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Synthesis development of colloidal quantum dots (QDs) has allowed for control over
their distinct and unique optoelectronic properties. The continuous tunability in absorbance and
emission profiles allowed by their quantum confinement when partnered with the robustness of a
colloidal crystalline lattice has led to myriad applications in solid-state lighting, biosensing,
photosensitive absorbing devices, and more recently quantum information science. These
applications require meticulous and reproducible syntheses to generate materials with highly
consistent properties and optoelectronic behaviors. During synthetic investigation toward these
ends, researchers have discovered the existence of magic-sized clusters — molecular QDs that
form at the early stages of nanocrystal nucleation and growth. Not only do these atomically
precise materials serve as important reaction intermediates, but their precision has been heralded
as a route toward eliminating heterogeneity from QD syntheses. Despite their presence being

sufficiently documented optically, the mechanisms of conversion, true structural identities, and



emissive behaviors remain understudied and ambiguous. This thesis seeks to develop a stronger
understanding of magic-sized cluster structure and conversion (Chapters 2 and 3) as well as
investigate new avenues for enhancing their emissive properties without disturbing their
metastability (Chapters 4 and 5).

After an introduction on the nucleation and growth of magic-sized clusters and QDs
(Chapter 1), Chapter 2 focuses on the InP material system. The structural influence of ligand
steric pressure on the In37P20(O2CR)s; cluster is investigated using a substituted phenylacetate
ligand framework. It is shown that pressure at different angles in the ligand sphere induces
structural perturbations in the internal lattice of the cluster. The influence of these structural
changes is further investigated through reactions with P(SiMe;)s in which para-substituents
hinder ingress of reactive species thereby slowing cluster conversion whereas meta-substituents
increase surface indium-indium separation distances and enhance cluster conversion rates.
Leveraging this knowledge of controlled diffusion through ligand profile allowed for the
isolation and complete structural characterization of a new magic-sized cluster intermediate,
Inz6P13(02CR)39. The relations of the structural motifs present in this new cluster are discussed.

In Chapter 3, these structural conclusions are extended toward the InAs system. The
synthesis of InAs QDs has been documented to proceed through a ubiquitous cluster
intermediate with a distinct absorbance profile showing features at 425 and 460 nm. Synthetic
modifications to reduce conformational flexibility of the surface ligands allowed for isolation
and full structural characterization of this predominate magic-sized cluster intermediate thereby
identifying it as In2sAs18(O2CR)24(PR’3)3. The crystal structure of this cluster shares important
motifs with InzP13(02CR)39 and In37P20(O2CR)s1 in the form of an Ini4E13 (E =P, As) cage yet

the overall structure of In2sAsis(O2CR)24(PR’3)3 is more anisotropic. Full characterization also



allows for refinement of the surface suggesting a ligand sparsity in InAs could lead to higher
reactivity.

Beyond the structural investigations of magic-sized clusters, Chapter 4 presents a route
toward leveraging their homogeneity to achieve narrow emission linewidths. Previous reports
have shown that oleate-ligated magic-sized clusters of CdszP> (Cd3P2-450) and Cd3zAs; (Cd3Ass-
525) have high emissive color purity with <100 meV linewidths but their PLQY's of 7% and
0.5%, respectively, are too low to be considered applicable emitters. In this study, a ligand
exchange on these clusters for stronger binding phosphinates was developed. The bidentate
coordination motif of the oleate is mimicked by the phosphinate allowing for retention of the
internal structure and preservation of stability. The increased binding affinity after exchange
increased the PLQY of the Cd3;P2-450 to 26% and the Cd3As2-525 to 9% while maintaining the
narrow linewidths. Through time-resolved spectroscopy, the mechanism toward
photoluminescent enhancement was determined to be phosphinates shutting down nonradiative
recombination pathways.

Following up on the emission augmentation of the Cd3;P2-450 and Cd3As2-525 magic-
sized clusters, Chapter 5 describes a synthetic route to introducing continuous tunability in these
systems that rely on discrete sizes. The anion sublattice can be alloyed using different ratios of
P(SiMes); and As(SiMes)s to generate Cd3P2.xAsx clusters while maintaining the internal
structure. This alloying allows for continuous tunability between the independent emission
profiles of Cd3P2-450 and Cd3As>-525 with similarly narrow linewidths across the compositional
gradient. Further treatment of these materials using the previously developed phosphinate
exchange leads to highly emissive, continuously tunable, magic-sized materials with PLQY's

reaching as high as 33%. Following the structural investigation, using the ligand-derived



diffusion management that previously resulted in the isolation of Inx¢P13, is applied to Cd3P2-450
similarly allowing for the isolation of another smaller cluster, Cd3P2-390. The structure and
conversion of this new magic-sized cluster are investigated showing its direct relation to Cd3P»-
450.

