, the CdSe precursors were then
heated to 60 °C on a hot plate. Even after 3 hours
of heating, there was no color change and no
indication of CdSe QDs via absorbance spectra,
indicating that this temperature does not induce

the nucleation and growth of CdSe.
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Figure 3.3. Temperature of the mixture tracked
with sonication time.

To compare the single-phase and emulsion-based systems, both were sonicated and tracked

over 3 hours. Aliquots were taken at several time points throughout the synthesis, and the cooling
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Figure 3.4. (a) Absorbance and (b) PL spectra (Aexc = 360 nm) of CdSe QDs synthesized via

sonication in the single-phase solvent system.



48

bath was replenished to maintain low temperature synthesis conditions. In this single-phase
system, the absorbance spectra matched with ultrasmall CdSe QDs (Figure 3.4a) and the size of
the nanocrystals were determined by tracking the 1S3/21Se excitonic absorption feature. Over time,
these ultra-small CdSe QDs grow slowly over time, as indicated by the red-shift in the first
absorption peak and band-edge photoluminescence peak (Figure 3.4b). Using the position of the
1S3/21Se peak to calculate the size of the nanocrystals,'? the CdSe QDs had a diameter of ~1.75
nm and grew to ~1.9 nm after 180 nm. In addition to absorbance, the nanocrystals exhibited both
band-edge emission and a wide-band surface-state emission, resulting in white-light emitting
nanocrystals (Figure 3.2) with 8% quantum yields (QY). This defect emission can arise from
several factors, including the high surface area of the ultrasmall nanocrystals and the ligands
present on the surface of the QDs. 60165

In contrast, the results in the emulsion-based system are drastically different. Instead of

generating ultrasmall QDs, like in the single-phase system, the emulsion-based system produced

(a) 200 (b)
Sonication Time
k —— 15 min

150 = —— 30 min _
8 I'; 60 min 2
% \ - 90 min =
€ 100 ! —— 120 min =
@ ! —— 150 min &

< —— 180 min = -

50 - /rf-‘“ku\\\\
- \
P \\
¥ T | T T
300 400 500 600 700 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 3.5. (a) Absorbance and (b) PL spectra (Aexc = 420 nm) of CdSe particles synthesized
using sonication in the emulsion-based systems as a function of sonication time.
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magic-sized clusters (MSCs), which are ultrasmall QDs with a discrete number of atoms.®*!*3 As
the emulsion-based system is sonicated, there is no shift in first excitation peak in the absorbance
spectra. Instead, a sharp absorbance feature is observed at 420 nm that increases in intensity over
time (Figure 3.5). In addition, these samples do not exhibit a band-edge emission and only exhibit
a broad-band “white-light” surface-state emission. The combination of the sharp excitonic feature
and lack of band-edge emission is strongly characteristic of MSCs.3>6%:166-168 In particular, the
absorption feature at 420 nm corresponds well to (CdSe)s3 and (CdSe)3a MSCs, which have similar

size and spectroscopic signatures,>-168-170

making them difficult to distinguish and separate from
one another for independent analysis. Interestingly, after 120 min, the intensity of 420 nm
extinction peak began to decline and a tail in the UV-spectra forms at higher wavelengths. In
addition, after 120 minutes, a peak begins to form that resembles band-edge luminescence, which

blue-shifts over time. The combination of the higher-wavelength absorption tail and the emergence

of blue-shifted photoluminescence peak suggests the formation of larger QDs after extensive

35 - sonication. More so, the decrease in the
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yield significantly drops to ~5% (Figure 3.6), which may be explained by the formation of larger

CdSe QDs. While significant additional studies would be necessary to pinpoint the reason for the

drop in PLQY, CdSe QDs typically have PLQY's ranging from 1 to 30%, including the CdSe QDs

synthesized via our single-phase system, and can increase up to 100% upon carefully engineering

CdS shell growth.!®%” Similarly, CdSe MSCs have reported PLQYs ranging from 0.15 to

22%.11:60.168.172 Ty comparison to typical CdSe QD syntheses, this system is performed entirely

under atmospheric conditions, can be readily scaled, and turns on and off rapidly, making this

process advantageous for large-scale commercial synthesis and allowing us to isolate small MSCs

with high quantum efficiencies as needed.
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Figure 3.7. XRD spectra of CdSe particles synthesized via
sonication in (a) single-phase and (b) emulsion-based
systems. Red lines represent the expected peak positions
for the bulk zincblende CdSe structure.

After 180 minutes of
sonication, XRD (Figure 3.7) and
TEM (Figure 3.8) was taken of
both the purified QDs and MSCs.
Due to the ultrasmall size of the

CdSe samples, the XRD of the

CdSe QDs synthesized via both

single-phase and emulsion
demonstrate  significant  peak
broadening. While the XRD
profile of the CdSe QDs
synthesized via single phase

matches that of zinc blende CdSe

(PDF 04-003-6493, Figure 3.7a),



Figure 3.8. TEM of CdSe nanoparticles formed after 180 min
of sonication in single phase at (a) low and (b) high
magnifications. (¢) MSCs formed after 60 min in emulsion-
based systems. (d) CdSe nanoparticles formed after 180 min
in emulsion-based systems.
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the peak broadening makes it
difficult to differentiate between
cubic zincblende and hexagonal
wurtzite CdSe.%!">17* XRD of
the MSCs (Figure 3.7b) are even
broader due their even smaller
size. These broad peaks at 27 and
45° correspond very closely to
previous XRD characterization
of CdSe MSCs.!7>:176

Figure 3.8 shows TEM
images of the QDs produced via
180 min of sonication in the
single-phase system, along with

60 and 180 min of sonication for

the emulsion-based system. The contrast in the TEM images is very limited due to the small size

of the QDs; nonetheless, the QDs observed from the endpoint of the 3 h emulsion-based synthesis

are larger than would be expected for MSCs, which supports the data discussed above that

suggested the formation of larger QDs after extensive sonication. The particles after 180 min of

sonication are also larger in size than what was determined from TEM after 60 min of sonication,

further supporting the idea that MSCs are converted into regular-sized QDs after prolonged

sonication in emulsions. Given the vanishingly low contrast associated with ultrasmall QDs, it was
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the emulsion-phase system (Figure 3.9),

Figure 3.9. Conversion of Cd and Se precursors in
(CdSe) with sonication. which was calculated using the absolute
absorbance spectra of the CdSe QDs and
MSC:s. After 3 hours of sonication, complete conversion of precursors was observed in the single-
phase system, while only 11% conversion was observed in the single-phase system. Using a linear
fit, the rates of conversion in the emulsion system and in the single-phase system were found to be
3.8 and 0.48 g/(L h), respectively, where the conversion rate of the former is comparable to that of
a typical hot-injection synthesis of CdSe QDs.!””!”® For example, an optimized hot-injection
synthesis of CdSe QDs yields about 3.7 g/L and it takes approximately 1 h, including the initial
heating of the reaction mixture.!” Thus, sonication in the emulsion system provides a competitive

conversion rate for the synthesis of CdSe.

We hypothesize that this increased conversion rate results from the increased interfaces
between the precursor droplets and ethylene glycol in the emulsion-phase system. On the other
hand, the only interfaces that occur in a single-phase system are at the vial walls and surface of the

sonication horn. Since interfaces act as nucleation sites for bubble formation, there would

theoretically be a higher number of cavitation events in an emulsion with the large number of
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Figure 3.10. Quantitative absorbance at 420 nm of CdSe MSCs synthesized in the
emulsion system with periodic (a) 10 min on—off cycles and (¢) 20 min on-off
cycles. Blue shades indicate the time period during which sonication is active. (b)
Schematic of the sonochemical QD synthesis mechanism, where cavitation
provides the energy required for precursors to react, form clusters, and grow into
QDs. d) Quantitative absorbance at 420 nm of CdSe MSCs synthesized in the
emulsion system with periodic 10-minute and 20-minute on-off cycles normalized
by the total active sonication time.
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liquid-liquid interfaces.!®® Furthermore, in an emulsion-system, cavitation events would occur
directly on the boundary of the oil droplets, which would dissipate energy and generate the high
temperatures needed for precursor decomposition and QD formation. Hence, sonication of the
emulsion system results in more frequent and numerous cavitation events that are more efficiently
distributed near the precursors, quickly driving nucleation and growth of the QDs (Figure 3.10b).
This increase in cavitation events also explains the larger increase in temperature of the emulsion-
based system compared to the single-phase system (Figure 3.3).

In addition, when using sonochemical synthesis methods, temporal control over when the
reaction starts and stops is remarkable. To demonstrate this, an experiment where the sonication
system was systematically turned “on” and “off” every 10 min was also performed with the
emulsion-based synthesis (Figure 3.10a). Once again, the absorbance at 420 nm was tracked as a
function of elapsed time. The data clearly shows that the absorbance increases only when the
sonication is turned on, which results in a step-like growth curve. When this experiment was
repeated with 20 min cycles (Figure 3.10c), the absorbance increased in a similar stepwise manner.
Once the absorption data was normalized for the total active sonication time, it was found that the
morphology and concentration of the MSCs did not change based on the time interval that was
chosen (Figure 3.10d), further supporting that the reactions stop once sonication is removed, with
MSC production purely dependent on total active sonication time.

There are several important outcomes from this experiment, which suggest that precise
temporal control of the reaction can further elevate QD synthesis methods. First, this conclusively
demonstrates that conversion of precursors to QDs is a direct result of ultrasound and not due to a
rise in the temperature of the sample, which is a side effect of power dissipation during sonication.

Although allowing the temperature to rise may increase QD production rates, such a precise level
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of temporal control may not be possible, and it may also interfere with the selective formation of
MSCs observed in the emulsion system. Second, the choice of using trioctylphosphine selenide
(TOP:Se) as the chalcogen precursor, as opposed to more reactive secondary phosphine precursors,
such as diphenylphosphine selenide, is necessary to carefully control the sonochemical reactions.
To note, there are several separate mechanisms for the formation of CdSe monomers.'®! One
mechanism requires the decomposition of a tertiary phosphine—chalcogenide to form highly
reactive H2Se, while another mechanism does not involve precursor decomposition and instead is
a direct reaction of secondary phosphine— chalcogenides and metal carboxylates. Since secondary
phosphines are much more reactive than tertiary phosphines,'8>!®? it has been shown that CdSe
MSCs can be synthesized at temperatures as low as 45 °C using diphenylphosphine selenide.'®’
However, in this application, the low reactivity of TOP:Se prevents unwanted reactions from
progressing uncontrollably at low temperatures. The extreme conditions that are locally exhibited
by cavitation are more than sufficient to decompose TOP:Se and drive the conversion of CdSe
QDs and MSCs. These design choices open the door toward the efficient, on-demand synthesis of
QDs, where the reaction can be started and stopped simply by turning the ultrasound on and off.

Moreover, secondary phosphines are typically extremely pyrophoric; using TOP:Se allows for the

synthesis of QDs without the safety risks associated with such highly reactive precursors.

3.4 CONCLUSIONS

Sonochemical synthesis of CdSe QDs was performed in a single-phase and an emulsion-based
system, while keeping the bulk sample temperatures low (<70 °C). Conversion of precursors into
QDs is much faster in emulsion systems because the liquid-liquid interfaces serve as

heterogeneous nucleation sites for bubbles, which leads to more frequent and more effective
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cavitation events to drive the reactions. In emulsion systems, MSCs, (CdSe)ss, and (CdSe):. were
synthesized, although prolonged sonication beyond 120 min does also lead to the formation of
regular QDs. Controlled, on-demand synthesis of CdSe QDs is also demonstrated by simply
turning the ultrasound on and off at any arbitrary rate. The rate of QD production in the emulsion
system was found to be 3.8 g/(L h) with complete conversion of precursors, which is much faster
than that in the single-phase system [0.48 g/(L h)] and is comparable to that of the typical hot-
injection QD synthesis, and can likely be further optimized. Letting the temperature rise higher
may speed up QD production but likely at the cost of a loss in temporal reaction control. Finally,
although this work focuses on CdSe QDs, there are no theoretical limitations that would prevent
the synthesis of other types of QDs. Future work will involve a more detailed characterization of

these CdSe QDs, along with other types of semiconductor materials.
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Chapter 4. HIGHLY REPEATABLE ONE-POT SYNTHESIS OF

MONODISPERSE ZINC SULFIDE NANOCRYSTALS WITH
BROADBAND NEAR-UV AND VISIBLE EMISSION

For this study, Dr. Caitlyn Wolf and Dr. Lilo Pozzo (UW Chemical Engineering) conducted and

analyzed SAXS, as well as modeled the data for obtaining size distributions of the nanocrystals.

Reproduced with permission from Royal Society of Chemistry, submitted for publication.

4.1 INTRODUCTION

Over the last 30 years, zinc sulfide (ZnS) nanomaterials have been recognized for their wide-
bandgap, low toxicity, and versatile applications. In addition, zinc and sulfur are cheap and widely
abundant materials, making them appealing for large-scale production and commercial use.
Because of these advantageous characteristics, ZnS nanocrystals have become an attractive

material for imaging, energy conversion, and sensing applications, including electro- and photo-

184,185 119,186

catalysis, optical imaging agents, photo- and electronic sensing,'®” and LEDs. 38189

In particular, ZnS has been widely investigated as a photocatalyst and photodetector material

190-192 191-193

due its rapid generation of electron-hole pairs, high photocatalytic production of Ha,

and effectiveness at COz reduction.!®*'>> One of the hallmark features of ZnS that contributes to

its potential as a photoactive material is the presence of strong broadband near-UV and visible

196,197

photoluminescence, which has been attributed to a combination of surface defects and

187,196—

vacancies. 198 The presence of these defect sites in photo-responsive devices are important
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for decreasing the rate of electron-hole recombination, facilitating separation of charge, and
enabling electron transfer for enhanced photocatalytic activity.!3%190:19

While defects are beneficial for creating photoactive ZnS, a defect concentration that is too
high can decrease the efficiency of photocatalysis or photocurrent responses due to charge carrier
trapping.'8”!1°° However, a recent study showed that the clustering of multiple 5-nm-diameter,
defect-rich ZnS nanoparticles facilitated electronic wavefunction overlap, reduced carrier
trapping, and improved charge carrier transport between the clustered particles, resulting in UV
sensors with enhanced photocurrent.'’” Based on these studies, generating high-defect-
concentration ZnS nanocrystals with controlled clustering is desirable for the generation of
efficient photodevices.

In addition to the important physical and electronic properties of ZnS, creating a one-pot ZnS
nanocrystal synthesis with easily processed chemical compounds would significantly simplify the
chemical separation and purification process, which is advantageous for more efficient, larger-
scale production. Over the last 20 years, many ZnS quantum dot syntheses have utilized a
combination of the hot injection method and high-melting-point coordinating ligands, such as
trioctylphosphine oxide, stearic acid, and hexadecylamine, which are all solid at room
temperature.**'%72°1 While the presence of these compounds assists in nanocrystal nucleation,
growth, and stability, their high melting point and white color make the purification of white ZnS
nanocrystals difficult and inefficient. Transitioning to ligands with melting points below room
temperature would prevent solidification of any unreacted chemicals and streamline the separation
process. Furthermore, in comparison to the hot-injection method, one-pot solvothermal syntheses
do not rely on a rapid injection of compounds, resulting in more consistent nanocrystal nucleation

and size. As the precursors and ligands are heated simultaneously, once a temperature is reached
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where all precursors have decomposed, burst nucleation and nanocrystal growth proceeds.
However, it is critically important to control the kinetics in these syntheses carefully since it is
often difficult to separate the nucleation and growth steps, potentially resulting in multiple
nucleation events and undesirable polydisperse samples.**>° Therefore, when designing the
system, it is essential to utilize precursors that are stable at low temperatures, but rapidly
decompose upon heating to a certain threshold, thereby generating a single nucleation event.
Diphenylphosphine (DPP) is a reactive chalcogen coordinating compound that is stable at room
temperature under inert conditions, but rapidly reacts upon heating. This has been demonstrated
previously in the zinc selenide (ZnSe) material system, where DPP:selenide has been used to
induce rapid nucleation upon heating and generate monodisperse ZnSe nanocrystals.?*?

In this study, the solvothermal synthesis of small, monodisperse ZnS nanocrystals is reported.
To facilitate efficient purification and processing, unsaturated fatty acids and amines with low
melting points (oleic acid and oleylamine) were utilized as the coordinating ligands. In addition,
the synthesis utilizes diphenylphosphine:sulfur (DPP:S) as the highly reactive sulfur source, which
facilitates rapid, consistent, and monodisperse nanocrystal growth. The diameter of these ZnS
nanocrystals can also be systematically increased by increasing the reaction temperature, allowing
for careful tuning of nanocrystal size and band gap. These ZnS nanocrystals also exhibit clustering
and broad near-UV and visible photoluminescence, which makes them promising for
photocatalytic and photosensing applications.

The improved ZnS nanocrystal synthesis presented here was compared to conventional ZnS
nanocrystal synthesis protocols that utilize less reactive sulfur precursors and saturated fatty
compounds. This comparison demonstrates the importance of utilizing unsaturated coordinating

solvents and reactive sulfur precursors for improving ZnS nanocrystal yield and monodispersity,
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respectively. To further confirm the impact of these changes, two control experiments were
conducted, where the unsaturated coordinating solvents were replaced with saturated ligands to
compare the nanocrystal yield, and where the DPP:S was replaced with less reactive sulfur powder
to compare the polydispersity of the resulting product. These experiments clearly demonstrate that
utilizing DPP:S as the sulfur precursor increases the monodispersity of the ZnS nanocrystals, while
using unsaturated coordinating solvents increases the overall nanocrystal yield after cleaning and

purification.

4.2  MATERIALS AND METHODS FOR ZNS
4.2.1 Chemicals

Zinc acetate (99.99%), oleic acid (OLA, 90%), 1-octadecene (ODE, 90%), oleylamine (OAm,
70%), diphenylphosphine (DPP, 98%), sulfur powder (99.99%), zinc stearate (technical grade),
octadecylamine (99.8%), toluene (99.8%, anhydrous), ethanol (> 99.5%, anhydrous), methanol (>
99.5%, anhydrous), and chloroform (> 99%) were purchased from Sigma-Aldrich. Hexanes (>
98.5%), methanol (> 99%) and acetone (99.5%) were purchased from Fisher Scientific.
Preparation of 0.15 M diphenylphosphine:sulfur (DPP:S) was carried out by stirring 1.5 mmol of
DPP and 1.5 mmol of sulfur powder in 10 mL of anhydrous toluene overnight inside of a nitrogen-

filled glove box.

4.2.2  ZnS Nanocrystal Syntheses with Unsaturated Fatty Compounds

Cubic-phase ZnS nanocrystals were synthesized by modifying zinc selenide nanocrystal

)i 203

syntheses from Saeboe ef al.>* and Yu et al.>* Prior to synthesis, 0.2 M zinc oleate was prepared
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according to previously established procedures.?* Briefly, 1.1 g of zinc acetate, 3.8 mL of OLA,
and 21 mL of ODE were degassed three times at room temperature while stirring at 800 RPM
using standard Schlenk line methods. The mixture was then heated to 200°C under N2 until clear
and colorless, then held at 200°C for an additional 30 minutes. The temperature was then decreased
to 150°C and 4 mL of degassed OAm was injected. The zinc oleate solution was then cooled to
100°C and degassed for 30 minutes before being cooled to room temperature and transferred to a
nitrogen-filled glove box for storage.

For the growth of monodisperse ZnS nanocrystals, 6 mL of 0.2 M zinc oleate and 4 mL of
degassed ODE were degassed at room temperature at 600 RPM using standard Schlenk line
procedures. The mixture was then heated to 100°C and further degassed for 1 hour. Next, the
solution was cooled to 80°C and 2 mL of 0.15 M DPP:S in toluene were added, followed by 45
minutes of degassing to remove the toluene. The mixture was then heated to 210°C and held at
that temperature for 10 minutes. The heating mantle was then removed, and the flask was cooled
to room temperature before being transferred to the glove box. The nanocrystals were precipitated
by the addition of anhydrous ethanol/methanol and centrifugation, and were redispersed in clean
anhydrous toluene, which was repeated 3-4 times. The control experiments carried out with
elemental sulfur were performed by omitting the DPP:S and instead, adding 0.3 mmol (0.0096 g)
of sulfur powder to the reaction flask during setup. The experiments with excess oleic acid were
carried out using nearly identical procedures, except that 2 mL of oleic acid were injected after 5

minutes at the specified synthesis temperature.
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4.2.3  ZnS Nanocrystal Synthesis with Saturated Fatty Compounds and DPP:S
Control experiments carried out with saturated fatty compounds were performed by utilizing
the same reaction conditions as above, but replacing the initial precursors and ligands with 1.2
mmol (0.756 g) of zinc stearate, 2.5 mmol (0.682 g) of octadecylamine, and 8.4 mL of ODE, while
keeping the amount of DPP:S the same. These nanocrystals were precipitated by the addition of
ethanol/methanol and centrifugation, and were redispersed in clean hexanes, which was repeated
3-4 times. The nanocrystals were then precipitated by the addition of ethanol/methanol and

dispersed in toluene.

4.2.4  ZnS Nanocrystal Synthesis with Saturated Fatty Compounds and Sulfur Powder

Cubic-phase ZnS nanocrystals were synthesized via a modified version of the solvothermal

protocol from Srivastava et al.?"!

Typically, 0.063 g of zinc stearate, 0.016 g of sulfur powder, 0.8
g of octadecylamine, and 10 mL of ODE were degassed at room temperature for 15 minutes in a
250 mL round-bottom flask attached to a Schlenk line. The mixture was heated to 270°C under N2
while stirring at 1000 RPM and held under those conditions for 5 minutes. In a separate flask,
0.632 g of zinc stearate, 0.284 g of stearic acid, and 4 mL of ODE were mixed at room temperature,
and then slowly added to the hot flask containing the zinc stearate, sulfur powder, and
octadecylamine. The mixture was subsequently cooled to 250°C and held at that temperature for
30 minutes, followed by cooling to room temperature. The particles were precipitated via the
addition of acetone and centrifugation, followed by dispersion of the particles into chloroform,
which was repeated three times. The particles were then precipitated via the addition of methanol

and centrifugation, followed by dispersion of the particles into chloroform, which was repeated an

additional two times. The final particle dispersion was dispersed into hexanes and centrifuged
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several times to remove unreacted precursor. For additional experiments requiring size-selective
precipitation, size-selection was carried out through the addition of methanol, followed by

centrifugation and redispersion into hexanes.

4.2.5 Characterization

Transmission electron microscopy (TEM) images were collected using an FEI Tecnai G2 F20
Supertwin transmission electron microscope operating with an accelerating voltage of 200 kV.
Imagel] software was used to determine nanocrystal size distributions. Ultraviolet-visible
extinction measurements were collected using an Agilent Technologies Cary 60 UV-vis
spectrometer, with a 1-cm pathlength quartz cuvette. Photoluminescence spectroscopy, quantum
yield measurements, and photoluminescent lifetimes were collected using an Edinburgh-FLS1000
spectrometer equipped with a PMT-900 detector, with a 1-cm path length quartz cuvette. Absolute
quantum yield measurements were performed using an integrating sphere and photoluminescence
lifetimes were collected with a 405 nm pulsed diode laser attached to the Edinburgh-FLS1000
spectrometer. X-ray diffraction (XRD) measurements were carried out with a Bruker D8 powder
X-ray diffractometer with a Cu anode X-ray source and a Pilatus 100k large-area 2D detector.

Small-angle X-ray scattering (SAXS) data was collected using an Anton-Paar (Graz,
Austria) SAXSess X-ray scattering instrument at the University of Washington. The instrument
was operated in line-collimated transmission mode with a Cu-Ka source (wavelength of 1.54 A).
ZnS particles were dispersed in toluene and loaded into Charles Supper (Natick, MA, USA) quartz
capillaries (outer diameter 1.0 mm, wall thickness 0.01 mm) sealed with two-part epoxy. An Anton
Paar TCS 300 sample stage maintained the sample temperature at approximately 20°C, an Anton-

Paar 1D diode array detector was used to collect the scattering signal, and Anton-Paar SAXSQuant



64

software was used to clean and reduce the data, including solvent subtraction and scaling to
absolute intensity.

The SasView??® and sasmodels?%°

packages for Python 3 were used to fit the scattering data
and account for smearing that results from the line-collimation configuration. To extract the radius
of the ZnS cores, 7,,,., we utilized the fractal core-shell model.2>2°7-2%% The organic materials
located at the surface of the particle have minimal contrast with the solvent (toluene), and so the
scattering length density of the ‘shell’ and solvent, pgp.;; and pgorvent> respectively, were set equal
to one another. Therefore, the resulting model differs slightly from previously reported

205,209

models, and is summarized by the following equations:

1(Q) = scale * P(Q)S(Q) + background 4.1
d’ i (Q core)_Q core (Q core) 2
P(Q) = m [3Vcore (pcore - pshell) e (Qr;re)scos : (4-2)

DfT(Dg-1) sin[(Dp—1) tan™1(QQ)]
S@=1+—"1—T55—1 5/
(QTcore+shell)

1 2
[1+(QZ)2]

(4.3)

where @ is the scattering vector, I(Q) is the scattering intensity, scale is a scaling factor, ¢
is volume fraction of the scattering particles, V., is volume of the core, V,y,e4 snen 15 volume of
the core and shell, p.,. 1s the scattering length density (SLD) of the core, 7,p,e+snen 1S radius of
the “core-shell” particle, Dy is the fractal dimension, and { is the correlation length. Polydispersity
was added to the 7;,,.., term with a Gaussian distribution and PD of 0.2. The standard deviation of

the Gaussian distribution, o, is related to PD by:20-21

PD = (4.4)

Tcore
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4.3 RESULTS AND DISCUSSION

To synthesize reproducible and monodisperse ZnS nanocrystals, highly reactive DPP:S was
utilized as the sulfur source, while unsaturated coordinating solvents were employed to maximize
the nanocrystal yield after cleaning and purification (Figure 4.1c¢). This synthesis was compared to

1.,”°" which utilizes a less reactive sulfur

a previously established protocol from Srivastava, ef a
precursor and saturated ligands (Figure 4.1f). The comparison between the two protocols
emphasizes the large improvements that DPP:S and unsaturated coordinating solvents impart to
the monodispersity and yield of the ZnS nanocrystals, respectively. The critical impact of these
two parameters is further confirmed via control experiments carried out with sulfur powder and
saturated ligands, which will be discussed later in this section.

While the two syntheses utilize different reaction conditions (Figure 4.1c¢ and f), the overall
concentration of precursors is very similar for both experiments. For ZnS nanocrystals synthesized
with unsaturated coordinating solvents and DPP:S (ZnS-Unsaturated-DPP:S), 1.2 mmol of zinc
oleate, 2.5 mmol of oleylamine, 0.3 mmol of DPP:S, and 8.4 mL of ODE were utilized. For ZnS
nanocrystals synthesized with saturated ligands and sulfur powder (ZnS-Saturated-S), 0.1 mmol
of zinc stearate, 3 mmol of octadecylamine, 0.5 mmol of sulfur powder, and 10 mL of ODE were
initially heated, followed by the slow addition of 1 mmol of zinc stearate, 1 mmol of stearic acid,
and 4 mL of ODE.?*! The difference between these sets of precursors and ligands had a significant
impact on the efficiency of purification and overall nanocrystal yield. The easier separation of
unsaturated compounds resulted in a product yield of 68% for ZnS-Unsaturated-DPP:S after

purification, while the presence of solidified coordinating ligands led to a longer and more difficult

nanocrystal purification process and overall yield of 11% for ZnS-Saturated-S (Appendix A).
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While solvent-enabled improvements to the nanocrystal purification process impacted yield,

the difference in precursor reactivity greatly impacted the optical and physical properties of the
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Figure 4.1. a) Extinction, photoluminescence, b) diameter distribution, and c) precursors and
solvothermal synthesis conditions of ZnS nanocrystals produced using DPP:S and unsaturated
fatty compounds. Inset shows TEM images of the resulting ZnS nanocrystals at low and high
resolution. The high-resolution scale bar = 2 nm. d) Extinction, photoluminescence, ¢) diameter
distribution, and f) precursors and solvothermal synthesis conditions of ZnS nanocrystals
produced using sulfur powder and saturated fatty compounds. Inset shows TEM images of the

resulting ZnS nanocrystals.
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final nanocrystals. ZnS-Unsaturated-DPP:S nanocrystals were found to have a sharp and well-
defined 1S321Se excitonic extinction peak at 4.1 eV, indicting the presence of small, highly
monodisperse nanocrystals (Figure 4.1a). TEM confirms the monodispersity of the ZnS-
Unsaturated-DPP:S nanocrystals, which have an average diameter of 2.7 + 0.4 nm (Figure 4.1b).
TEM also indicates grouping of the ZnS-Unsaturated-DPP:S nanoparticles into 30-40 nm
aggregate clusters, which likely arises from a low surface coverage of short-chain ligands, as seen
in other nanocrystal systems where the degree of clustering can be tuned by the concentration of
ligands added post-synthesis.'®”?!! The ZnS-Unsaturated-DPP:S nanocrystals also exhibit
broadband visible-frequency luminescence, which is attributed to nanocrystal surface defects and

187,196—

vacancies. 198 Specifically, photoluminescence features centered around 2.7 — 2.9 eV (430 —

460 nm) have been previously ascribed to surface states, including surface vacancies and dangling
bonds, 185198212214 \which are often attributed to a low surface coverage of ligands in many
semiconductor nanocrystal systems.!?!>216 This assignment is supported by monitoring changes
to the photoluminescence spectra upon ligand addition, which shows a decrease in quantum yield
with the addition of 2 mL oleic acid after 5 minutes of growth at 210°C (Appendix A). Due to the
high reactivity of DPP:S, the ZnS-Unsaturated-DPP:S nanocrystals nucleate and grow rapidly,
followed by a period of slow growth. As similarly observed with lead sulfide nanocrystals, highly
reactive sulfur precursors generate small nanocrystals that can fully consume the reactants and
finish growing after only 1-2 minutes.?!” Similarly, after rapid nucleation and growth, the ZnS-
Unsaturated-DPP:S nanocrystals continue to grow very slowly over time, which is indicated by
the small redshift in the 1S321Se excitonic extinction peak over 15 minutes (Figure 4.2a). The

observation of only a minimal shift in peak position indicates that most of the precursors have been

consumed and that the nanocrystals are near their final diameter. Furthermore, the ZnS-
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Unsaturated-DPP:S nanocrystal synthesis is robustly consistent and reproducible, shown by the
uniform extinction spectra collected across multiple syntheses (Figure 4.2). In comparison, ZnS-
Saturated-S particles have a less well-defined 1S321Se excitonic extinction peak and several
additional peaks in the photoluminescence spectra, suggesting the presence of nanocrystals with
higher polydispersity Figure 4.1d). TEM imaging verifies the high level of polydispersity,
indicating a bimodal distribution of nanocrystals with 1.9 = 0.6 nm and 4.7 + 0.7 nm (Figure 4.1¢),

which may arise from the decreased

a
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= — 10 minutes reactivity of the sulfur precursor, resulting in
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g
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stearate and octadecylamine instead of zinc

oleate and oleylamine (Figure 4.3c). This
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control experiment was conducted to verify that the use of saturated ligands mainly decreases the
purified nanocrystal yield, and that the ligands do not have a large impact on the final size
distribution. As expected, the size of the nanocrystals remained the same, at 2.7 + 0.5 nm (Figure
4.3and b), and the presence of saturated fatty compounds made the separation process significantly
more difficult, resulting in a yield of only 2% (Appendix A). Since stearic acid, octadecylamine,
and the ZnS nanocrystals are all the same color (white) and are soluble/insoluble in similar
solvents, it is very challenging to separate these compounds, resulting in a low yield of purified

ZnS nanocrystals. In the second control experiment (ZnS-Unsaturated-S), an equivalent amount
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of sulfur powder replaced the DPP:S, while keeping the zinc oleate and oleylamine amounts
constant (Figure 4.3f). This control experiment was conducted to confirm that the low reactivity
of sulfur powder results in multiple nucleation events and nanocrystal polydispersity without
lowering the nanocrystal yield. In this case, the chemical yield was about the same, at 70%
(Appendix A), but the nanocrystals were significantly more polydisperse (Figure 4.3d and e),
confirming that the low reactivity of the sulfur powder results in more polydisperse nanocrystals
but does not reduce the chemical yield. Notably, both of these control experiments also exhibited
nanocrystal clustering, as observed during TEM analysis.

To further compare the ZnS syntheses, a size-selective precipitation was carried out on the
polydisperse ZnS-Saturated-S product, where the majority of the 1.9-nm-diameter nanocrystals
were removed, as well as some of the largest nanocrystals. The resultant size-selected ZnS-
Saturated-S nanocrystals had an average diameter of 4.2 + 0.7 nm, which was confirmed by both
TEM (Figure 4.3g and h) and SAXS (Figure 4.6b and d). After removal of the smallest

nanocrystals, the 1S321Se excitonic extinction peak was found to be better defined (Figure 4.4a)
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71

and the photoluminescence peak at 3.1 eV (400 nm) was observed to disappear (Figure 4.4b,

Appendix A), confirming that the poorly defined extinction features and multiple
photoluminescence peaks from the original ZnS-Saturated-S nanocrystal product were due to
polydispersity. ZnS-Saturated-DPP:S exhibited a similar 1S3/21Se excitonic extinction peak to the
ZnS-Unsaturated-DPP:S nanocrystals, confirming that both nanocrystal products synthesized
using reactive DPP:S precursor have the same average size (Figure 4.4a). ZnS-Unsaturated-S
exhibited a 1S321S. excitonic extinction peak that is slightly red-shifted, resulting from the larger
nanocrystals present in solution (Figure 4.4a). All four samples exhibited similar broadband near-
UV and visible photoluminescence, indicating large defect densities in the samples (Figure 4.4b).

The photoluminescence quantum yield of the ZnS-Unsaturated-DPP:S particles was found to be

double that of the ZnS-Saturated-S particles when excited at 290 nm, at 14.5% and 7.5%,
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respectively. The quantum yields of the ZnS-Saturated-DPP:S and ZnS-Unsaturated-S particles

were found to be 13.5% and 4%, respectively. The increased visible luminescence in ZnS-
Unsaturated-DPP:S and ZnS-Saturated-DPP:S is most likely due to their smaller nanocrystal
diameter and decreased surface passivation, resulting in a greater density of surface defects and
vacancies.?202%

Furthermore, the size of the ZnS-Unsaturated-DPP:S nanocrystals can be systematically tuned
by adjusting the reaction temperature of the synthesis, with excess oleic acid added after 5 minutes.
By increasing the temperature in 20°C increments, it was found that the diameter of the
nanocrystals could be adjusted by 0.3-0.5 nm per increment, resulting in nanocrystals with
diameters of 2.7 £ 0.4 nm, 3.0 =+ 0.4 nm, 3.5 = 0.5 nm, and 4.0 = 0.6 nm at 210, 230, 250, and
270°C, respectively (Figure 4.5¢-f). Because the exciton Bohr radius of ZnS is very small, at 2.5
nm,?? these sub-nanometer increases in diameter allow for significant red-shifting of the 1S321Sc
excitonic peak (Figure 4.5a). While all four samples exhibit broadband near-UV and visible
photoluminescence (Figure 4.5b), the quantum yields, ranging from 2.9 to 6.9%, are lower than
the ZnS-Unsaturated-DPP:S products without excess oleic acid, further indicating that the
broadband photoluminescence is dependent on ligand coverage and unbound surface sites.

SAXS measurements were also carried out in order to confirm the size distributions and
clustering characteristics of the ZnS-Unsaturated-DPP:S nanocrystals synthesized at 210°C
(Figure 4.6a and b). In SAXS, the scattering wave vector (Q) is inversely proportional to the size
of the nanocrystals, where features at high Q values indicate smaller length scales and low Q values
indicate larger ones. The SAXS profile of ZnS-Unsaturated-DPP:S displays a Guinier hump
around 0.13 A"!, while the Guinier hump of the size-selected ZnS-Saturated-S is around 0.08 A™!,

indicating smaller and larger nanocrystals, respectively. Interestingly, a second hump in the SAXS
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profile for ZnS-Unsaturated-DPP:S emerges around 0.02 A™!, indicating the presence of a structure
with a larger length scale, while ZnS-Saturated-S does not exhibit this feature. In a previous study
on clustered gold nanocrystals, a similar SAXS profile was observed, where a feature at high Q
indicated the size of the individual nanocrystals, while a second feature at low Q indicated
clustering of the gold nanocrystals.?!! The size of the nanocrystal clusters and intensity of the
feature at lower Q was directly dependent on the concentration of ligands present, where a smaller
amount of ligands resulted in larger clusters and a more pronounced SAXS feature at low Q.

Accounting for clustering, these profiles were modeled as described in Equations 4.1 - 4.4 to
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estimate the size distributions of both samples (Figure 4.6¢ and d), which were found to be in
agreement with the distributions measured via TEM. Given that ZnS-Unsaturated-DPP:S and ZnS-
Saturated-S have ligands with the same length and functional groups, this study suggests that the
clustering of the ZnS-Unsaturated-DPP:S nanocrystals arises from a lower concentration of ligands

on the surface.

4.4  CONCLUSIONS

In summary, by utilizing low-melting-point solvents and a highly reactive sulfur precursor,
monodisperse 2.7 £ 0.4 nm ZnS nanocrystals were synthesized with minimal purification steps.
By transitioning to lower melting point solvents and coordinating ligands, it is easier to separate
the desired nanocrystals from unreacted precursors and solvents, shortening cleaning steps and
resulting in a higher yield. The diameter of the ZnS nanocrystals is also dependent on the reaction
temperature, allowing for careful tuning of the band gap and absorption onset. Furthermore,
utilizing a one-pot system should enable a more scalable synthesis of ZnS nanocrystals, which is
ideal for commercial implementation and larger-scale production. This nanocrystal synthesis is
also highly repeatable due to the high reactivity of the DPP:S precursor, resulting in rapid
nanocrystal nucleation and growth. Lastly, the small-diameter ZnS nanocrystals produced through
this method exhibit nanocrystal clustering and broadband defect-based luminescence in the visible

and UV, making them a promising material for photocatalytic and photodetection applications.
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Chapter 5. IMPACT OF PRECURSORS AND SURFACE

CHEMISTRY ON INDIUM PHOSPHIDE SHELL GROWTH IN
STRAIN-ENGINEERED INDIUM PHOSPHIDE SPHERICAL
QUANTUM WELLS

Reproduced with permission from Royal Society of Chemistry, submitted for publication.