Overall, this thesis takes a two-pronged approach to investigating the role and behavior of
magic-sized clusters in many different materials systems. In the first, structural studies of I1I-V
clusters unveil the identity of multiple previously known and unknown intermediates in the
synthesis of QDs. This allows for a rich comparison of structural motifs and identifies the M4E13
icosahedral cage as a ubiquitous element in III-V and II-VI nanomaterial growth. In the second,
further development of II-V cluster systems increases applicable benchmarks through improving
brightness and establishing a synthetic route towards continuous tunability in magic-sized
materials. It is demonstrated how the judicious choice in cluster modification can navigate the

metastability and simultaneously open new avenues to improved emissive properties.
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Chapter 1. INTRODUCTION TO THE  SYNTHESIS AND

STRUCTURE OF MAGIC-SIZED CLUSTERS

This chapter aims to provide an introduction to relevant topics in this dissertation.

1.1  THE UTILITY OF SEMICONDUCTORS

Semiconductor materials are the basis of modern technology. Communication in the digital
age relies on the controlled manipulation of charge carriers for information transfer. The materials
that allow for this control are semiconductors. The functionality of all industrial and consumer
electronics is dependent upon their electronic behavior in response to a stimulus. Medical devices
such as Magnetic Resonance Imaging machines depend upon semiconductors that supply current
to control the superconducting magnetic field and generate radiofrequency pulses for analysis.
Solar energy requires converting photon energy into electrical current, which can only be
accomplished by semiconductors. The inverse of this process, converting electrical current into
visible light, is accomplished by light-emitting diodes (LEDs), the main architectural constituent
of which is semiconductors. Most modern environmental sensors measure the electronic response
of'a semiconductor to its physical environment (i.e., light, heat, gas). More recently, much attention
has been focused on the development of quantum information and quantum computers that demand
complex semiconductor architectures to generate spin qubits or serve as single photon sources.
The technological ubiquity of semiconductor materials is a testament to the commercial
indispensability that arises from their reliable electronic response to composition, structure,

shape/size, and environment.



1.2  SEMICONDUCTOR ELECTRONIC STRUCTURE

The electronic structure of semiconductors can be rationalized by first considering the
bonding in a diatomic molecule. In a simple diatomic, such as H», the individual atomic orbitals
are brought within proximity of one another, thereby creating two new discrete electronic states.
In one instance, the atomic orbitals are in-phase, creating shared electron density between the two
bonded atoms and lowering the overall energy of the combined orbitals. In the other, the atomic
orbitals are out-of-phase and therefore any electron density in these orbitals will promote repulsion
and weaken the atomic bond. Two atomic orbitals result in two molecular orbitals, and this relation
must be conserved. The H, example is the simplest as it considers two identical atoms, each with
a single orbital and a single electron. This bonding picture is complicated but can still be
rationalized by introducing more complex atoms with different orbitals and multiple electrons.

Expanding this picture of bonding to a new diatomic, F2, introduces a new shell of orbitals
with different symmetries. The two s-orbitals, similar to how they function for H», generate a
bonding and an antibonding molecular orbital. However, the new higher energy orbital set, the
three p-orbitals (px, py, pz), can separately interact with each other to form six new molecular
orbitals. Of the six, three are bonding and three are antibonding. In this example, the s-orbitals and
p-orbitals energetically exist separately from one another. However, that isn’t always the case.

For the diatomic N», the same number of orbitals are involved as in F,. There are two s-
orbitals and six p-orbitals total. However, the nuclear charge of nitrogen (Z = 7) is less than that
of fluorine (Z = 9), which allows the energy of electrons in s-orbitals to become much closer to
their p-orbital residing counterparts. With some constraints, this allows the s and p, orbitals to mix

together. Due to their similarity in symmetry with respect to the axis of bonding, s and p, can mix



their respective distributions of electron density to lower the overall energy of bonding electrons

This process is ubiquitous across molecular structures that have atomic orbitals of similar energies
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Figure 1.2.1. Molecular orbital diagrams for Ho, F», and N>. H> demonstrates the most basic

example of molecular bonding. F>» demonstrates the incorporation of the 2p subshell and N> is an

example of s and p orbitals mixing to lower the average energy of bonding electrons.