5.1 INTRODUCTION

The study of indium phosphide (InP) quantum dots (QDs) has become an important area of
research for generating non-toxic optoelectronic devices and fluorescent markers,'325-36-226-228
Compared to the more extensively developed cadmium selenide (CdSe) systems, InP QDs are a
significantly safer alternative??® with similar tunable emission across the visible spectrum.??”-23? In
efforts to make InP QDs a commercially viable option, different precursors and nanocrystal
morphologies have been studied in order to optimize photoluminescent and optical characteristics,
while utilizing low-cost precursors that have low reactivity under ambient conditions.?*232

One strategy that has been investigated to improve the photoluminescent properties of InP is
the use of strain engineering. In a traditional core/shell nanostructure, an emissive core is covered
with a wider band-gap protective shell with type I band alignment (e.g., InP/ZnS or InP/ZnSe).
While this outer shell is necessary to confine the exciton to the emissive core, thereby mitigating
the impact of surface-defect-related recombination, lattice mismatch between these two materials
can result in epitaxial strain and interfacial defects between the core and shell, resulting in

interfacial charge carrier trapping and decreased quantum yields.”*8! Strain engineering is a

potential strategy that can be used to alleviate this lattice mismatch, reducing defects at the
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interface and improving overall quantum efficiencies.”*#!>323¢ Strain engineering methods that
have been utilized in InP QDs include large-shell InP/ZnSe/ZnS and InP/ZnSe QDs,?***** alloying

1’74,81

of the emissive core and protective shel and the implementation of gradient shells.?** While

these structures have been shown to suppress blinking?** and improve photoluminescence (PL)

1

quantum yields,?">3¢ they have also resulted in broadened emission,®! which has also been

observed in other strain-engineered systems.”®>*’

Another approach to strain engineering in high-quantum-yield emissive materials is
through the implementation of a layered heterostructure known as a quantum well, where a narrow
band-gap emitter is layered between two or more wider band-gap substrates that impose a
symmetric strain profile that alleviates strain at the interface and improves overall device
performance. In these systems, if the emitting material is very thin—below a certain critical
thickness value—and is equally and oppositely strained by the epitaxial substrate on each side, the
lattice structure of the quantum well will remain coherent with the substrates, reducing strain at
the interfaces between the materials and enhancing the photoluminescent characteristics of the
heterostructure.®®%° While initially implemented in planar devices, researchers have worked to
port this strain engineering strategy to colloidal systems, applying the concept of the traditional
quantum well and its strain engineering strategies to a colloidal semiconductor nanocrystal in a
structure known as a spherical quantum well (SQW). In these systems, which were first explored
in the mid-90s with HgS," the emissive material is sandwiched between a wide bandgap core and
wide bandgap outer shell in an effort to reduce interfacial strain between each layer and improve
the overall photoluminescent properties of the nanocrystal heterostructure.’”#° In 2016, Jeong, et.

al. developed a set of CdSe SQWs comprised of a small CdS core substrate coated with a thin

epitaxial CdSe emissive shell, surrounded by a much larger CdS shell.}” When the thickness of the
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CdSe emissive layer was small enough, it became coherently strained and the lattice mismatch
between the CdS and CdSe was reduced, thereby alleviating interfacial strain and suppressing the
formation of interfacial defects. The combination of a thin CdSe shell, a large enough CdS shell,
and a well-confined type-I band alignment between the two materials facilitated minimization of
strain such that the quantum yields of the SQW structures approached 100% while maintaining
narrow emission linewidths.®” Similar nanostructures have also been studied for InP, where
researchers  investigated the growth of ZnSe/InP/ZnS  nanostructures utilizing
tris(trimethylsilyl)phosphine (TMS3P) as the phosphorus precursor.?>?3® Given that symmetry
with equal and opposite strain was critical to the improved photoluminescence in quantum wells,
further investigations into InP SQW structures, both with and without symmetry, would provide
further insight into the impact that substrate choice has on the photoluminescent characteristics of
these systems.

In addition to nanostructure morphology, the choice of phosphorus precursor has been a
significant area of interest for InP nanostructure syntheses. Phosphorus precursors that have been

P,25’203’238

investigated include TMS3 elemental phosphine (P4),* triarylsilylphosphines,** and

36.230.231 among others. In particular, both TMS3P and aminophosphines have

aminophosphines,
been of great interest due to their ability to generate InP QDs with high chemical and quantum
yields.?>3%226:241 While both of these precursors generate high-quality InP QDs, aminophosphines
are especially attractive due to their lower cost and low reactivity under ambient conditions. To
better understand the advantages of aminophosphines, researchers have been interested in
investigating the role that these precursors play in the synthesis of InP QDs. In 2016, Tessier et.

al. and Buffard et.al. studied the reaction mechanism of InP formation in aminophosphine-based

syntheses, demonstrating that primary amines, indium halides, and aminophosphines all play a
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critical role in the chemical reactions necessary for the nucleation of InP QDs.?*%*! Simulations
of the InP reaction mechanism from Laufersky et. al. further verified the roles that these three
chemicals play in InP QD synthesis.?*> While these investigations have been fundamental in
understanding the nucleation and growth of InP QDs, little research has been done into the impact
that these precursors have on the growth of InP shells onto other substrates. By utilizing the
spherical quantum well structure as a platform, further information about the importance of
precursors and primary amines on the growth of InP shells can be elucidated.

Herein, we investigate the synthesis of ZnSe/InP/ZnS, ZnS/InP/ZnS, and ZnSe/InP/ZnSe
nanostructures. In order to evaluate the role of precursor choice on InP shell growth, attempts were
made at SQW construction using TMS3P and tris(diethylamino) phosphine (TDAP) as phosphorus
precursors, as well as indium oleate (InOl3) and indium chloride (InCl3) as indium precursors. In
addition, we explore the critical role that surface chemistry plays on epitaxial growth from ZnS
core substrates and its impact on InP shell growth when using aminophosphines and indium
chloride. Our experimental evidence suggests that during InP shell growth with aminophosphines,
the presence of a primary amine and indium halide is necessary for successful and uniform

epitaxial shell growth.

5.2  MATERIALS AND METHODS

5.2.1 Chemicals

Tris(trimethylsilyl)phosphine (TMSs3P, 95%), tris(diethylamino)phosphine (TDAP, 97%), 1-
octadecene (ODE, 90%), and oleylamine (OAm, 70%) were purchased from Sigma-Aldrich.
Hexanes (> 98.5%), methanol (> 99%) and toluene (> 99%) were purchased from Fisher Scientific.

Prior to the syntheses, zinc oleate (ZnOlz), indium oleate (InOl3), indium chloride-oleylamine
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(InCI3-OAm), (sulfur-oleylamine) OAm-S, and (selenium-oleylamine) OAm-Se precursors were

synthesized (Appendix B).

5.2.2  InP Syntheses with TMS3P and Indium Oleate

Syntheses utilizing TMS3P were conducted via a modified version of the procedure from
Saeboe et. al.,*” where a 50-mL round-bottom flask was filled with 9 mL of ODE and 1 mL of
OAm. For experiments utilizing zinc chalcogenide core substrates, either ~160 nmol of ZnS
nanocrystals or ~350 nmol of ZnSe nanocrystals in toluene (Appendix B) were added to the flask.
For control experiments, no cores were added. Using standard Schlenk line procedures, the flask
was degassed for 15 minutes and then heated to 120°C under N2 while stirring at 500 RPM. The
mixture was then degassed for an additional 30 - 45 minutes to remove the toluene. The solution
was then heated to 150°C and 0.1 mL of 0.2 M indium oleate was slowly added, dropwise, to the
flask and allowed to react for 15 minutes. Next, 0.1 M TMS3P in ODE was added dropwise slowly
over 10 minutes. The flask was then heated to 178°C and held at that temperature for 20 minutes.
0.45 mL Then, 0.2 M zinc oleate was slowly added, dropwise, followed by heating to 220°C and
holding at that temperature for 20 minutes. Finally, 0.9 mL of 0.1 M OAm-S was slowly added,
dropwise, and left to anneal for 1 hour. The flasks were then cooled to room temperature. The
nanocrystals were precipitated by the addition of ethanol and centrifugation and were redispersed

in toluene — a process which was repeated 3-4 times.
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5.2.3  InP Syntheses with TDAP and Indium Oleate

In a 50 mL 3-neck flask, ~350 nmol of ZnSe nanocrystals in toluene, 4.5 mL of ODE, and
500 uL of OAm were degassed using standard Schlenk line procedures. Under N2, the flask was
heated to 120°C and degassed for 45 minutes while stirring at 500 RPM to remove the toluene.
The mixture was then heated to 220°C under N2 and 0.2 mL of 0.2 M zinc oleate was added,
dropwise, and left to react for 15 minutes. Then, 0.4 mL of 0.1 M OAm-Se was then added,
dropwise, and left to react for 20 minutes. Finally, 0.3 mL of 0.2 M zinc oleate was added and left
for an additional 15 minutes. For the InP injections, 100 uL of 0.2 M TDAP in ODE were added,
dropwise, and left to react for 20 minutes. Then, 100 uL of 0.2 M indium oleate were added,
dropwise, and left to react for 15 minutes. This was repeated 3 times for a total of 3 TDAP and 3
indium oleate injections. An additional 100 uL of 0.2 M TDAP were then added, dropwise, and
left to react for 20 minutes. For experiments where the amount of InP was increased, 200 uL
injections of TDAP and indium oleate were utilized, and a total of 9 injections were used instead
of 7. Here, 0.4 mL of 0.2 M zinc oleate were slowly added, dropwise, and held for 20 minutes, and
then 0.8 mL of 0.1 M OAm-S were slowly added, dropwise, and left to react for 20 minutes. Next,
0.5 mL of 0.2 M zinc oleate were slowly added, dropwise, and held for 20 minutes, and then 1 mL
of 0.1 M OAm-S was slowly added, dropwise, and left to react for 20 minutes. The flasks were
then cooled to room temperature. The nanocrystals were precipitated by the addition of ethanol

and centrifugation and were redispersed in toluene — a process which was repeated 3-4 times.

524  InP Syntheses with TDAP and Indium Chloride

For the synthesis of InP spherical quantum wells, a 50 mL round-bottom flask was filled with

4.5 mL of ODE and 0.5 mL of OAm. For experiments utilizing zinc chalcogenide cores, either
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~160 nmol of ZnS nanocrystals or ~350 nmol of ZnSe nanocrystals in toluene (Appendix B) were
added to the flask. For control experiments, no cores were added. Under N2, the flask was heated
to 120°C and degassed for 45 minutes while stirring at 500 RPM to remove the toluene. The
mixture was then heated to 220°C under Nz. For reactions utilizing zinc chalcogenide cores, 0.2
mL of 0.2 M zinc oleate were added, dropwise, and left to react for 15 minutes. For ZnS
nanocrystal cores, 0.4 mL of 0.1 M OAm-S were then added, dropwise, and left to react for 20
minutes. For ZnSe cores, 0.4 mL of 0.1 M OAm-Se were added, dropwise, and left to react for 20
minutes. For control reactions, the zinc oleate and chalcogenide injections were omitted. For the
InP precursor injections, 400 uL of 0.1 M InCl3-OAm in ODE were added, dropwise, and left to
react for 15 minutes. 600 uL of 0.2 M TDAP in ODE was then added, dropwise, and left to react
for 15 minutes. For ZnSe cores subjected to increased InP shell growth, this process was repeated
3 times for a total of 3 TDAP and 3 InCl3-OAm injections. Next, 0.4 mL of 0.2 M zinc oleate were
slowly added, dropwise, and held for 20 minutes, and then 0.8 mL of 0.1 M OAm-S were slowly
added, dropwise, and left to react for 20 minutes. Finally, 0.5 mL of 0.2 M zinc oleate were slowly
added, dropwise, and held for 20 minutes, and then 1 mL of 0.1 M OAm-S was slowly added,
dropwise, and left to react for 20 minutes. The flasks were then cooled to room temperature. The
nanocrystals were precipitated by the addition of ethanol and centrifugation and were redispersed

in toluene — a process which was repeated 3-4 times.

5.2.5 Characterization

Transmission electron microscopy (TEM) images were collected using an FEI Tecnai G2 F20
Supertwin transmission electron microscope operating with an accelerating voltage of 200 kV.

Imagel] software was used to determine nanocrystal size distributions. Ultraviolet-visible
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spectroscopy measurements were taken using an Agilent Technologies Cary 60 UV-vis
spectrometer, with a 1-cm pathlength quartz cuvette. Photoluminescence spectroscopy, quantum
yield measurements, and photoluminescence lifetimes were taken using an Edinburgh-FLS1000
spectrometer equipped with a PMT-900 detector, with a 1-cm path length quartz cuvette. Absolute
quantum yield measurements were carried out using an integrating sphere, and photoluminescence
lifetimes were taken with a 405 nm pulsed diode laser attached to the Edinburgh-FLS1000
spectrometer. X-ray diffraction (XRD) measurements were performed with a Bruker D8 powder
X-ray diffractometer with a Cu anode X-ray source and a Pilatus 100k large-area 2D detector.
FTIR spectra of the ZnS nanocrystals was obtained using a Bruker Alpha IR spectrometer
equipped with a platinum attenuated total reflectance (ATR) accessory and a diamond crystal
sampling module. Under a nitrogen atmosphere, the toluene nanoparticle dispersions were drop-
cast onto the surface of the ATR crystal, and the solvents were allowed to evaporate completely

before recording the spectra.

5.3 RESULTS AND DISCUSSION

To create an optimal SQW structure, the wide bandgap core and wide bandgap outer shell
materials must have low lattice mismatch and a well-confined type-I band alignment with the
emissive InP shell. To investigate ZnS and ZnSe as nanocrystal core substrates and outer shell
materials, lattice mismatch and band alignment with InP were assessed for both zinc chalcogenide
materials. Unstrained bulk InP has a lattice mismatch of 8.3% and 3.5% with ZnS and ZnSe,
respectively.?*? It is known that the interfacial strain within a quantum well heterostructure can be
minimized when the thickness of the emitting layer is below a certain critical thickness value, or

maximum allowable thickness, which is directly influenced by the lattice mismatch between the
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thin emissive layer and the surrounding wider band-gap materials.8*87-243244 When the thickness
of the emissive quantum well layer is below this critical thickness value, a coherent strain profile
across the heterostructure is possible, thereby minimizing strain-induced interfacial defects and

improving overall quantum efficiencies. This maximum allowable thickness of the emissive layer

can be estimated using the equation below, developed for planar quantum well devices:36-87-243
__|Bl(1-vcos?a) Ihel
hc "~ 2me(14+v)cosd (ln |B| + 1) (5.1)
where ¢ = lattice mismatch, v = Poisson’s ratio, h, = critical thickness, and
2 a®+ b?
costa = a2+ b%+c2 (5-2)
a
OSA= o (5.3)
Bl = 22 (FCO) (5.4)

where a, b, and c are the lattice parameters of the thin film material. Poisson’s ratio (v) was
estimated to fall between 0.25 and 0.4 for the materials under investigation, based on values found
in literature, 43246

Since InP has a much greater lattice mismatch with ZnS than ZnSe, the maximum allowable
thickness for a coherently strained InP thin film sandwiched between ZnS layers is only 1.5 + 0.4
nm, whereas the maximum allowable thickness of the emissive layer is 5.5 = 1.0 nm when ZnSe
is utilized as the surrounding material (Figure 5.1a and b). Given that these values are for a thin
film without curvature, the maximum allowable thickness of InP on a curved ZnS substrate would
likely be even smaller, indicating that it may be difficult to grow thick layers of epitaxial InP onto
the surface of ZnS. Looking at the bulk band alignment between zinc chalcogenides and indium

pnictides, InP is well confined by both ZnS and ZnSe, with both conduction and valence bands

having an offset larger than 0.6 eV.?*’ However, studies have shown that small InP/ZnSe
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nanocrystals do not exhibit quantum efficiencies as high as small InP/ZnS nanocrystals due to poor
exciton confinement by the ZnSe shell.?*®*8 This difference in band alignment should also affect
the photoluminescent characteristics of InP SQWs with thin emissive layers, decreasing the
quantum efficiencies of ZnSe/InP/ZnSe compared to ZnS/InP/ZnS. In addition, the thin film and

substrate must have crystallographic registry to facilitate epitaxial growth and minimize defects at
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Figure 5.1. Schematic of the maximum possible InP shell thickness for coherently strained InP
SQWs grown onto a) ZnS cores and b) ZnSe cores, based on the critical thickness values calculated
from Equations 5.1 — 5.4. The zoomed-in sections demonstrate the lattice mismatch between InP
and the zinc chalcogenide. ¢) Band alignment of zinc chalcogenides and indium pnictogens in
relation to the ZnS valence band. Interface between d) a hexagonal (HCP) ZnS and cubic (FCC)
InP crystal structures and e) two cubic (FCC) ZnS/InP crystal structures. Black dashed lines
highlight defects at the interface.
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the interface.*’

If the two materials have significantly different crystal structures (e.g., hexagonal
ZnS and cubic InP), high levels of strain and defects will be present at the interface. As seen in
Figure 5.1d, when cubic InP is interfaced with hexagonal ZnS, large concentrations of interfacial
defects are expected, as indicated by the vacancies shown between the atoms in the figure. On the
other hand, if the two materials have similar crystal structures, interfacial strain can be minimized,
and the density and size of the vacancies will decrease (Figure 5.1¢). Thus, when choosing the thin
film emissive layer and surrounding wide bandgap materials, choosing two materials that have the
same crystal structure is ideal. Since InP, ZnS, and ZnSe are most stable in a zinc blende crystal
structure,?*2%3 these materials should have well-matched crystallographic registry for epitaxial
growth. Synthesizing ZnSe/InP/ZnS, ZnS/InP/ZnS, and ZnSe/InP/ZnSe nanostructures provides a
template to study the impact that lattice mismatch and band alignment have on the structural and
photoluminescent properties of InP SQWs.

Several phosphorus and indium precursor combinations were tested to investigate the impact
of precursor choice on the growth of InP shells onto ZnS and ZnSe nanocrystal core substrates
(Figure 5.2). While previous studies have used TMS3P in attempts to synthesize
ZnSe/InP/ZnS,?**?38 our data shows that the high reactivity of this precursor also results in the
simultaneous nucleation of indium phosphide nanocrystals as a byproduct. Our first attempts to
grow ZnSe/InP/ZnS, ZnS/InP/ZnS, utilized TMS3P and InOls as the InP precursors. However, it
was found that all of these samples exhibited PL spectra, photoluminescence excitation (PLE)
spectra (Figure 5.2a), and extinction spectra (Appendix B) that were nearly identical to the spectra
obtained from control reactions carried out in the absence of zinc chalcogenide substrates,
indicating that the predominant luminescent structures in these reactions likely correspond to

conventional InP/ZnS core-shell QD byproducts. In addition, the matched optical properties to the
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InP/ZnS control indicates nucleation of InP in solution, as opposed to epitaxial growth on the wide
bandgap core substrates, with the photoluminescence originating from InP/ZnS nanocrystals in all
cases. Epitaxial growth of InP shells was also attempted by increasing the number of injections
and decreasing the concentration of TMS3P by 10-fold, but InP/ZnS QDs were nucleated under
these conditions as well. While it was apparent that TMS3P was too reactive to prevent the
nucleation of isolated InP QDs, it is unclear by the optical properties alone as to whether
ZnS/InP/ZnS and ZnSe/InP/ZnS were also grown.

As an alternative strategy, the use of aminophosphines as the phosphorus precursor was also

investigated, with TDAP paired with either InOl3 or InCls both tested as InP precursor pairings.
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Figure 5.2. PL and PLE spectra of products obtained after attempted SILAR growth of InP/ZnS
using a) InOls and TMS3P and b) InOls and TDAP as InP precursors. PL and PLE spectra of c)
ZnS/InP/ZnS nanocrystals and d) ZnSe/InP/ZnS nanocrystals using InCl3 and TDAP as InP
precursors. The legends in panels ¢ and d illustrate the structures that were formed in each synthesis.
Quantum yield measurements were collected using an excitation wavelength of 390 nm.
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For the case of TDAP and InOls, only ZnSe/InP/ZnS nanostructures were investigated, using two
different quantities of InP precursors. With the utilization of these precursors, the PL and PLE
spectra also remained largely unchanged even when tripling the amount of TDAP and InOl3
(Figure 5.2b). In addition, the extinction spectra did not change with the increase in precursor
quantity and had a similar absorption edge and first excitonic peak as the initial ZnSe nanocrystal
cores (Appendix B), indicating very little growth of InP onto the ZnSe cores. In contrast,
nanostructures grown with TDAP and InCls exhibited very different results, where ZnS/InP/ZnS
and ZnSe/InP/ZnS nanostructures with different InP shell thicknesses exhibited very distinct
photoluminescence and extinction spectra (Figure 5.2c¢ and d, Appendix B), suggesting the
successful growth of InP SQWs. In addition, the extinction, PL, and PLE spectra of InP/ZnS QD
control syntheses were found to be markedly different from the distinct photoluminescence data
obtained from the SQW structures, indicating minimal levels of InP QD byproducts or undesired
nucleation of ZnS nanocrystals (Appendix B). These results suggest that the presence of an
aminophosphine and indium chloride is necessary for the successful growth of epitaxial InP shells
while having low enough reactivity to inhibit the isolated nucleation of InP QDs.

In order to compare the impact of structural symmetry, lattice match, and band alignment on
the photoluminescent properties of the InP SQWs successfully synthesized using TDAP and InCls,
ZnS and ZnSe nanocrystal cores with similar size distributions and average diameters of ~ 3 nm
were utilized as SQW growth substrates (Appendix B). The resulting photoluminescence spectra
of the ZnS/InP/ZnS SQWs were found to have two distinct peaks at 525 nm and 620 nm, likely
corresponding to band-edge luminescence and defect-based emission (Figure 5.2c). The observed
defect-based luminescence most likely arises from the large lattice mismatch between InP and ZnS

and the expected resultant interfacial defects. Despite the presence of these defects, the
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ZnS/InP/ZnS SQWs still had a photoluminescence quantum yield (PLQY) of 10.5%. When

attempts were made to increase the thickness of the InP layer by adding 3 times the amount of InP
precursors, no significant changes were seen in the PL, PLE, or extinction spectra (Appendix B),
suggesting that the strain within the ZnS/InP system is too large to facilitate the growth of anything

beyond a thin InP shell onto the ZnS particle substrates. The PLE spectrum also exhibits a distinct

Figure 5.3. TEM of InP SQWs synthesized with TDAP and InCls: a) ZnS, b) ZnS/InP, c)
ZnS/InP/ZnS, d) ZnSe, ) ZnSe/1XInP, f) ZnSe/1XInP/ZnS, g) ZnSe, h) ZnSe/3XInP, and 1)
ZnSe/3XInP/ZnS. Insets show high-resolution images of individual nanocrystals (inset scale
bar = 1.5 nm).
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dip from 300 to 325 nm, which corresponds to the absorbance on-set of small ZnS nanocrystals.'®

The absence of this feature in the intermediate data collected on the ZnS/InP nanocrystals prior to
outer shell growth (Appendix B) and the wavelength at which this onset appears suggests the
nucleation of ZnS particles during outer shell growth in this system. TEM characterization of the
ZnS/InP/ZnS product can be seen in Figure 5.3a-c. TEM analysis carried out on aliquots of the
structures collected throughout the synthesis process shows the steady growth of the spherical
quantum well, with 3.0 + 0.4 nm ZnS nanocrystals cores and 3.5 + 0.5 nm ZnS/InP structures with
0.25 nm thick InP shells (Figure 5.3a and b). The TEM images also show a final nanostructure size
of 3.5 £ 0.6 nm, which is likely a combination of larger ZnS/InP/ZnS SQWs and smaller ZnS
nanocrystal byproducts. In contrast, ZnSe/InP/ZnS SQWs were successfully grown with two
different InP layer thicknesses, with 1X and 3X the amount of InP precursors added during
synthesis. However, these SQWs exhibited quantum efficiencies of less than 0.5%. TEM analysis
of the structures shows that ZnSe/1XInP/ZnS resulted in a 0.25-nm-thick InP shell and a 0.15-nm-
thick ZnS outer shell, similar to the very thin outer layers observed in the ZnS/InP/ZnS SQWs
(Figure 5.3e and f). Upon tripling the amount of InP precursors, ZnSe/3XInP/ZnS resulted in a
0.4-nm-thick InP Shell and a 0.15-nm-thick ZnS outer shell (Figure 5.3h and 1). Given the similar
size of the ZnS/InP/ZnS and ZnSe/1XInP/ZnS SQWs, the difference in quantum yield implies that
the symmetry of the ZnS/InP/ZnS SQWs resulted in a significantly higher quantum efficiency
compared to the asymmetric ZnSe/InP/ZnS SQWs. Despite an increase in lattice mismatch
between the ZnS and InP, the symmetric architecture most likely resulted in a symmetric strain
profile within the nanostructure and improved the overall quantum efficiencies. Growing a larger
outer shell should further decrease strain at the interfaces, increasing the PLQY and further

reducing the intensity of the defect-based luminescence. To further study the impact of symmetry
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and band alignment, ZnSe/InP/ZnSe SQWs were also grown (Appendix B); however, these

nanostructures did not exhibit any detectable photoluminescence. This is most likely due to the
poor band alignment between the thin InP layer and the outer ZnSe shell, resulting in reduced
confinement and a low quantum yield, which has also been observed in small green-emitting
InP/ZnSe nanocrystals.?*

To analyze the structural properties of the nanostructures, XRD characterization of the
ZnSe/InP/ZnS, ZnS/InP/ZnS, and InP/ZnS samples synthesized with TMS3P/InOl3; and
TDAP/InCl3 was performed (Figure 5.4, Appendix B). Each of the InP SQWs synthesized with
TDAP and InCls exhibited slight shifts in peak position and lattice parameter that would be
expected upon shell growth. After InP shell growth, the (220) reflection of the zinc chalcogenide
nanocrystal substrate shifts to a slightly lower angle, toward the expected (220) peak position of
InP. After ZnS outer shell growth, the (220) reflection shifts back to a higher angle, toward the
expected (220) peak position of ZnS (Figure 5.4a). These same shifts in peak position can be seen
in the (111) and (311) XRD peaks as well (Appendix B). This shifting is typical in InP/ZnS and
InP/ZnSe structures after shell growth,??623%24% corresponding to slight changes in lattice
parameter that are the result of interfacial strain, and are also observed in the CdS/CdSe/CdS SQWs
developed by Jeong et. al,¥’ further confirming that InP and ZnS shells have successfully been
grown onto the wide-band-gap zinc chalcogenide nanocrystal substrates. In contrast, the XRD
profiles of the InP nanostructures synthesized with TMS3P and InOls look very different. In
particular, the XRD profile of the attempted ZnS/InP/ZnS structures exhibit peaks corresponding
to both ZnS and InP/ZnS QDs. This is particularly evident for the (220) plane, where peaks at
44.6° and 47.6° can be seen (Figure 5.4b). The 44.6° peak directly matches with the (220) feature

of the InP/ZnS control, while the 47.6° reflection matches the (220) feature of the ZnS cores,
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suggesting the presence of both InP/ZnS and ZnS nanostructures, without any indication of

ZnS/InP/ZnS SQWs. Secondary peaks and broad shoulders can also be seen for the (111) and (311)

planes (Appendix B). For the attempted growth of ZnSe/InP/ZnS, the (220) peak is wider,
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Figure 5.4. a) Shifting of the (220) XRD peak of InP SQWs synthesized with TDAP and InCls.
b) Shifting of the (220) XRD peak of attempted InP SQWs synthesized with TMS3P and InOls.
Diagrams show the structures at each step in the synthesis process, from cores to shelled
nanostructures.
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appearing to correspond to two peaks overlapping with one another. In particular, the
ZnSe/InP/ZnS and InP/ZnS peaks happen to overlap significantly, at 44.6° and 45.3°, respectively,
making it difficult to distinguish between the two. Peak overlaps are also present for the (111) and
(311) planes, but broad shoulders from InP can still be seen for these peaks as well (Appendix B).
Unlike the samples with ZnS cores, the shifting of XRD peaks in this sample indicates that both
InP/ZnS and ZnSe/InP/ZnS are present. The combination of this XRD analysis with the identical
photoluminescence and extinction spectra obtained for samples synthesized with TMS3P strongly
supports that InP nanocrystals have indeed been nucleated in each of these syntheses.

While these precursor investigations confirmed that TDAP and InCls together were necessary
to grow InP SQWs, additional analysis is needed to investigate the importance of primary amines
on successful InP shell growth. In all cases discussed thus far, the wide band-gap nanocrystal
substrates were dispersed in oleylamine, but the significance that the surface chemistry of the
underlying zinc chalcogenide nanocrystal substrate has on the growth of InP shells is unclear. To
further understand the importance of primary amines on the InP shell growth process, a ligand
exchange was carried out on an aliquot of the ZnS nanocrystal substrates in order to study the
impact that surface chemistry has on the growth of InP shells. Growth of InP SQWs was then
attempted on ZnS cores with two different sets of surface chemistries, oleic-acid-capped ZnS and
oleylamine-capped ZnS (Figure 5.5a and b), which was confirmed via attenuated total reflectance
Fourier-transform infrared (ATR-FTIR) spectroscopy (Figure 5.5¢ and f). Since oleylamine and
oleic have identical alkene chains, both FTIR spectra exhibit peaks corresponding to symmetric
methyl CH bending at 1377 cm™ and 1406 cm™!, antisymmetric methyl CH bending at 1457 cm™,
methylene CH bending at 1466 cm’!, and symmetric and antisymmetric alkyl CH> stretching at

2860 cm™ and 2920 cm™!, respectively.!3>136254255 Additional small fingerprints from the aliphatic
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carbon chain can be seen from 1100-500 cm™', including methylene rocking, C-H in- and out-of-
plane bending, and C-C stretching.!3¢2% The FTIR spectrum of the oleylamine-functionalized ZnS
nanocrystals exhibits an amine NH stretching band from 3350 to 3100 cm™ and a peak
corresponding to aliphatic amine CN stretching at 1080 cm™. In addition, the ZnS-Oleylamine

spectrum shows a peak from secondary amine NH bending at 1569 ¢cm™, instead of a primary
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Figure 5.5. Schematic of a ZnS nanocrystal with a) oleic acid and b) oleylamine surface
functionalization. PL and normalized PLE spectra of ZnS/InP/ZnS synthesized using ZnS cores
with c) oleic acid and b) oleylamine surface functionalization. e and f) ATR-FTIR of ZnS
nanocrystals before (oleic acid, pink) and after (oleylamine, blue) ligand exchange.
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amine NH bend at 1650-1590 cm’!, indicating full deprotonation of the oleylamine ligands.'362%

Similarly, the FTIR spectrum of oleic acid-functionalized ZnS nanocrystals does not display a
carboxylic acid peak at 1700-1725 cm’!, but instead exhibits symmetric and antisymmetric
carboxylate (COQO") stretches at 1437 c¢cm” and 1560 cm’, respectively, indicating full
deprotonation of the oleic acid ligands.'*®?** Additional small peaks from C-O stretches can be
seen from 1000 to 1100 cm™.

When the ZnS cores had an oleic acid surface termination, after attempted InP and ZnS shell
growth, the resultant PL spectra were observed to have several peaks and the normalized PLE
spectra collected at several different emission wavelengths did not align (Figure 5.5¢). These

features are typical of multi-population or heterogenous systems,?’ 2%

indicating that the oleic-
acid-terminated ZnS nanocrystal substrates resulted in multiple populations or non-uniform
growth of the InP. In stark contrast, when ZnS nanocrystals with oleylamine ligands were used,
the photoluminescent characteristics of the resultant materials were significantly more uniform
(Figure 5.5d). The PL spectra exhibited two distinct peaks relating to band-edge luminescence and
defect-based emission, and the normalized PLE spectra collected at several different emission
wavelengths were nearly identical, indicating that the entire PL spectrum can be attributed to a
single nanocrystal population. Therefore, it is clear that the presence of oleylamine on the surface
of the ZnS nanocrystal substrate is critical to the successful homogenous epitaxial growth of InP

shells — an observation that is likely to be very important for future studies into these material

systems.
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5.4 CONCLUSIONS

In summary, we have investigated the impact that precursors, surface chemistry, and wide-
band gap substrate choice have on the structural and photoluminescent properties of InP SQWs.
Our studies indicate that TMS3P is too reactive for the successful growth of InP shells without
concurrently nucleating InP nanocrystal byproducts, while the combination of TDAP and InOl3 is
not reactive enough for sufficient growth of InP. Similar to the nucleation of InP nanocrystals with
aminophosphines, utilizing indium halide and a primary amine was found to be necessary for the
InP shelling process. Furthermore, oleylamine surface chemistry was found to be necessary for the
successful growth of uniform InP shells onto wide-band-gap ZnS nanocrystal substrates. Despite
the large lattice mismatch between ZnS and InP, ZnS/InP/ZnS SQWs exhibited higher quantum
efficiencies than ZnSe/InP/ZnS and ZnSe/InP/ZnSe, indicating that both structurally symmetric
strain profiles and well-confined type-I band-alignment are necessary to minimize strain and
improve the photoluminescence properties in these spherical quantum-well systems. With further
development, InP SQWs are promising candidates as low-toxicity and high quantum yield
emitters. While this work focuses on the impacts of precursors, strain, wide-bandgap substrate
choice, and substrate surface chemistry, future work will involve the synthesis and characterization
of InP SQWs with larger shells in order to optimize and improve these nanostructures. Moreover,
the insight gained through these studies provides valuable information for creating successful
SQW architectures with different types of quantum-well emitters and wide-band substrates, such

as InAs for near-infrared applications or zinc chalcogenides for applications in the near-UV.



98

5.5 AUTHOR CONTRIBUTIONS AND ACKNOWLEDGEMENTS

5.5.1 Author Contributions

BPB and VCH designed the nanocrystal syntheses. BPB synthesized the nanocrystals and
performed structural and optical characterization experiments, and we thank Benjamin Rinn and
Kenny Andre for assisting with these efforts. We also thank Beth Mundy and Prof. Brandi Cossairt
from the Department of Chemistry at the University of Washington for their expert input into this
project. We thank Christian Erickson for assisting BPB with measuring photoluminescence
quantum yields. We thank Samantha Young for assisting BPB with XRD measurements and
analysis. BPB performed the FTIR analysis, and we thank Dr. Alexandra Velian for use of her
FTIR spectrometer. We thank Soohyung Lee for assisting BPB in TEM characterization of the
nanostructures. BPB performed all statistical analysis and structural and optical characterization.

VCH directed the research. BPB and VCH wrote and revised the manuscript.

5.5.2  Acknowledgements

This research was partially supported by the U.S. National Science Foundation through the
UW Molecular Engineering Materials Center (MEM-C), a Materials Research Science and
Engineering Center (DMR-1719797). Part of this work was conducted at the Molecular Analysis
Facility, a National Nanotechnology Coordinated Infrastructure (NNCI) site at the University of
Washington, which is supported in part by funds from the National Science Foundation (awards
NNCI-2025489, NNCI-1542101), the Molecular Engineering & Sciences Institute, and the Clean

Energy Institute.



99
Chapter 6. CONCLUSIONS AND FUTURE DIRECTIONS

6.1 CONCLUSIONS

In summary, several advances have been made in making nanocrystals more viable for clinical
and commercial studies. Each study has investigated and developed processes that will enhance
research studies, make nanocrystals less toxic, or enable a more streamlined synthesis process for

scalable and repeatable nanocrystal syntheses.

6.1.1 Surface Functionalization of Fluorescent Nanocrystals for Biological Imaging

Cadmium selenide/cadmium sulfide quantum dots were utilized to study the impact of surface
chemistry on the stability, toxicity, and cellular uptake in biologically relevant fluids, ex vivo brain
slices, and in vivo mouse models. This study demonstrated the importance that the testing model
had on the outcome and references between three different surface chemistries (QD-PEG-OH, QD-
PEG-OMe, and QD-MPA). Overall, the quantum dots functionalized with mercaptopropionic acid
(MPA) demonstrated higher photoluminescence stability, but higher levels of aggregation,
increased toxicity, and decreased cellular uptake in the brain. In comparison, the quantum dots
conjugated with polyethylene glycol (PEG) were significantly more stable, less toxic to cells, and
exhibited higher cell uptake. While QD-PEG-OH demonstrated some nanocrystal aggregation, it
still resulted in high cellular uptake and the lowest cytotoxicity. This study also demonstrated that
the fluids and concentrations used in models, as well as the type of model, can greatly impact the
behavior of the quantum dots. These results provide increased information to researchers on how
to develop their models for quantum dot studies, as well as demonstrates the positives and

negatives that surface chemistry can have in a biological system.
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6.1.2  Sonochemical Synthesis of Fluorescent Semiconductor Quantum Dots and Magic-size

Clusters

Sonochemistry was used to synthesize cadmium selenide quantum dots and magic-sized
clusters. Notably, the synthesis was conducted entirely in ambient conditions with standard
equipment, specifically ultrasound, which is drastically more scalable and accessible than typical
hot-injection or solvothermal syntheses. Through a single-phase system, where just quantum dot
precursors were sonicated, quantum dots were grown that slowly increased in size with longer
sonication times. In contrast, when an emulsion-based system was used, where the quantum dot
precursors were mixed with ethylene glycol to create an emulsion, magic-sized clusters were
generated where the concentrations of MSCs increased with longer sonication times. After long
periods of sonication, the concentration of these MSCs dropped and larger QDs began to grow,
suggesting that MSCs acted as precursors to the larger CdSe QDs. These MSCs exhibited quite
high quantum yields compared to previous studies, at ~35%. In addition, the sonochemistry was
shown to be entirely dependent on active sonication time. When the sonication was turned on, the
concentration of MSCs increased, and when the sonication was turned off, the concentration of
MSCs remained the same. This sonochemistry system greatly streamlines the synthesis of
nanocrystals and MSCs, provides a cheap and scalable platform for generating nanocrystals, and
allows researchers to pinpoint exact nanocrystal sizes by turning off sonication at the exact size or

concentration needed.
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6.1.3  Highly Repeatable One-Pot Synthesis of Monodisperse Zinc Sulfide Nanocrystals with
Broadband Near-UV and Visible Emission

Monodisperse zinc sulfide nanocrystals were generated through a highly repeatable one-pot
solvothermal synthesis. A highly reactive sulfur precursor was used to enable rapid nucleation of
nanocrystals and subsequent growth of monodisperse nanocrystals, which was consistent over
several nanocrystal syntheses. Controls with sulfur powder demonstrated that polydispersity was
dependent on the precursor reactivity in the system. Using unsaturated fatty compounds, oleic acid
and oleylamine, as ligands made the nanocrystal purification process faster and produced a high
yield compared to syntheses with saturated fatty compounds, stearic acid and octadecylamine. All
nanocrystals generated also exhibited broadband near-UV and visible surface state emission,
which indicates a high number of surface defects. The diameter of the ZnS nanocrystals could also
adjusted via the reaction temperature, allowing for controllable tuning of the nanocrystal bandgap.
In addition, the nanocrystals demonstrate clustering of the small nanocrystals into 30-40 nm
clusters. Since previous studies have shown that high defect and clustered ZnS nanocrystals are
beneficial for catalysis and photocurrent generation, this protocol allows for high yield synthesis
of ZnS nanocrystals with advantageous attributes for charge-transfer applications and minimized

processing steps for purification.

6.1.4  Impact of Precursors and Surface Chemistry on Indium Phosphide Shell Growth in
Strain-Engineered Indium Phosphide Spherical Quantum Wells

The spherical quantum well has been utilized to study the impact of precursors and surface
chemistry on the growth of InP shells onto zinc chalcogenides. This material system is desired for

their low toxicity, especially in comparison to currently used nanocrystal systems that emit in the
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visible spectrum. Moreover, these structures are advantageous for minimizing strain at the
interfaces of shelled nanocrystal heterostructures, increasing quantum yields and maintaining
narrow bandwidths. The study indicated that the use of highly reactive tris(trimethylsilyl)
phosphine results in the nucleation of InP nanocrystals, while using less reactive
tris(diethylamino)phosphine ~ prevented  this  undesired  nucleation. = Furthermore,
tris(diethylamino)phosphine, indium chloride, and oleylamine were all necessary for indium
phosphide shell growth into zinc sulfide and zinc selenide nanocrystals. Interestingly, in zinc
sulfide nanocrystals, having oleylamine present was not sufficient for consistent growth. Rather,
an oleylamine surface chemistry was necessary for the uniform epitaxial growth of the InP onto
the ZnS cores. This study also demonstrated the importance of band alignment and symmetry in
these spherical quantum well systems. The impact of symmetry was revealed by comparing
ZnSe/InP/ZnS and ZnS/InP/ZnS nanostructures. Despite having a higher lattice mismatch between
InP and ZnS, ZnS/InP/ZnS exhibited higher quantum efficiencies, showing that symmetry is
necessary for relaxation of strain within the spherical quantum wells. In addition, ZnSe/InP/ZnSe
did not exhibit any detectable emission, indicating that the bands alignment between InP and ZnSe
is not effective at localizing excitons to the InP shell, resulting in decreased quantum yields.
Understanding these aspects of the system provides important information for designing and

generating uniform InP spherical quantum wells with increased band-edge emission in the future.