The orbitals that make up semiconductor electronic structure function in very similar ways
as in diatomic molecules, but on a much larger scale. Instead of two atoms bonding to generate
two orbitals, the extended structure of a bulk semiconductor incorporates approximately anywhere

between 10° and 10?? atoms, each with multiple contributing atomic orbitals. This results in an
astronomical number of “molecular” orbitals, each with a distinct combination of in-phase and
out-of-phase atomic orbitals that extend across the material. Due to the sheer number of electronic
states, each with an inappreciably different energy, it is no longer effective to describe each

individual state; there are simply too many. Instead, all the accessible states at their respective



energies are described as a band, and different portions of the band have different numbers of
states, a property that is described as the density of states (DOS).

In unary semiconductors such as carbon, silicon, and germanium, these states are generated
from s and p orbital mixing. When bonding with adjacent atoms, the interaction can either be
bonding (in-phase) or antibonding (out-of-phase) as described before. The effect this has is that it
splits the electronic structure into two equal bands: the low energy valence band (bonding), and
the high energy conduction band (antibonding). There then exists a defined energetic gap between
the bands, which is analogous to the gap between molecular orbitals in the diatomic case.
Furthermore, before bonding, each atom has 2 electrons and 4 orbitals that will participate in the
electronic structure. The number of states must equal the number of participating orbitals, and half
of these orbitals will form the valence band. It happens that the number of electrons is also half
the number of orbitals, and therefore, all the lower energy states are filled with electrons. It is these
two characteristics that define semiconductor electronic structure: 1) there is a pronounced energy
gap between orbital bands, and 2) the lower energy valence band is filled with electrons, while the
higher energy conduction band is totally unoccupied.

While unary semiconductors provide the most basic example, there are other, more
complex materials with the same two electronic characteristics. Binary semiconductors, made up
of two different elements, further extend the applicability beyond what can be accomplished with
unary semiconductors. These binary materials are mainly referred to by the numbers of the
columns on the periodic table that describe their constituent atoms. III-V (ex. InP, InAs, GaN,
GaP, GaAs), II-VI (ex. CdS, CdSe, CdTe, ZnS, ZnSe), and IV-VI (ex. PbS, PbSe, PbTe, SnS,
SnSe, SnTe) are common binary material types for semiconducting applications. The significant

degree of material variability allows for wide variation in the bandgap energy of these materials



from ~0.2 eV to ~3.5 eV. It then follows that materials with different bandgaps are suited for
different applications. For example, the 3.4 eV bandgap of GaN is well suited for blue/UV

emission in LEDs, whereas the 0.4 eV bandgap of PbS makes for efficient infrared detectors. !
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Figure 1.2.2. Transition from the local bonding of a diatomic to the extended bonding of a
macromolecule to the bonding of a bulk solid. In binary semiconductors, the two bonding
elements do not introduce electrons at the same energy level, causing the valence band to have

primarily anion character and the conduction band to have primarily cationic character.

The bandgap represents the energy input required to elicit a measurable electronic change
in the material. In other words, the bandgap generally defines the minimum energy that a material
can absorb and the maximum that it can emit. With electrons filling the valence band, the material
cannot absorb energy until that energy meets or exceeds the bandgap energy as there are no lower
available states. When this requirement is met, the material absorbs that energy and, in doing so,

promotes an electron into the lowest lying state of the conduction band. The promotion of the
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electron leaves a positively charged hole in its place in the valence band. While the hole is not a
real, physical particle, it has become important nomenclature to track a position for the lack of an
electron upon excitation. Quickly, the electron recombines with the hole, returning to the valence
band, and releases energy that is approximately equal to the energy of the bandgap. If the energy
provided is significantly higher than the bandgap energy, the electron is free to move throughout
the conduction band before recombining. But in many instances, the stimulus energy is very
similar to the energy of the bandgap. In this case, the electron and hole are not completely
separated, and instead, there remains an attractive coulombic interaction between them. In this
instance, the electron-hole pair is referred to as an exciton. The charge carriers have been separated,
but they cannot be considered independent; they are still partially bound to one another through
this coulombic force. Excitons versus free carriers are preferred depending on the application.
When carrier recombination is the functional process, as is the case with LEDs, lasers, and single-
photon sources, it is preferred to form excitons. Conversely, if the application is focused on charge
extraction, like in solar cells, transistors, and thermoelectrics, free carriers must be generated for
efficient utility.