6.2 FUTURE DIRECTIONS

6.2.1 Sonochemical Synthesis of Doped Quantum Dots and Magic-Size Clusters

As an extension of the sonochemical synthesis of cadmium selenide quantum dots, this system

will be used in attempt to dope CdSe QDs and MSCs. The extreme temperatures and pressures in
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a highly localized location allows for rapid precursor degradation and nanocrystal growth. We
hypothesize that these conditions will facilitate the incorporation of dopants into the nanocrystals,
and more so, that the extreme conditions could incorporate dopants that haven’t previously been
incorporated into CdSe before. Furthermore, this system could be extended to additional material
systems outside of CdSe.

Recently, the Pozzo Lab (Chemical Engineering) and the Peek Lab (Human Centered Design
& Engineering) at the University of Washington developed a high-throughput automated system
for sonicating up to 120 samples in succession. This platform will allow for extensive exploration
into the sonochemical synthesis of quantum dots and magic-sized clusters. Utilizing this automated
system will allow for the testing of a large range of variables, including sonication power,

sonication time, concentrations of precursors and dopants, and types of nanocrystals and dopants.

6.2.2  Optimization and Further Investigation into the Indium Phosphide Spherical Quantum
Well

To understand and optimize the InP spherical quantum well system, the impact of shell
thicknesses should be studied in more depth. The thickness of the InP and outer zinc chalcogenide
shells in ZnS/InP/ZnS, ZnSe/InP/ZnSe, and ZnSe/InP/ZnS structures should be investigated to
understand its impact on the InP photoluminescent quantum yields, linewidths, and blinking. We
hypothesize that increasing the outer zinc chalcogenide shell should enhance the band-edge
emission of the InP, while decreasing interfacial and surface-state defect emission. Based on
previous spherical quantum wells, this should also maintain narrow bandwidths and decrease

blinking in these systems.
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Besides the architectures themselves, the precursors and solvents used for making these
nanostructures should also be studied. Since InP is extremely sensitive to water and oxygen, even
under ambient and low-temperature conditions, care must be taken to prevent the presence of
oxygen.'%112:260 Tn 2010, Cros-Gagneux, et al. demonstrated that using carboxylates during the
synthesis of InP NCs can result in ketonization of the carboxylic acids, leading to the formation of
water and oxidation at the surface of the nanocrystals and subsequent charge carrier traps.'!! Since
the current synthesis for InP SQWs uses several precursors containing carboxylic acids, the
presence of these materials could result in the formation of oxidative species and prevent the
formation of a high-quality SQW interface. The presence of oxidative species could also disrupt
the strain-relaxation in the SQWs, resulting in lower quantum efficiencies. If problems arise with
achieving higher quantum yields in these InP SQWs, alternative precursors and solvents that do

not have carboxylic acids or other oxygen-containing species will need to be tested.

6.2.3 Extension of the Spherical Quantum Well into New Material Systems

In addition to optimizing the indium phosphide spherical quantum well, this system can also
be explored for other material sets. For example, alloyed InZnP/ZnMgSe/ZnS nanocrystals have
been studied and have shown promise for generating tunable visible spectra emission with
relatively narrow photoluminescence bandwidths.®? Extending this nanostructure further and
generating InZnP/ZnMgSe/InZnP could utilize two different strain-engineering techniques,
alloying and the spherical quantum well, to reduce interfacial defect emission, increase quantum
efficiencies, and maintain narrow emission bandwidths. Furthermore, this system could be
extended to materials that emit in the near infrared. One promising material for this application is

InAs, which Bruns, et al. showed could be tuned throughout the NIR window with quantum yields
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up to 30% when capped with CdSe and ZnSe shells.!'® While InAs is more toxic than InP, InAs

has a much higher tunability throughout the NIR window than InP. For InAs SQWs, InAs and
ZnTe have good band alignment,?*” as well as nearly identical lattice parameters, making these

materials advantageous for a future NIR SQW.
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APPENDIX A. CHAPTER 4 SUPPLEMENTAL INFORMATION

Al. Additional Characterization of ZnS Nanocrystals

Al.1. Calculating Percent Reaction Yield of ZnS Nanocrystals
The theoretical yield of ZnS nanocrystals was based on the synthesis protocols and the

limiting reagent in the system:
me = Mg ¥ MWzps
Where M, is the moles of the limiting reagent, MW, s is the molecular weight of bulk ZnS, and
m, is the theoretical yield in grams. The yields from the two different syntheses were calculated
using Beer’s Law:
A= €lC

Where A is the absorbance, € is the extinction coefficient of ZnS in M!ecm™, [ is the optical
pathlength in cm, and C is the concentration of ZnS nanocrystals in the dispersion in mol/L. The
optical pathlength [ was 1 cm, and € was assumed to be 3.3 x 10° M 'cm™' at an absorption
wavelength of 305 nm based on previous data of 2.9 nm ZnS nanocrystals.?®! The concentration
was then adjusted based on the dilution of the ZnS nanocrystals used for absorbance

measurements, and the concentrated nanocrystal concentration (Cy) was calculated:

C * VDilution
Ve

Cne =

Where Vpilution 1S the total volume of the diluted nanocrystals and V¢ is volume of concentrated

nanocrystals added.
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Once the concentration of nanocrystals was calculated, the total milligrams of ZnS nanocrystals

were calculated:

4

Myc = (5)“7”3* Cnc * Nyxp* Vp

Where r is the nanocrystal radius, N4 is Avogadro’s number, p is the bulk density of ZnS, and

Vr is the total volume of nanocrystal dispersion collected after synthesis. For the bimodal

distribution in ZnS-Saturated-S, the concentration of nanocrystals was assumed to be a 3:1 ratio

of 1.9-nm:4.7-nm diameter particles.

Table Al: Summary of the theoretical and calculated yields of the ZnS syntheses with varying

synthesis protocols

Total
. | Limiting \% (7 m; | Absorbance | Dilution Cne Vr mnc .
ZnS Synthesis Reagent | (mmols) | (mg) | at 305 nm Level (mM) | (mL) (mg) ‘({,l;l)d
(1]
ZnS-Sat.,
Sulfur — Sulfur 0.5 48.7 0.327 70x 0.069 2 5.56 11
270/250 C
ZnS-Sat,
DPPS - 210 C Sulfur 0.3 29.2 0.0795 30x 0.007 2 0.379 2
ZnS-Unsat.,
Sulfur — 210 C Sulfur 0.3 29.2 0.4018 300x 0.366 2 18.6 70
ZnS-Unsat. Sulfur 03 | 292 0.213 300x | 0.194 | 4 19.7 68

DPP:S-210C
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Al.2. X-Ray Diffraction (XRD) of ZnS Nanocrystals
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Figure A1l. a) XRD of ZnS nanocrystals synthesized with DPP:S and unsaturated fatty compounds.
b) XRD of ZnS nanocrystals synthesized with sulfur powder and saturated fatty compounds. ZnS
XRD reference pattern: PDF 00-005-0566.

A1.3. Photoluminescence Before and After Size-Selection of ZnS-Saturated-Sulfur
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Figure A2. Photoluminescence peak fit of ZnS nanocrystals synthesized with sulfur powder and
saturated fatty compounds before size selection, with comparison to the photoluminescence after
size selection.
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Figure A3. Photoluminescence lifetimes of ZnS nanocrystals synthesized under different synthesis
conditions. The small hump in the photoluminescence lifetime data at 10 ns is from the
instrumental response function (IRF), which can be seen more sharply in the hexane solvent
baseline (dark green) that was used to disperse the nanocrystals.

A1.5. Extinction and Photoluminescence Characteristics of ZnS-Unsaturated-DPP:S
Nanocrystals with and without Excess Oleic Acid

b)

Zinc Oleate, Oleylamine, DPP:S
— No excess oleic acid
7)) —— 2 mL excess oleic acid added after 5 minutes|
——
c
=
e}
S
o
N
c Temperature = 210 °C
9 Time = 10 minutes
it
Q
=
*
1]
1 1 " " L "
285 300 315 330 345 360 375 390

Normalized Intensity (arb. units)

Wavelength (nm)

Zinc Oleate, Oleylan:nne,_DPP.S Excitation A :
== =- No excess oleic acid - PL 290 nm

No excess oleic acid - PLE

-==-- 2 mL excess oleic acid added after 5 minutes - PL
—_—2mL oleic acid added after 5 mi -PLE

. Temperature = 210 °C
\ Time = 10 minutes

FEPTTY .
. ~

PLQY “~. Y

‘e =4% ~ s

L

~en
o " N -~

300 400 500

Wavelength (nm)

Figure A4. a) Absorbance, b) PL, and PLE spectra of ZnS-Unsaturated-DPP:S nanocrystals with
and without the addition of excess oleic acid during the synthesis.
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APPENDIX B. CHAPTER 5 SUPPLEMENTAL INFORMATION

B1. Materials and Methods

B1.1. Chemicals

Zinc acetate (99.99%), indium acetate (99.99%), indium chloride (99.999%), oleic acid
(OLA, 90%), 1-octadecene (ODE, 90%), oleylamine (OAm, 70%), diphenylphosphine (DPP,
98%), sulfur powder (99.99%), selenium powder (99.99%), selenium pellets (> 99.999%), zinc
stearate (technical grade), octadecylamine (99.8%), toluene (99.8%, anhydrous), ethanol (>
99.5%, anhydrous), methanol (> 99.5%, anhydrous), and chloroform (> 99%) were purchased
from Sigma-Aldrich. Hexanes (> 98.5%), methanol (> 99%), and acetone (99.5%) were
purchased from Fisher Scientific. Preparation of 0.15 M diphenylphosphine:sulfur (DPP:S)
precursor was carried out by stirring 1.5 mmol of DPP and 1.5 mmol of sulfur powder in 10 mL
of anhydrous toluene overnight inside of a nitrogen-filled glove box. Preparation of 0.15 M
diphenylphosphine:selenium (DPP:Se) precursor was carried out by stirring 1.5 mmol of DPP
and 1.5 mmol of selenium powder in 10 mL of anhydrous toluene overnight inside of a nitrogen-

filled glove box.

B1.2. Zinc Oleate

Preparation of 0.2 M zinc oleate was carried out according to previously established
procedures.?* Briefly, 1.1 g of zinc acetate, 3.8 mL of OLA, and 21 mL of ODE were degassed
three times at room temperature while stirring at 800 RPM using standard Schlenk line methods.
The mixture was then heated to 200°C under N2 until clear and colorless, then held at that

temperature for an additional 30 minutes. The solution was then cooled to 150°C and 4 mL of
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degassed OAm were injected. The zinc oleate was then cooled to 100°C and degassed for 30
minutes before being cooled to room temperature and transferred to a nitrogen-filled glove box

for storage.

B1.3. Indium Oleate

Preparation of 0.2 M indium oleate was carried out according to the procedure of Saeboe,
et al.*® by combining 4 mmol of indium acetate, 5 mL of OLA, and 15 mL of ODE in a 50 mL
3-neck round-bottom flask on a Schlenk line. The flask was heated to 120°C under N2 and
degassed until the solution was clear and colorless (~30-45 minutes). The mixture was then
heated to 160°C and held at that temperature for 20 minutes. The flask was then cooled to 120°C
and degassed for 1 hour before being cooled to room temperature and transferred to a nitrogen-

filled glove box for storage.

B1.4. Indium Chloride
Preparation of 0.1 M InCl3-OAm was carried out by heating indium chloride and
oleylamine on a hot plate at 200°C in a nitrogen-filled glove box. The mixture was stirred at 200°C

at 1000 RPM overnight until the indium chloride was completely dissolved.

B1.5. Se:Oleylamine Complex
To synthesize 0.1 M oleylamine:Se complex for ZnSe SILAR reactions, 1 mmol of Se
powder and 10 mL of OAm were added to a 25 mL 3-neck round-bottom flask. Using a Schlenk

line, the mixture was heated to 120°C under N2 and degassed 3 times. The mixture was then



112

heated to 22 °C for ~2 hours until the Se was completely dissolved. The complex was then

cooled to room temperature and transferred to a nitrogen-filled glovebox for future use.

B1.6. S:Oleylamine Complex

To synthesize 0.1 M oleylamine:S complex for ZnS SILAR reactions, 2 mmol of S
powder, 10 mL of OAm, and 10 mL of ODE were added to a 20 mL glass vial and sealed with
parafilm. The vial was sonicated for ~2 hours until the sulfur powder was completely dissolved.

The complex was then transferred to a nitrogen-filled glovebox for future use.

B1.7. ZnS Nanocrystal Cores Used with TMS;P Experiments

Cubic-phase ZnS nanocrystals were synthesized via a modified version of the
solvothermal method from Srivastava, et al.*! Briefly, 3.15 g of zinc stearate, 0.5 g of sulfur
powder, 4g of octadecylamine, and 100 mL of ODE were degassed at room temperature for 15
minutes in a 250 mL round-bottom flask attached to a Schlenk line. The mixture was raised to
270°C under N2 while stirring at 1000 RPM and held under those conditions for 5 minutes. The
mixture was subsequently cooled to 250°C, held at that temperature for 30 minutes, then cooled
to room temperature. The particles were precipitated via the addition of acetone and
centrifugation, followed by dispersion into chloroform, which was repeated three times. The
particles were then precipitated via the addition of methanol and centrifugation, followed by
dispersion into chloroform, which was repeated an additional two times. The final particles were

dispersed into hexanes and centrifuged several times to remove any remaining precursor.
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B1.8. ZnS and ZnSe Nanocrystal Cores

Cubic-phase ZnS and ZnSe nanocrystals were synthesized by modifying zinc selenide
nanocrystal synthesis protocols from Saeboe, et al.?® and Yu, et al.>** For the growth of ZnS
nanocrystals, 6 mL of 0.2 M zinc oleate and 4 mL of degassed ODE were degassed at room
temperature at 600 RPM using standard Schlenk line procedures. The mixture was then heated to
100°C and further degassed for 1 hour. Next, the solution was cooled to 80°C and 2 mL of 0.15
M DPP:S in toluene were added, followed by 45 minutes of degassing to remove the toluene.
The mixture was then heated to 210°C and held at that temperature for 10 minutes. The heating
mantle was then removed, and the flask was cooled to room temperature before being transferred
to a nitrogen-filled glove box. The nanocrystals were precipitated by the addition of anhydrous
ethanol/methanol and centrifugation, and were redispersed in clean anhydrous toluene, which
was repeated 3-4 times. For the ligand exchange to oleylamine, 2 mL of clean ZnS nanocrystals
in toluene and 4 mL of oleylamine were stirred at 1000 RPM in the glovebox overnight. The
nanocrystals were precipitated by the addition of anhydrous ethanol/methanol and centrifugation,
and were redispersed in clean anhydrous toluene, which was repeated 2-3 times.

For the growth of ZnSe nanocrystals, 6 mL of 0.2 M zinc oleate and 4 mL of degassed ODE
were degassed at room temperature at 600 RPM using standard Schlenk line procedures. The
mixture was then heated to 100°C and degassed for 1 hour. Next, the solution was cooled to
80°C and 2 mL of 0.15 M DPP:Se in toluene were added, followed by 45 minutes of degassing
to remove the toluene. The mixture was then heated to 220°C and held at that temperature for 15
minutes. The heating mantle was then removed, and the flask was cooled to room temperature

before being transferred to a nitrogen-filled glove box. The nanocrystals were precipitated by the
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addition of anhydrous ethanol/methanol and centrifugation, and were redispersed in clean

anhydrous toluene, which was repeated 3-4 times.

B2. Additional Characterization of Nanocrystal Cores and InP SOWs

B2.1. Characterization of Zinc Chalcogenide Nanocrystal Cores
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Figure B1. a) Extinction, PL, and b) XRD spectra of ZnSe nanocrystal cores. ¢) Extinction, PL,
and d) XRD spectra of ZnS nanocrystal cores used in TMS3P experiments. e) Extinction, PL, and
f) XRD spectra of ZnS nanocrystal cores used in TDAP experiments. ZnS XRD reference pattern:
PDF 00-005-0566. ZnSe XRD reference pattern: PDF 00-037-1463.
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B2.2. Extinction Characterization of InP Structures Synthesized with Different Precursors
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Figure B2. a) Extinction spectra of products resulting from attempted SILAR growth of InP/ZnS
using a) InOl3 and TMS3P, b) InOl3 and TDAP, and c) InCl3 and TDAP as InP precursors.
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Figure B3. Extinction spectra of InP SQWs synthesized with TDAP and InCls: a) ZnS, ZnS/InP,
and ZnS/InP/ZnS, b) ZnSe, ZnSe/1XInP, and ZnSe/1XInP/ZnS, and c) ZnSe, ZnSe/3XInP, and

ZnSe/3XInP/ZnS.
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Figure B4. Photoluminescence lifetimes of ZnSe/InP/ZnS and ZnS/InP/ZnS nanostructures
synthesized with InCl3 and TDAP.
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Figure BS5. a) Extinction spectra of ZnS/InP/ZnS SQWs grown with 1X and 3X InCls and TDAP.

b) Extinction

spectra of ZnSe/1XInP/ZnS, ZnSe/3XInP/ZnS, ZnSe/1XInP/ZnSe,

and

ZnSe/3XInP/ZnSe. c) Extinction spectra of control syntheses of InP and InP/ZnS nanocrystals
carried out with TDAP and InCls.
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Figure B6. a) PL and b) PLE spectra of InP/ZnS nanocrystals synthesized with TDAP and InCls.
c) PL and PLE spectra of ZnS/InP nanocrystals synthesized with TDAP and InCls. d)
Photoluminescence lifetimes of the InP/ZnS and ZnS/InP nanocrystals.
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B2.3. Extinction Spectra of ZnS/InP/ZnS Nanocrystals with Synthesized with Different
Core Surface Chemistries
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Figure B7. a) Extinction spectra of ZnS/InP/ZnS nanocrystals synthesized using ZnS cores with
oleylamine (blue) and oleic acid (pink) surface functionalization.
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Figure B8. XRD pattern of crystalized oleylamine.
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B2.5. XRD Characterization of InP Structures Synthesized with Different Precursors
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Figure B9. a) XRD of products resulting from attempted growth of ZnS/InP and ZnS/InP/ZnS
nanocrystals, b) attempted growth of ZnSe/InP and ZnSe/InP/ZnS nanocrystals, and c¢) control
syntheses of InP and InP/ZnS nanocrystals carried out using TMS3P and InOls. ZnS XRD reference
pattern: PDF 00-005-0566. ZnSe XRD reference pattern: PDF 00-037-1463. InP XRD reference
pattern: PDF 00-032-0452.
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Figure B10. a) XRD of ZnS/InP and ZnS/InP/ZnS, b) ZnSe/1XInP and ZnSe/1XInP/ZnS, and c)
ZnSe/3XInP and ZnSe/3XInP/ZnS nanocrystals synthesized using TDAP and InCls. Asterisks in
b) and c) indicate reflections associated with the presence of excess oleylamine. ZnS XRD
reference pattern: PDF 00-005-0566. ZnSe XRD reference pattern: PDF 00-037-1463. InP XRD
reference pattern: PDF 00-032-0452.
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Figure B11. a) Shifting of the (111) XRD peak of InP SQWs synthesized with TDAP and InCls.
b) Shifting of the (111) XRD peak of products resulting from attempted InP SQW syntheses with
TMS3P and InOls and the corresponding InP QD control synthesis. Diagrams show the target
structures and byproducts present at each step in the synthesis process, from initial nanocrystal
cores to shelled nanostructures. Asterisks in a) indicate reflections associated with the presence of
excess oleylamine.
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Figure B12. a) Shifting of the (311) XRD peak of InP SQWs synthesized with TDAP and InCls.
b) Shifting of the (311) XRD peak of products associated with attempted InP SQW syntheses with
TMS3P and InOl3 and the corresponding InP QD control synthesis. Diagrams show the target
structures and byproducts present at each step in the synthesis process, from initial nanocrystal
cores to shelled nanostructures.
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APPENDIX C. SILVER SULFIDE AS A SPHERICAL AND

ANNULAR QUANTUM WELL

C1. Materials and Methods

C1.1 Chemicals for Spherical and Annular Ag,S Quantum Wells
Zinc Stearate (technical grade), zinc acetate (99.99%), zirconium (IV) chloride (> 99.5 %),

sulfur (99.99%), selenium powder (99.99 %), zinc nitrate hexahydrate (> 99 %), hexadecylamine
(HDA, 90%), octadecylamine (>99%),_1-octadecene (ODE, 90%), chloroform (> 99 %),
oleylamine (OAm, 70%), oleic acid (OLA, 90%), trioctylphosphine (TOP, 97%), silver nitrate
(99.99%), and 1-octanethiol (> 98.5 %) were purchased from Sigma-Aldrich. Hexanes (> 98.5 %),
methanol (> 99 %), and acetone (99.5%) were purchased from Fisher Scientific. Ethanol (100%)
was purchased from Decon Labs. Triocylphosphine silver (TOP:Ag) was synthesized by stirring
silver nitrate in TOP overnight. Triocylphosphine selenide (TOP:Se) was synthesized by stirring

selenium powder in TOP overnight.

C1.2. Characterization and Modeling Techniques for Spherical and Annular Ag,S
Quantum Wells

Transmission electron microscopy (TEM) images and Energy-dispersive X-ray Spectroscopy
(EDX) was taken using an FEI Technai G2 F20 Supertwin transmission electron microscope
operating with an accelerating voltage of 200 kV. Ultraviolet-visible spectroscopy measurements
were taken using an Agilent Technologies Carey 60-UV-vis spectrometer, with a 1 cm path length
quartz cuvette. Photoluminescence spectroscopy measurements were taken using a PerkinElmer

LS 55 Fluorescence spectrometer, with a 1 cm path length quartz cuvette. X-Ray Diffraction
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(XRD) was taken with a Bruker D8 powder X-ray diffractometer and a Pilatus 100k large-area 2D

detector.

C1.3. Constants Used for Theoretical Critical Thickness Modeling

Table C1. Lattice Parameters of Zinc Chalcogenides and Silver Sulfide

Material

Lattice Parameters

7nS

Cubic: a=0.541 nm
Hexagonal:
a=0.381 nm
¢=0.6234 nm

ZnSe

Cubic: a=0.567 nm
Hexagonal:
a=0.398 nm
¢=0.653 nm

Ag,S

Monoclinic:
a=10.432 nm
b =0.691 nm
¢=0.787 nm

Since a range of values were found online for Poisson’s Ratio (v), a low value of 0.27 and a

high value for 0.43 was used for all materials, providing a range of critical thicknesses for each

material. Lattice mismatch was determined by the percentage difference in lattice parameters for

the various materials. The same critical thickness equation from Chapter 5 was used.

C1.4. Synthesis of Cubic Zinc Sulfide Nanocrystals

Cubic zinc sulfide (ZnS) nanocrystals were synthesized via a modified solvothermal method

from Srivastava, et al.?®' Typically, 3.15 g zinc stearate, 0.5 g sulfur powder, 4g octadecylamine,

and 100 mL ODE were degassed at room temperature for 15 minutes. The mixture was raised to

270 °C under N2 while stirring at 1000 RPM and held here for 5 minutes. The mixture was

subsequently lowered to 250 °C and held here for 30 minutes, then lowered to room temperature.
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The particles were precipitated via the addition of acetone and centrifugation, followed by
dispersion of the particles into chloroform, which was repeated three times. The particles were
then precipitated via the addition of methanol and centrifugation, followed by dispersion of the
particles into chloroform, which was repeated an additional two times. The final particle dispersion

was dispersed into hexanes and centrifuged to remove additional precursor.

C1.5. Growth of Silver Sulfide onto Cubic Zinc Sulfide Cores

An attempted growth of silver sulfide (Ag2S) onto cubic ZnS cores was conducted via a slow-
drip method. Typically, 7 mL ZnS dispersed in hexanes was used, where 50 uL of nanocrystals
dispersed in a total of 3.5 mL hexanes had an optical density of 0.47 at 250 nm. The ZnS in
hexanes, 3 mL ODE, and 1 mL OLA were degassed at room temperature for 30 minutes while
stirring at 500 RPM, followed by 15 minutes of degassing at 120 °C. Two syringe pumps were
prepared, one with 3 mL of 0.166 M TOP:Ag and the other with 52 uL 1-octanethiol in 3 mL ODE.
The dispersion was heated to 160 °C under N2, and the syringe pump began dripping silver and
sulfur precursors into solution at 1.5 mL/hour. After being lowered to room temperature, 10 mL
of chloroform was injected into the dispersion. The nanocrystals were precipitated by the addition
of 1:1 methanol/acetone and centrifugation, and were redispersed in clean chloroform, which was

repeated several times.

C1.6. Synthesis of Hexagonal Zinc Selenide

Hexagonal zinc selenide (ZnSe) was synthesized using a protocol from Jana, et al.>*> Here,
0.041 g zinc acetate, 0.0117 g zirconium chloride, 16 mL TOP, and 12 mL OLA were degassed at
room temperature 3 times, then heated to 120 °C under N2 and degassed an additional 3 times at

800 RPM. The mixture was heated to 180 °C and stirred for 30 minutes until all precursors were
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dissolved. The mixture was then heated to 240 °C and 26 mL of 1 M TOP:Se was quickly injected

and left to react for 25 minutes. The heating mantle was then removed and 20 mL of hexanes was
injected at 100 °C before being lowered to room temperature. The materials were precipitated via

centrifugation, and were redispersed in clean hexanes, which was repeated several times.

C1.7. Synthesis of Hexagonal Zinc Selenide Nanowires

Hexagonal ZnSe nanowires were synthesized using a protocol from Li, et al*®® Prior to
synthesis, an OAm selenium complex (OAm:Se) was synthesized by degassing 78.9 mg selenium
powder and 10 mL OAm at room temperature 3 times, followed by heating to 120 °C under N2
and degassing another 3 times. The mixture was heated to 220 °C and left to stir at 800 RPM for
2-3 hours until all selenium powder was dissolved, and the solution was a dark amber. The solution
was transferred to the glove box for storage. For nanowire growth, 59.5 mg zinc nitrate
hexahydrate and 8 mL. OAm were degassed at room temperature for 1 hour at 800 RPM. The
mixture was heated to 75 °C under N2 and degassed for 30 minutes, followed by heating to 100 °C
and degassed for an additional 30 minutes. The mixture was heated to 160 °C and 2 mL of OAm:Se
was injected rapidly into solution. The dispersion was lowered to 120 °C and degassed for 10
minutes, before being raised to 250 °C and held here for 20 minutes. The heating mantle was then
removed, and the dispersion was quenched via a water bath at 200 °C. The nanowires were
precipitated by the addition of ethanol and centrifugation, and were redispersed in clean
chloroform. The nanowires were then precipitated by the addition of methanol and centrifugation,

and were redispersed in clean chloroform, which was repeated several times.
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C1.8. Growth of Zinc Sulfide Shells onto Zinc Selenide Nanowires

ZnS shells were grown onto ZnSe cores via Li, et al’s method.?®* Before synthesis, 0.2 M zinc
oleate was synthesized according to Kress, et al.?** by degassing 1.1 g zinc acetate, 3.8 mL OLA,
and 21 mL ODE three times at room temperature at 800 RPM. The mixture was heated to 200 °C
under N2 until clear and colorless, then left for an additional 30 minutes. The solution was then
lowered to 150 °C and 3.95 mL of degassed OAm was injected. The zinc oleate was then lowered
to 100 °C and degassed for 30 minutes before being lowered to room temperature and transferred
to a glove box for storage. A 0.1 M sulfur injection was prepared by sonicating 33.3 mg sulfur in
10 mL ODE for 2 hours. For shell growth, 0.8 mL ZnSe dispersed in hexanes was used, where 50
uL of nanowires dispersed in a total of 2.05 mL hexanes had an optical density of 0.80 at 325 nm.
The ZnSe nanowires in hexanes, 0.5 g HDA, and 7.6 mL ODE were heated to 65 °C under N2 and
degassed for 30 minutes at 500 RPM. The dispersion was then raised to 100 °C and degassed for
an additional 30 minutes. The system was then cycled under vacuum 3 times before being heated
to 200 °C under N2 for the shell growth. A series of injections were then conducted for shell growth
via a successive ionic layer adsorption and reaction (SILAR) method. The first injection was 0.3
mL of a 0.1 M sulfur in ODE, which was added dropwise, and held at 200 °C for 10-15 minutes.
The second injection was 0.15 mL of 0.2 M zinc oleate, which was added dropwise, and held at
200 °C for 10 — 15 minutes. The proceeding injection volumes were calculated using a method

from Li, et al.**

, and a total of 5 sulfur and 5 zinc syringes were injected. Each injection was
allowed to react for 10-15 minutes, and the temperature was raised by 10 °C after each set of sulfur
and zinc injections. After being lowered to room temperature, 4 mL of chloroform was injected

into solution. The nanowires were precipitated by the addition of ethanol and centrifugation, and

were redispersed in clean chloroform, which was repeated several times. The nanowires were then
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precipitated by the addition of methanol and centrifugation, and were redispersed in clean

chloroform, which was repeated several times.

C1.9. Growth of Silver Sulfide onto Hexagonal Zinc Selenide/Zinc Sulfide Nanowires

Growth of Ag>S onto ZnSe/ZnS core/shells was conducted via a slow-drip method.
Typically, 1 mL of ZnSe/ZnS dispersed in hexanes was used, where 20 uL of nanowires dispersed
in a total of 2.02 mL chloroform had an optical density of 1.3 at 300 nm. The ZnSe/ZnS in
chloroform, 2 mL. ODE, and 2 mL OAm were heated to 60 °C under N2 and degassed for 15
minutes at 500 RPM, followed by heating to 120 °C and an additional hour of degassing. Two 3
mL syringes were then prepared, one with 42 uL 1-octanethiol in 3 mL ODE and another with 3
mL of 0.54 M TOP:Ag. The dispersion was heated to 160 °C under N2, and the syringe pump
began dripping silver and sulfur precursor into solution at 1.5 mL/hour. The syringe was stopped
after 40 minutes due to observable color change and nucleation of silver sulfide. After being
lowered to room temperature, the heavy nanomaterials in the dispersion were precipitated via
centrifugation to remove nucleated Ag>S. The ZnSe/ZnS/Ag>S nanowires in the supernatant were
precipitated by the addition of 2:5:5 chloroform/ethanol/methanol and centrifugation and were
redispersed in clean chloroform. The nanowires were then precipitated via the addition of methanol

and centrifugation, and were redispersed in clean chloroform, which was repeated several times.

C2. Results and Discussion

Ag>S was studied as a low-energy quantum well due to its ability to be tuned through the NIR
and its low toxicity. Since ZnS and zinc selenide (ZnSe) both have good band alignment with
Ag>S,%4726% and zinc is nontoxic and earth-abundant, these materials were explored for the high-

energy material in spherical and annular quantum well structures.
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While Ag>S is most commonly found in its monoclinic form, ZnS and ZnSe can be
synthesized in either cubic or hexagonal (wurtzite) forms. Both crystal structures were investigated
when calculating the critical thickness of monoclinic Ag>S on ZnS and ZnSe.

Through comparison of these forms, I have calculated that the critical thickness of Ag>S on
cubic ZnS and ZnSe does not exist. Due to the large lattice mismatch between the crystal phases,
the Ag:S lattice structure will never remain coherent with a substrate of cubic ZnS or ZnSe,
regardless of how thin the film is. Alternatively, I have calculated that the thickness of AgzS needs
to be below 3.8 £ 0.6 nm and 8.9 + 1.6 nm for growth onto hexagonal ZnS and ZnSe, respectively,
both of which are reasonable values for growing a shell onto a nanocrystal core.

These initial calculations suggest that using Ag>S and hexagonal ZnSe as the low and high-
energy emitters, respectively, will have the greatest lattice match and therefore have the greatest
chance of increasing the quantum yields in a SQW. However, the critical thickness model does not
take into account the differences between the monoclinic and hexagonal crystal structures, and,
therefore, differences in crystallographic registry could still prevent growth of Ag>S onto specific
facets.

Throughout the rest of this study, I have investigated the effect of ZnS and ZnSe crystal
structure on the epitaxial growth of Ag>S on route to the generation of NIR quantum well materials.
As a control, I first synthesized cubic ZnS nanocrystals, and analyzed the growth of Ag>S onto the
surface. Upon failure to epitaxially grow a AgzS shell onto cubic ZnS, I have begun to study the
growth of hexagonal ZnSe and subsequent growth of Ag>S onto these structures. Specifically, |
have transitioned to hexagonal ZnSe nanowires, which show preliminary evidence for successful

epitaxial growth of AgsS.
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C2.1. Cubic Zinc Sulfide Nanocrystals and Silver Sulfide Growth

As an initial control, cubic ZnS was synthesized, and an attempt to grow AgzS onto the surface
was conducted to observe the ability for Ag>S to grow onto a strained substrate. Confirmation of

the cubic ZnS crystal structure via X-ray diffraction (XRD) can be seen in Appendix C3. As seen
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Figure C1. (a) PL spectra of ZnS NCs. (b) TEM of ZnS NCs. (c) ZnS emission under
UV light. (d) PL spectra of ZnS NCs after Ag>S growth attempt. (¢) TEM of ZnS NCs
after Ag2S growth attempt. (f) ZnS emission under UV light after Ag>S growth attempt.
(g) EDX of ZnS NCs after Ag2S growth attempt, with an inset of the compositional

analysis.
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by the TEM image in Figure Clb, the ZnS NCs are polydisperse, likely leading to the broad and

multi-peaked emission spectrum in Figure Cla. Upon the addition of silver and sulfur precursors,
the diameter of the nanocrystals did not observably change, as seen in Figure Cle, indicating an
inability to grow a AgaS shell onto cubic ZnS cores. While the size of the nanocrystals did not
change, there was a broadening and red shift of the emission spectrum (Figure C1d). In addition,
the emission under 365 nm UV light is visibly whiter in Figure C1f, compared to the blue emission
of the initial ZnS nanocrystals in Figure Clc, suggesting the presence of silver in the ZnS
nanocrystals. Upon further analysis via energy-dispersive X-ray spectroscopy (EDX), only 0.7
atomic percent of silver was present in the ZnS NCs (Figure Clg). This small atomic percent
suggests that while silver is present, it is only able to form a sub-monolayer, likely due to the high

strain between the cubic ZnS and monoclinic Ag:S, as calculated previously.

C2.2. Hexagonal Zinc Selenide

While hexagonal ZnSe nanostructures are theoretically compatible for epitaxial Ag.S growth,
the hexagonal phase of ZnSe is metastable, with a transformation temperature between cubic and
hexagonal phase of 1425 °C.?% Given this instability, there are limited reports of the synthesis of

hexagonal ZnSe nanostructures. While Reiss, et al. >

reports a few sources with hexagonal ZnSe
nanocrystals, attempts at these syntheses proved unsuccessful and several protocols produced
cubic nanocrystals instead. Eventually, the protocol from Jana, et al.?®? proved successful, as seen
by the X-ray diffraction (XRD) in Figure C2a. While hexagonal ZnSe was achieved, TEM showed
that these nanostructures were large and aggregated (Figure C2b). Aliquots taken at several time

points (Appendix C3) showed large aggregations throughout the synthesis process, making these

nanostructures unusable for growth of Ag>S.
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Figure C2. (a) XRD of Hexagonal ZnSe. (b) TEM of Hexagonal ZnSe.

C2.3. Hexagonal Zinc Selenide Nanowires

As a model system for epitaxial Ag>S growth, hexagonal ZnSe nanowires from Li, et al.
were studied.?®® The nanowires had a very high aspect ratio, with diameters of ~3 nm and lengths
that were several hundred nanometers long (Figure C3b). XRD analysis (Figure C3a) demonstrated
broad peaks, which were undistinguishable between hexagonal and cubic, possibly due to the
narrow thickness of the nanowires. In addition, the nanowires did not efficiently emit light when

excited by a 365 nm UV light, as seen in the inset in Figure C3b.

C2.4. Hexagonal Zinc Selenide/Zinc Sulfide Nanowires and Silver Sulfide Growth

a) ] —— Sample
Wurtzite ZnSe (98-001- 4079)
Cubic ZnSe (98-001-4057)

Intensity (a.u.)

. 1 | I Lo II‘ L i
0 20 30 40 50 60 70 8 90 100
2Theta

Figure C3. (a) XRD of ZnSe Nanowires. (b) TEM of ZnSe Nanowires with inset of emission
under UV light.
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Upon growth of a ZnS shell onto the ZnSe nanowires, XRD indicated a well-defined

hexagonal crystal structure, matching with hexagonal ZnS (Figure C4). The larger peak at ~28.5
20 is indicative of the (002) direction of the ZnSe nanowires and is significantly larger than the
other peaks due to the anisotropy of the nanowires.

While the ZnSe/ZnS wires exhibit hexagonal crystal structure, too much precursor was used
during the ZnS shell growth, resulting in uncontrolled nucleation and growth of ZnS on and around
the wires, as well as an overall increase in nanowire thickness, as seen in the TEM images in Figure
C5a. While the ZnSe/ZnS nanowires exhibit blue emission when excited by a 365 nm UV light
(Figure C5d), the broad tail in the PL spectrum around 500 nm in Figure C5c indicates the presence
of defects, which is supported by the uncontrolled crystalline growths off of the ZnSe/ZnS wires

seen in Figure C6a. The emission peak at ~360 nm in Figure C5c also suggests the separate
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Figure C4. XRD of ZnSe/ZnS Nanowires.
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Upon growth of Ag>S, TEM images show that the nodules off of the ZnSe nanowires have

grown significantly (Figure C5b and Figure C6b), suggesting that Ag>S can successfully grow
epitaxially off of the hexagonal ZnSe/ZnS nanowires. In addition, the broad peak at 500 nm in the
PL spectra of the ZnSe/ZnS/Ag>S wires has increased (Figure C5c¢) and the emission under UV
light is visibly whiter, which is a similar feature as the previous ZnS nanocrystals upon the
presence of silver. Collectively, all of these results suggest that Ag>S has successfully grown

epitaxially off of the ZnSe/ZnS nanowires.

ZnSe/ZnS Nanowires
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Figure C5. (a) TEM of ZnSe/ZnS Nanowires. (b) TEM of ZnSe/ZnS/Ag>S Nanowires. (c) PL
Spectra of ZnSe/ZnS and ZnSe/ZnS/Ag>S Nanowires. (d) ZnSe/ZnS emission under UV light.
(e) ZnSe/ZnS/Ag>S emission under UV light.
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Figure C6. (a) High Resolution (HR)-TEM of ZnSe/ZnS Nanowires. (b) HR-TEM of
ZnSe/ZnS/Ag>S Nanowires.

C2.5. Conclusions

While the ZnSe/ZnS and ZnSe/ZnS/Ag>S nanowires show promise for use in a cylindrical
quantum well, these systems still require further optimization. To prevent the uncontrolled growths
and nucleation of ZnS and Ag>S onto the ZnSe nanowires, the concentration of the precursors must
be decreased. In addition, transitioning from a slow-drip injection of the Ag>S precursors to a
SILAR approach would likely further control the growth of the Ag:S shell and prevent
uncontrolled growth and nucleation. SILAR injections have been shown to produce well-

controlled and monodisperse shells onto nanocrystal cores for a variety of materials,”!?%’

making
this method an advantageous approach to the creation of a uniform and monodisperse NIR
quantum well.

Although the Ag:S has been successfully grown onto the ZnSe/ZnS nanowires, it is still

unclear which facets have crystallographic registry between the monoclinic Ag>S and hexagonal
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zinc chalcogenides. For this reason, it must be verified that Ag>S can grow in the annular direction
of the nanowires, such that the annular quantum well can be achieved. In the case where AgzS
cannot grow annularly, these nanowires cannot be used as an annular quantum well; however, the
ZnSe/ZnS nanowires with ZnS growths could be investigated as a base for branched nanowire

structures, which have shown potential for energy storage and conversion materials.?%2%

C3. Additional Results and Characterization

C3.1. Characterization of Cubic ZnS Nanocrystals
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Figure C7. XRD Spectrum of ZnS nanocrystals, confirming a sphalerite, or cubic, crystal structure.
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Figure C8. Extinction of ZnS Nanocrystals Before and After Ag>S Growth Attempt

C3.2. Characterization of Hexagonal ZnSe
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Figure C10. TEM images of hexagonal ZnSe aliquots (a) taken right after, (b) 4 minutes after, and
(c) 25 minutes after an initial color change to yellow after the TOP:Se injection.

C3.3. Characterization of ZnSe, ZnSe/ZnS, and ZnSe/ZnS/Ag:S Nanowires

—— ZnSe Nanowires

Extinction (a.u.)

y T Y ]
200 400 600
Wavelength (nm)

Figure C11. Extinction of ZnSe Nanowires
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Figure C12. Extinction of ZnSe/ZnS and ZnSe/ZnS/Ag>S Nanowires
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APPENDIX D. A DECADE WITH DYSS: LESSONS LEARNED

AND LOOKING FORWARD

Brittany P. Bishop and Cole A. DeForest. Reproduced with permission from Chemical

Engineering Education, submitted for publication.

D1. Abstract

Each summer over the past decade, the Chemical Engineering Department at the University
of Washington has hosted the “Distinguished Young Scholars Seminar” (DY SS) series, bringing
outstanding research trainees from top-tier programs around the country for day-long campus
visits, each filled with student discussions, faculty meetings, mock interview questioning, and a
research seminar. Here, we discuss the history and evolving structure of DYSS, highlighting prior

successes and lessons learned, as well as opportunities for ongoing improvement.

D2. Background and Goals

Ten years ago, graduate students in the Chemical Engineering Department at the University
of Washington (UW) created the Distinguished Young Scholars Seminar (DYSS) series, held over
the course of eight weeks each summer since 2011 to foster leadership and provide professional
development opportunities to chemical engineers across the country. Though networking and
communication is essential to long-term success in both academia and industry, these founding
students recognized that the overwhelming majority of Chemical Engineering graduate programs
in the United States — including those typically ranked in the top 50 — lacked formal department-
level training in such skills.?’®2”" Further, while many graduate students and postdoctoral

researchers utilize seminars and colloquia to gain proficiency in authoring research abstracts and
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delivering talks to a relatively broad audience, such conference presentations tend to be
significantly shorter than what is expected during an interview or throughout employment. In
hopes of better equipping up-and-coming chemical engineers for success on the job market and
beyond through a uniquely valuable training experience, DYSS was born.

Since its inaugural offering, the DYSS program provides direct professional development to
eight graduate and postdoc participants annually that have been competitively selected through a
UW student-led evaluation panel and invited individually to Seattle for a day-long on-campus
experience.

The three standing goals of DYSS have been to:

“1) simulate the day-long departmental visit associated with many interviews capped by a
one-hour seminar talk given by rising stars in chemical engineering;

2) help our own graduate students at UW become aware of where they fit into the chemical
engineering landscape; and

3) expose our own graduate students to the panel-style peer evaluation decision-making
process that governs many funding decisions.” 7!

For the invited speakers, identified as emerging leaders in chemical engineering, DYSS
provides an opportunity to cultivate skills necessary for future interview and career success, share
their research orally with a chemical engineering audience with broad expertise, experience a mock
interview firsthand, and receive informal feedback in a low-consequence environment that can
help advance their next career stages. To accomplish the first goal and simulate the day-long
departmental visit, each seminar speaker has individual meetings with our Chemical Engineering

faculty to discuss their work and the job application process, engages in networking events with

current graduate students and postdocs, and gains written and oral feedback on their seminar
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presentation. Beyond opportunities for professional development, speakers are eligible to receive
a $500 cash prize awarded to the Best Speaker, as selected by our Chemical Engineering graduate

students and postdocs. Overall, this process supports promising chemical engineers by providing

a “practice run” with constructive feedback, which can strengthen upcoming applications and

better prepare them for their future careers.

Within the UW Chemical Engineering Department, DYSS also provides our students and
faculty a chance to learn about cutting-edge research through presentations from early-career
professionals in topics beyond what they typically encounter. Furthermore, the program affords
our departmental trainees a hands-on experience with an application evaluation process akin to
that utilized by hiring and selection panels, as well as concrete examples of what successful student
research presentations and applications look like. To achieve the second and third goals aimed
within the department, DYSS is managed almost entirely by graduate students, with comparatively
minor oversight provided by mentoring faculty. The primary management team consists of 3-4
graduate student teaching assistants (TAs), who work diligently to provide a seamless, guided visit
for the seminar speakers. These TAs help advertise and solicit nominations for the program, collect
applications and facilitate their evaluations, create and oversee each speaker’s travel and visit
schedule, run and attend coffee and happy hours, and escort the speakers between meetings and
around campus. Supporting these TAs each year is a team of 15-20 graduate students and postdocs
volunteers that help evaluate applications as part of a National Science Foundation (NSF) grant
review-style panel. All departmental graduate students and postdocs are invited to attend the
seminar and provide written feedback, as well as to score each presentation to help decide which

DYSS participant receives the “Best Speaker Award”. This translates to an educational experience
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to current graduate students and postdocs, as well as promotes additional networking with up-and-

coming chemical engineers from across the country.

In the subsequent sections of this article, we will take a deeper dive into the history and
evolving structure of DYSS, highlighting prior successes and lessons learned over the past decade,

as well as opportunities for future improvement.

D3. A Strong Start

Over the past 10 years, 79 participants have been selected out of a total of 725 applicants. The
selected DYSS speakers hail from 46 institutions spanning 17 of the 50 states, as well as Toronto,
Canada. Of these prior participants, roughly 9% have been underrepresented minorities and 32%
have been women, as seen in Figure D1. Through on-going efforts to select speakers that represent

the entirety of our diverse field, the percentage of woman participants has increased from 0% in
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Figure D1. Current career stage of past DYSS presenters organized by the year they participated (data
from June 2021).



143
2011 to an approximate level of 50% held steadily over the past 4 years. While the number of

underrepresented minority speakers have also increased over the years, efforts to expand the
program’s overall diversity remain at the forefront of discussion.

In all cases, DYSS alumni have maintained an excellent professional trajectory (Figure D1).
Approximately 75% of the 79 past DYSS seminar speakers have remained in academia. Half of
the participants from DYSS’s inaugural year have been promoted to the level of Associate
Professor, and most other participants who remained in academia have begun their independent
research careers as Assistant Professors (primarily in Chemical Engineering). Of the remaining
participants, 18% have gone to industry, 6% work at state or national labs, and 2 people have taken
positions at non-profit research institutions. Many of the past participants have continued to gain
notoriety as leaders in Chemical Engineering, receiving major science and engineering honors
including the NSF Presidential Early Career Award for Scientists and Engineers (PECASE), the
NSF Faculty Early Career Development (CAREER) Award, Young Investigator Awards from the
American Institute of Chemical Engineers (AIChE) and the American Chemical Society (ACS),
and recognition as Forbes “30 under 30 honorees.

Based on surveys of past participants, DYSS seminar speakers have universally found
participation in the series to be positive and that the skills honed would aid in their job search
process. In addition, many participants had not previously prepared or delivered an hour-long
research presentation, so this program afforded new and valuable experience. Major benefits and
positive feedback of the program according to the speakers include:

1) “Presenting the seminar and interacting with various graduate students was an important

reminder of the breadth of research pursued by chemical engineers. This is something I

had forgotten after several years of specialized work. The seminar impressed in me the
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3)

4)
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need to present information for a much broader audience than typically encountered at
meetings and conferences.” — 2011 Seminar Speaker

“My entire experience was nothing but positive, so I only have positive feedback to give.
The opportunity to experience a “test run” of the day-long visits required for most faculty
interviews was extremely insightful, and I learned tremendous amounts through the candid
discussions I had with professors about (i) what they look for in candidates while on the
UW search committee and (ii) their own experiences while applying as candidates
themselves. It was also a real pleasure to interact and learn about all the exciting research
going on through the graduate students in your department. It was my first visit to the
Seattle, but this experience alone was enough to guarantee that I'll be applying to UW
when I do put in my faculty applications in the coming time.” — 2015 Seminar Speaker
“It's a great platform for people who are applying for faculty positions. It gives us a chance
to have a mock presentation and department visit experience. The best thing was getting
honest feedback from the graduate students as well as the faculty members. One on one
meetings with the faculty members were extremely helpful. It's amazing to see how the
UW chemical engineering department is putting [in] so much [effort] and trying so hard
to help people who are looking for jobs in academia.” — 2017 Seminar Speaker

“I anticipate that the DYSS experience will be incredibly helpful for my job search
process. The faculty search process is a black box, and DYSS shined some much-needed
light on the process, clarifying both details of the application itself and the goals of a hiring
department. Going through the experience of interviewing and the associated rigors of
meeting with professors and students working in very different backgrounds was

invaluable. In particular, practicing my research pitch and honing it for individuals with
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different backgrounds was a useful skill to gain in the setting of an interview. Similarly,
comments that I received from faculty and students were constructive, and I've already
found myself adding their suggestions into both everyday presentations and into the

faculty applications.” — 2019 Seminar Speaker
Though we have been exceedingly happy with the program’s outcomes to date, we continue
to learn each and every year on how to improve the DYSS experience. Based on feedback from

our DYSS speakers, the greatest areas that needed focus include:

1) More diverse and targeted advertisement of the DYSS program

2) Early communication on the speakers’ schedule for advanced preparation

3) Significant time with professors for advice and feedback on faculty applications

4) Sufficient discussion and networking time with department graduate students and

postdocs

5) Expanded feedback on their research presentations from both faculty and graduate

students
Catalyzed by these suggestions, we have worked diligently over the last 10 years to modify
the DYSS application, the evaluation methods utilized in selecting participants and awarding
speaker prizes, and the overall program structure to improve the series and maximize the success

of the program’s three major goals.

D4. Application Solicitation and Review

A major component of DYSS is the initial application solicitation and review conducted by
the UW Chemical Engineering graduate student volunteers. Over the years, we have purposely
expanded application solicitation to reach a broader community and more diverse groups of

scientists, bringing application numbers each from the several tens to over 100. In DYSS’
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inaugural offering, advertising was done exclusively at the department level, emailing department
Chairs at top-tier Chemical Engineering programs directly. As the years have progressed, we have
expanded our advertising efforts to include past DYSS applicants and previously selected
participants, presenters of the AIChE “Meet the Faculty” poster session, as well as over 200 student
organizations — including many diversity-focused groups in science, technology, engineering, and
mathematics (STEM) — from the top 40 Chemical Engineering graduate programs. More recently,
social media platforms including Twitter have proven useful in furthering awareness and extending

engagement (Figure D2). Collectively, the expansion of advertising, along with word of mouth,

has become a critical tool for increased application numbers and promotion of DYSS.

UWChemE
@UWChemE

Our Distinguished Young Scholars Seminar program is
accepting applications for its 10th season! #UWDYSS
2020 will be #virtual but still provide interview
experience to grad students and postdocs. Apply by
May 8 depts.washington.edu/dyss/
#professionaldevelopment #AcademicTwitter

2020 UNIVERSITY OF WASHINGTON
Distinguished Young Scholar Seminar Sertes

Calling Young Scholars! Important Dates
Features Senior Graduate and Post Decdline for Consideration May 8th
Doctoral Scholars
Decisions Finalized Early June
TOP SPEAKER RECEIVES

$500 CASH PRIZE

Seminar Presentations June - August

Due to COVID-19, DYSS 2020

will be Entirely Virtual

10:44 AM - Apr 14, 2020 - Twitter Web App

Figure D2. Twitter advertisement for DYSS in April 2020.
The application itself consists of several components, including a one-page research abstract,
a three-page curriculum vitae, and an applicant-blind letter of support (most typically from a direct

research advisor). In 2019, a 300-word “Statement of Interest” was added to the application
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materials to help reviewers gauge the personal goals and backgrounds of each of the DYSS
applicants.

All applications are reviewed by current Chemical Engineering graduate student and
postdoc volunteers at the UW, and all participants are selected following full committee
discussion. Prior to providing panelists the application materials for review, all reviewers are
required to participate in a two-hour anti-bias training session that includes videos, case-studies
about common biases in academia, and group discussions about how to combat biases in the DYSS
evaluation process. This training has covered many aspects of cognitive bias, including cultural,
implicit, explicit, and confirmation bias, factors that often plague professional evaluation
panels.?’>2"* Furthermore, the required training brings into the limelight focused discussions on
diversity, equity, and inclusion (DEI). Almost exclusively, these trainings have been run by Dr.
Joyce Yen from the University of Washington ADVANCE Center for Institutional Change, self-
described as a “campus and national resource for effective practices in academic leadership
development, cultural and policy change, and the advancement of women faculty in STEM” 273276
In years in which scheduling conflicts have prevented Dr. Yen from facilitating discussion, the
DYSS TAs have managed their own training using publicly available materials from other
universities including: the University of California-Los Angeles’ “Implicit Bias Video Series”,
The University of Arizona’s tips for “Avoiding Gender Bias in Reference Writing,” and
“Consciously Combating Unconscious Bias” by Dr. Maggie Kuo.?”’?” Despite an increase in
anti-bias trainings across the country, there is still conflicting opinions and limited evidence on the
effectiveness of these programs.?8-2%2 In particular, a 2016 study assessing 40 years of diversity
training showed that diversity and implicit bias training only have short term impact,®* while a

report from the Equality and Human Rights Commission indicated that unconscious bias training
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can reduce implicit bias but is unlikely to eliminate it.?®?> Other studies also indicate that
consciously trying to avoid implicit biases can make people project their biases by
overcompensating or overthinking the very biases they are trying to correct.?3*?> However,
complementary to anti-bias training, evidence has shown that specific rubrics with well-defined
286

evaluation criterion reduces racial bias in teachers when grading student’s assignments.

Consistent with these reports, we have observed that anti-bias training shortly before the review

process and well-defined evaluation rubrics sets important guidelines for reviewers in order to

remain as impartial as possible when reviewing and discussing applications.

Over the years, the actual application review process has evolved based on feedback from
the graduate student and postdoc reviewers within our department and morphed to capture different
evaluation metrics. Early stages of the rubric were based on similar guidelines used for the
selection of NSF Graduate Research Fellowship Program and consisted of very clear guidelines
for review; specific points for what is included in the abstract, CV, and letter of recommendation
items were established to assist the students in review.?’* The rubric also included sections based
around “Communication”, “Scholarship,” and “Achievement.” At these early stages, the rubric
focused primarily on past research and academic achievements. Tied scoring between top-tier
candidates were then broken weighting diversity representation (both in speaker identity and
research areas), TA and speaking awards, and research productivity taking into consideration their

school and supervisor.
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As the years continued, prior experience and recognition of excellence in presenting, teaching,
writing, entrepreneurship, and outreach were added as evaluation metrics to the rubric. From 2015
to 2018, a new approach was taken, with fewer rubric items and more general questions for each
document in the application package (Figure D3). An additional section of the rubric was also
added to include hard-to-quantify factors, such as excellence in mentoring, dedication to service,
and interesting side projects. While this allowed the application to be viewed through a broader
lens, many student reviewers felt as though the rubric needed to have clearer criteria to reduce
subjectivity and potential bias. To help provide more clear guidelines in 2019, the rubric reverted

back to a similar format as the earlier years of DYSS, but with

Category E i Sums
Communication

Abstract: 1 — 5 pts Reflection of how well the abstract reads from sentence to sentence,
and also how well structured it is as an entity.

CV: 1-3pts Items that indicate communication prowess (awards, presentations,
etc.)
LoR.: 1-2pts Indicates communication or presentation prowess
Scholarship
Abstract: 1 —2 pts Is it remotely interesting research?
CV: 1-5pts 1* author papers and patents only (Requires knowledge of field

publication rate, paper length, time in academia, journal impact*)

LoR. 1-3pts Is applicant a source of ideas and inspiration for their work, or
something to that effect

Other

Hard to quantify factors: mentoring, service, 2" author papers,

All Parts: 1 -5 pts total . . . - .
interesting side projects, wizardry

125

Please score each application using the following rubric as a guideline. Do NOT give fractional scores.
This is an imperfect process in every facet, but this will aide us in selecting qualified and interesting young scholars for the seminar
series.

* Impact factor of journals is far from perfect as an evaluation metric, but it is the best one we have.

Figure D3. DYSS application rubric for 2015-2018.
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Category

Application Item

Excellent (5)

Good (3) Fair (1)

Score (1-5)

Communication

One of the most important skills for
any successful researcher is the ability
to communicate. Rate the application
based on how well it shows the
applicant is able to communicate.
Look for presentations, talks, teaching
experiences in the CV and the quality
of the submitted abstract. Does the
letter of recommendation mention
anything special about the applicants
presentation skills? Try to rate the
applicant in this section based on how
good of a presentation you would
expect them to give if they were

- Has many presentations at
different national
conferences
- Has invited talks
- Has teaching awards

- Has presented at atleast one
conferences.
- Mentions mentoring
undergraduate researchers

- Has presented at national
conferences
- Has teaching experience

Letter of Rec (2x)

- Recommender praises
applicant for clarity in
presentations, giving specific
examples
- Recommender praises
applicant as a teacher,
giving examples of
applicants mentorship

- Recommender mentions

applicant's presentation
experiences

- Recommender mentions student

as a teacher or mentor in lab

-Recommender mentions
applicant's presentation ability.
-Recommender mentions
applicant's teaching ability

Abstract (5x)

- Abstract is excellently
written and leaves you
wanting to know more
- Abstract is clear and easy
to follow even for someone
not in the field

- Abstract is well written and
contains no significant spelling
or grammar errors
- Abstract is easy to follow, but
a nonexpert may need to read
it more than once to
understand it

- Abstract is well written but
contains some errors
- Abstract is difficult to
understand for someone not in
the field.

Scholastic achievements are a
measure of the impact the applicant

invited.
-Articulates goals, but does not
-Clearly expressed an h t ¢
interest in sharing their ave ads. rccntg sense o -Does not articulate strong goals
N irection A
Statement of Interest accomplishments or a sense of direction
. -Shows a future path to where
(2x) -Has a clear demonstration ¥ -Does not express any future goals
. they want to go, but doesn't
of their future career goals or how DYSS helps them get there|
A express how DYSS helps them
and potential impact
get there
- Has at least one paper
- Has a papers published in published in a high impact
a variety of high impact journal - Has few first author papers
CV (5x) journals - Has numerous papersina - Majority of papers are published
Scholarship

- Papers have been cited
numerous times

variety of journals
- Papers have been cited a few
times

in a single journal

has had so far in their career. Primarily
this comes about through published
papers. How many first author papers
has the applicant written? Are they in
high impact journals? Have they been

Letter of Rec (3x)

- Recommender praises
applicant as a researcher
and highlights their ability
to come up with novel ideas

- Recommender highlights the
applicant's research talents in
solving problems

- Recommender praises
applicant's technical abilities

cited? Is their research topic
significant and of broad interest? Do
they have any patents? Try to rate the
applicant in this section based on the
quality of their research while
keeping in mind the field they are in

Abstract (3x)

- Abstract communicates the
importance of the research
which has been done
- Abstract show cases its
broad impacts on the
scientific community

- Abstract cites appropriate
literature to show its place in
the bigger research picture
- Abstract shows the impact it
has had and mentions future
research directions

- Abstract highlights the important|
conclusions from the work done
- Abstract shows its impact within
its own specialty

and the point in their career they are
at (postdoc in computation will have
more publications than a graduate
student in bio).

Statement of Interest

(2x)

-Has a clear idea of what
they hope to gain through
the DYSS program
-Shows interest in sharing
their expertise and gaining
the skills to become a strong

leader in the field

-Has a clear desire to gain skills,
but does not express how DYSS
will help them achieve their
goals

-Does not express how DYSS will
benefit them or provide skills to
help achieve a goal

Achievement
What impact has the applicant had so

- Has won awards for
presenting, teaching,
writing, entrepreneurship,
etc.

- Has outreach activities on
CV not directly related to
their research.

- Shows leadership

- Has won some awards for
presenting, teaching, writing,
entrepreneurship, etc.

- Has many outreach activities
on CV.

- Is actively involved in
scientific societies or other
science-related extracurriculars

- Has few outreach activities on CV
not directly related to their
research
-Does not participate in any
science-related extracurriculars
-Has no awards in their field

far? How have they been recognized
for their success? Do they show a
commitment to the broader scientific
and chemical engineering community
Look for awards, outreach, and service
and recognition to the broader
community. Try to rate the li

Letter of Rec (3x

- Recommender praises the
applicant's work ethic and
leadership abilities
- Recommender highlights
extracurricular activities of

applicant

- Recommender praises the - Recommender praises the
applicant's work ethic and self applicant's work ethic and ability
motiviation to succeed

in this section based on their success
outside of publishing papers.

Abstract (3x)

- Abstract demonstrates
clear knowledge of their
field and/or a novel
approach to a broader
impact topic
-Abstract presents clear and
exciting results, with data or
figures to back up their
research

- Abstract demonstrates a
moderate knowledge of their
field and/or has a relatively
low impact on their field
-Abstract does not back up
their claims with substantial
evidence or data

-Abstract mentions no papers or
citations or clear understanding off|
the literature/impact

Figure D4. DYSS application rubric from 2019, a modified version of rubrics from 2011-2014.



151

expanded criteria to include extracurriculars, outreach, and other leadership activities (Figure D4).
In 2020, an additional evaluation criterion was added to assess areas considered to be unique and
“outside of the box”. While these aspects are important, reviewers again felt as though the lack of
clear guidelines and criteria for this section allowed for personal bias. Another critique of this
rubric was that many review criteria were repetitive between the three overarching categories,

over-weighing certain application materials over others. Overall, we have learned through graduate

student feedback that the best rubrics provide clear criteria for reviewers to follow, with specific

points designated for different qualifications. Implementing this criterion is necessary both to

streamline the reviewing process and minimize bias as best as possible. Including a broad spectrum

of criterion, such as mentoring, teaching. outreach, and other extracurricular activities, also creates

a more unique and diverse set of speakers for the seminar series.

With ~100 applications typically submitted in each recent year, fair evaluation of all proposals
presents a substantial lift. For the panel-style review process, a team of 15-20 graduate students
and postdoc volunteers within the department to read and evaluate submitted applications is
assembled with the help of student/faculty listserv mailings and directed contact (email and in
person). During the first few years of DYSS, reviewers could be assigned either a “primary” or
“secondary” role on any number of proposals. Each application had a primary reviewer in the
research field that led the conversation, as well as two secondary reviewers. Before the review
panel, each application was evaluated following the rubric by the three assigned reviewers and
average scores were assigned to each DYSS applicant. The overall process of the NSF-style panel
included discussing the top 5-10% of applicants based on the given scores and deciding the first 4
seminar speakers based on the feedback. Next, the remaining top 20% of applicants were discussed

and voted on by the entire group of reviewers to choose the remaining 4 seminar speakers.
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In hopes of capturing the breadth of research spanning the field of chemical engineering, after
a few years applications were separated into 5-6 broader categories that reviewers were assigned
to evaluate based on their research expertise. Example topical categories include Biomaterial
Applications, Computational & Simulations within Energy, Protein Design, Electrochemistry and
Batteries, and Nanomaterials Design. Categories are adjusted annually to reflect the trends in focus
of submitted applications. The review panel for these years were similar, except that a top
researcher from each category was chosen to be a DYSS participant by the reviewers who
evaluated that section. With 8 speakers each year and 5-6 identified as the top performer in their
category, the remaining 2-3 speakers were identified through full panel review and discussion.

Though year-to-year consistency helps ensure a smooth operation overall, we have observed that

the reviewing process needs to remain somewhat flexible to accommodate the variation in research

breakdown of applicants and the number of graduate students/postdocs on the review panel. The

main aspects of the process that has remained consistent and successful has been dividing

applicants into separate categories for grading by several reviewers in that general field and group

discussion of all top candidates.

DS. Experience and Evaluation

Upon completing the review process, the eight DYSS seminar speakers are invited to
Seattle during UW’s summer quarter for a tailored individual visit meant to mimic important
aspects of academic and industrial job interviews. On Mondays between June and August, a
selected speaker travels to the University of Washington for a day of professional development
and networking. The overall day-long experience has remained relatively consistent over the past

decade, with the visit consisting of meetings with faculty and research groups with a break for
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lunch, followed by the hour-long seminar, an hour-long happy hour with snacks and drinks, and
finally a dinner with faculty and graduate students. In 2018, a 30-minute coffee chat was
introduced in the mid-morning to create more time for graduate students to interact and talk with
the seminar speaker. An example of a typical schedule from 2019 can be seen in Figure D5. In
2020, we designated a block in each speaker’s schedule to meet with a member of our faculty’s
search committee. Since these faculty members have the perspective of both an applicant and a
reviewer, this time allows DYSS participants to hear constructive feedback and guidance about
the faculty application and interview process, which should strengthen their application packages
as they transition into their future careers. These schedules are arranged at the beginning of summer

and sent out to the DYSS speakers as early as possible, no later than one week ahead of their visit.

9:00 AM TA pick up at Hotel after breakfast on your own

9:00 — 9:25 BNS 257 Faculty or Graduate Student Meeting TA escort to Foege
9:30 — 9:50 Foege N330B Faculty or Graduate Student Meeting TA escort to BNS
10:00 — 10:25 BNS 363 Faculty or Graduate Student Meeting TA escort to Lobby
10:30 — 10:55 Benson Lobby Coffee Break & Chat with ChemE Graduate Students TA escort to BNS
11:00 — 11:25 BNS 259 Faculty or Graduate Student Meeting TA escort to BNS 353
11:30 — 11:55 BNS 353 Faculty or Graduate Student Meeting TA escort to Lobby
12:00 — 1:30 Lunch at nearby restaurant TA escort to BNS B45
1:30 — 1:55 BNS B45 Faculty or Graduate Student Meeting TA escort to Benjamin Hall
2:15 — 2:40 Benjamin Hall Faculty or Graduate Student Meeting TA escort to BNS 219
3:00 — 3:25 BNS 219 Faculty or Graduate Student Meeting TA escort to PAA 118 Lobby
3:30 — 4:00 PAA 118 Lobby Reception

4:00 — 5:00 PAA 118 Seminar

5:00 — 6:30 Benson Patio Happy hour with graduate students

6:00 PM Dinner with graduate students

Figure DS. Example DYSS schedule, shown from 2019.

To further incentivize UW trainee attendance of the seminar, a pre-seminar coffee hour and
post-seminar happy hour were included in each weekly schedule. Additionally, a raffle was

established, in which a completed speaker evaluation form was counted as an entry. The raffle
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consists of a small prize (e.g., gift card to local coffee shop) for one attendee of each week, and
larger 1st through 3rd place prizes (e.g., Amazon gift card) at the middle and end of the summer.
A bonus raffle entry was given for people who attended all 8 seminars. The raffle approach helped
boost attendance, as well as provided a useful conduit for UW students to share feedback with
DYSS presenters on strengths and weaknesses of their research seminar.

For most of DYSS’s history, evaluation of the seminars remained simple, where both the
speaker and the content were ranked from 1-5 (low-to-high). In 2019, we introduced a scoring
sheet that included 11 questions. Example questions evaluated the speaker’s delivery, enthusiasm,
organization, visualization, and presentation content. All questions were as “Good”, “Very Good”,
or “Excellent,” which corresponded to scores of 1, 3, and 5. The challenge with both of these
scoring methods was that the scoring range was too small, such that speaker scores were often
compressed to the point where it was difficult to statistically differentiate from one another. In
addition, for the first nine years, all scoring remained anonymous, which makes it difficult to
account for different average criticality of our student reviewers. In hopes of improving on this
process, the scoring sheet was changed in 2020 in several ways (Figure D6). First, we reduced the
evaluation to include just five criteria (i.e., communication/delivery, visual representation,
research impact, depth of content, enthusiasm). In addition, the scoring range for each question
was expanded to 1-8 with the corresponding associations: Does Not Meet Criteria (1), Could Use
Improvement (2-3), Meets Expectations (4-5), Exceeds Expectations (6-7), and WOW! (8).
Finally, we removed the anonymity of the scoring so that scores from a single reviewer could be
normalized throughout the entirety of the summer following a Z-score. Specifically, the overall
averages and standard deviations were determined for each reviewer, and a Z-score was

subsequently calculated for each seminar that they attended, as seen in Equation D.1:
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(D.1)

where z; and x; are the reviewer’s Z-score and overall average weekly score for a DYSS
speaker, respectively, and X and o are the reviewer’s score average and standard deviation across
multiple seminars, respectively. All values shown are calculated for each reviewer that attended

multiple seminars.

Are you a (circle one): ChemE Graduate Student Postdoc Undergrad Faculty Other
Disclosure: All your scores will be Z-scored throughout the summer. so please use a full dynamic range of the scoring scale
Please circle a single number score for each Does Not . Could Use Meets_ Exceel!s WwWOow!
category Meet Criteria Improvement Expectations Expectations ®)
m (2-3) -5 (6-7)
The talk was communicated and delivered clearly,
1 . 1 2 4 5 7
as well as understandable to a broad audience. 3 6 8
How was the visual presentation of the speaker's
2 work in terms of slides, data, and graphics? ! 2 3 4 s 6 7 8
3 How impactful is their research? 1 2 3 4 5 6 7 8 %‘ -%'
4 How was the depth of content? 1 2 3 4 5 6 7 8 % g %
- -
5 Was the speaker snlhusl_asnc an‘d did they maintain 1 2 3 4 5 6 b 8 = % £
your interest? £ Q - 2
- - G @ Q@
6 Not Scored: (for our data) Was the topic of this talk Yes Z 8 R
in your general field? No s2 L0
. cE o

Additional Comments:

Figure D6. DYSS speaker scoring sheet from 2020.

Stemming from the expanded scoring range and examining average Z-scores for each seminar
speaker, we were able to more easily differentiate relative scores between participants and to
identify the “Best Speaker Award” recipient. This ultimate winner of DYSS, as determined by
these normalized graduate student and postdoc Z-scores, receives a $500 cash prize. The DYSS
winner is also advertised on the website and on mailings to various departments as recognition of
their excellence. In cases in which the winning score is statistically indistinguishable between

several participants, this honor and prize is shared by several speakers (as occurred in 2016 and

2019). Creating a scoring system that successfully and succinctly evaluates all aspects of a
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speaker’s presentation and can be utilized to statistically differentiate speakers’ scores has proven

critical for accurate determination of the DYSS winner.

In addition to numerical scores, all DYSS scoring sheets have a section for additional written
feedback that are anonymously forwarded to the speaker. Students, postdocs, and faculty have
consistently filled out this section, which assists the speaker in improving their oral and visual
communication skills. Additionally, DYSS speakers also spend time during the post-seminar
happy hours talking with UW researchers who provide in-person suggestions on how to improve

their seminars and future application packages. Based on DYSS speaker feedback, these comments

and discussions have been incredibly useful for refining the speakers’ presentations for future

audiences.

D6. The Digital Transition in the COVID era

Due to COVID-19, and under threat of missing out on our milestone tenth year of DYSS,
we made the decision to make the 2020 DYSS series virtual. All aspects of DYSS were conducted
online and run through Zoom, including the anti-bias training, NSF-style panel, faculty meetings
with the speakers, the seminar, and the happy hour. All meals were cancelled; we instead allotted
a lunch break in the middle of the day.

While the virtual setting did not significantly change the anti-bias training, the introduction
of Zoom for the review panel provided a large number of advantages. Based on previous critique,
reviewers within the same topic wanted more time to discuss their top choices before engaging
with the entire group. Zoom’s Breakout Room platform proved very effective for accomplishing
this, since we could easily split each topic’s reviewers into rooms, while a head TA moved between
groups to facilitate discussion and answer any questions. After 30 minutes, we reconvened and

immediately had six speakers chosen, with one candidate per review category. To decide the last



157

two speakers, each topic group presented their second candidate, which were then discussed and
voted on by the entire group.

The virtual format imposed the largest changes to the DYSS experience during the seminar
speaker’s visit. To best accommodate speakers spanning all US time zones while affording giving
scheduling consistency, as well as to stave off “Zoom fatigue”,*”-*% the DYSS day was shortened
from its typical 9 am — 8 pm schedule to 9 am — 3:30 pm (all times given in PDT) through removal
of the graduate student coffee hour and dinner. In addition, the seminar and accompanying happy
hour were moved up from 4 — 6 pm to 1 — 3 pm to best accommodate speakers presenting from the
east coast. The schedule consisted of meetings with faculty and research groups from 9:30 am —
12 pm, a lunch break with no meetings from 12 — 1 pm, the seminar from 1 — 2 pm, and a
networking/happy hour from 2 — 3 pm. To keep this schedule running smoothly, only two Zoom
rooms were utilized (i.e., one for the morning and one for the afternoon) that were both controlled
by the DYSS TAs.

Within this schedule, the Zoom platform worked very well for the morning faculty
meetings. In typical years, a TA has to escort the speaker across campus to meet with faculty in
different buildings. In the Zoom environment, the time for in-person travel could be replaced with
longer meetings with faculty and/or scheduled down time. In addition, a single Zoom room was
utilized for the entire morning to facilitate smooth transitions between meetings. After introducing
the seminar speaker and the faculty member, the TA would leave to allow for a private discussion
between the two. After 25 minutes (i.e., 5 minutes before the next meeting), the TA would log
back into the Zoom room to note the meeting’s end and help transition to the next.

Though the 2020 DYSS took place near the start of the COVID-19 pandemic without much

precedent, the seminar itself was run in a manner that is now standard for virtual meetings held
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over Zoom. To prevent “Zoom bombing”, the seminar link was not shared publicly and was only
disseminated amongst UW departments and the DYSS speakers.”® Five minutes before the
seminar, a TA would meet the speaker in the second Zoom room to help ensure correctly
configured screen sharing capabilities for the presentation. At the beginning of the seminar, one of
the TAs would introduce the speaker and read their biography, which typically included their
education, research focus, awards, and broader impacts. Throughout the seminar, the TA would
moderate the Q&A session at the end by calling on people who used the “raise hand” feature or by
reading questions posted in the chat window. A raffle was also used to incentivize attendance,
except all prizes were gift certificates that were purchased and could be used online (e.g., Amazon).
Regardless of the raffle, the Zoom platform seemed to enhance overall seminar attendance, likely
since Zoom presents a quick and accessible way to participate in seminar and can be viewed from
any setting. The virtual platform also helped maintain high attendance throughout the Summer,
though average attendee engagement (as indicated by questions and those remaining afterwards to
discuss) appeared to decrease.

One of the biggest challenges of the 2020 DYSS was how to replicate a meaningful happy
hour/networking session in the virtual setting. We found it difficult to motivate graduate students
to participate without the usual incentive of food and beverage, which unfortunately often led to
comparatively low attendance for these sessions. A future alternative is to schedule 20—30-minute
meetings after the seminar between the DY SS speaker and graduate students from research groups
in the speaker’s field. In addition, we expect it would be valuable to formally schedule a time block
after the seminar for the speaker to meet with faculty and get feedback on their presentation.
Creating a more set schedule after the seminar will allow the speaker to get more personal time

with graduate students, as well as a time for constructive feedback on their research talks.
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Another major challenge of running DYSS virtually lies in an inability to replicate the in-
person experience of visiting the University of Washington. While there is really no way to
perfectly replicate an in-person visit to Seattle purely online, we felt it essential that we still attempt
to provide the speakers a way to learn about the culture of the city. Towards this, we created and
mailed gift packages to presenter homes after their seminars that included UW-branded supplies
and a cultural atlas focused on infographic visuals about Seattle and Washington State. Participants
uniformly expressed thankfulness over these efforts, though all recognized that these were an
imperfect substitute for a conventional visit.

Overall, a virtual seminar has both significant advantages and disadvantages to the DYSS
experience. Moving forward, attempts to combine both in-person and virtual aspects to maximize
the advantages of both formats could greatly elevate DYSS for both the speakers and the members

of our department.

D7. Looking Forward

As we plan for future years of DYSS, many aspects of the program will continue to morph
to better meet our three goals, improve inclusivity of the program, and reduce bias from the review
and evaluation processes. Areas of improvement will be primary focused on the application and
rubrics.

For application solicitation, we plan to forward the call for DYSS submissions to more
schools and student organizations extending beyond the top 40-ranked chemical engineering
programs. In particular, we will send emails to more colleges and universities, included
Historically Black Colleges and Universities (HBCUs), more diversity-focused student
organizations, and science and engineering departments outside of chemical engineering. Based

on NSF ADVANCE programs, this targeted outreach is important since diversifying candidate
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pools typically results in more diverse hiring outcomes, which can be achieved through reformed
recruitment practices and proactive pursuit of talented and diverse applicants.?”°

To better account for excellence stemming from a variety of areas and different backgrounds,
the application rubric will also be redefined to include more unique areas of interest. To replace
the general points section for unique and “out-of-the-box” experiences, the rubric will be
broadened to include new measures of success, including patents, database development, software
packages, open-source software, science communication, and tangible efforts to promote DEI.
Furthermore, by removing ill-defined metrics (e.g., “other”, “out-of-the-box”) and instead
assessing these unique experiences through specific rubric items, the application review process
should be more objective and less biased.?’!-?%?

In addition to broadened rubric criteria, we have made plans to add a diversity statement to
the application package. Alongside the critical goal of promoting DEI in the application and review
process, this addition will provide applicants an opportunity to practice writing such a statement,
which is now increasingly required as part of faculty application packages. Review criteria for this
statement will be shaped by current evaluation standards and benchmarks of diversity statements
at the university level.

Moving forward, the rubric will also be broken up into the individual application components,
rather than by communication, scholarship, and achievement, in order to reduce repetition during
application evaluation. The rubric will be divided by abstract, letter of recommendation, CV,
statement of interest, and diversity statement, with aspects of communication, scholarship,
achievement, and uniqueness woven into the evaluation criteria. Combining all of these changes

to the application and review process should create a better-defined rubric, remove overemphasis
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on certain criteria, and expand the definitions of success, which should reduce bias and improve
diversity within the program.

Finally, changes will be made to the day-of visit in order to maximize feedback to the
DYSS speakers, improve graduate student networking, and make the meetings and seminars more
accessible through digital integration. As DYSS continues, improvements will regularly be applied
throughout the entirety of the program. From application solicitation to the seminar visit,
modifications will continue to be made to achieve a better professional development experience
for all. We expect DYSS to remain a pillar experience of Chemical Engineering, both for our

department and the field as a whole, for many years to come.
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