While the current information age has been built on a contemporary understanding of
semiconductor electronic structure, there are certain areas where increased functionality would
open the horizon to new utilities and applications. This has led to and will maintain the Herculean

research effort into new semiconductor behaviors.

1.3 SEMICONDUCTOR QUANTUM DOTS

One of these new behaviors has arisen from taking semiconductor structures and making
them much smaller. If we consider a structure with ~10?? atoms (millimeter length scale), and
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remove atoms until we are only left with a few hundred to a few thousand, we will likely be left
with something that is measured on the nanometer length scale. On the nanoscale, it is observed
that the energy of light absorbed and emitted by a semiconductor becomes size-dependent.>* As
the semiconductor becomes progressively smaller, the energy that the material interacts with
becomes progressively larger relative to the intrinsic bandgap. As the particle becomes larger, the
energy lowers and eventually approaches the intrinsic bandgap energy. This phenomenon can be
rationalized through the behavior of charge carriers confined to a predetermined volume.

One of the inherent properties of semiconductor materials is the Bohr radius (rg) which
describes the distance between an electron and hole when excited to form an exciton. Originally,
the term Bohr radius refers to the most probable distance of an electron from the nucleus of a
hydrogen atom. Seeing the analogous conditions where in the case of hydrogen, the center point
is the nucleus and with semiconductors, it is the location of the hole, Bohr radius can be applied
in both scenarios. This distance (rg) is material dependent and on the order of nanometers as seen
with InP (rg = ~10 nm), CdSe (rg = ~6 nm), and PbS (rg = ~18 nm) as a few examples.’> Based on
lattice covalency and the dielectric constant of the material, the bound electron and hole will prefer
a certain distance apart before reaching a barrier in the potential of the lattice. Interestingly, the
physical dimensions of a nanocrystal can be smaller than this intrinsic Bohr radius of the material.
In this instance, as the wavefunction of the exciton faces a potential barrier outside of the particle,
it cannot extend to encompass the Bohr radius. Instead, it is confined to the smaller dimensions of
the nanocrystal. It follows that larger particles will confine the exciton wavefunction less and
smaller particles will provide greater confinement. This size-dependent restriction of the exciton

influences its energy through the Heisenberg uncertainty principle.

AxAp = h



Decreasing the uncertainty in the position must result in an increase in the uncertainty of the
momentum. The broader distribution in electron momentum leads to an increase in the kinetic
energy of the exciton. Therefore, confining excitons to a smaller volume increases their kinetic
energy. Furthermore, as described above, the exciton cannot exist outside of the particle and
therefore its wavefunction must reach a probability of zero at the edges of the particle’s
dimensions. Only specific standing waves with discrete energies can satisfy this requirement which
manifests in the material as isolated, quantized energy levels instead of bands. The concept of
particle size causing these two characteristics, a size-dependent bandgap and appearance of
discrete states at the band edges, is referred to as quantum confinement. Semiconductor
nanocrystals that are small enough to fall in this regime are then given a special, colloquial name:

quantum dots.
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Figure 1.3.1. Semiconductors on the nanoscale show size-dependent band gaps due to the quantum
confinement of the exciton wavefunction. The dimensions of a particle of length L force the
wavefunction to reach a probability of zero outside of the particle dimensions. This causes the

appearance of quantized electronic states.



1.4 INTRODUCING SOLUTION PROCESSABILITY

As so far described, QDs would be materials that are extremely challenging to manipulate.
They are constructed from semiconductors with high dielectric constants and their surface is
covered in uncoordinated, charged atoms leading to a high charge density. These characteristics in
conjunction would make them reactive and impossible to dissolve in common solvents.
Furthermore, the actual generation of these particles would have to be done through molecular
beam epitaxy or plasma synthesis, neither of which can be easily scaled. Therefore, it would be of
great benefit to functionalize these nanocrystals such that they can exist in solution.

This functionalization is done through the inclusion of molecules that bind to the surface,
referred to as ligands, that incorporate functional groups with varying stereoelectronics. When
carefully selected, these ligands can passivate the surface charge density and improve solubility
through ligand-solvent interactions. This allows QDs to exist as stable solution phase colloids,
thereby opening a wide horizon of new commercial applicability. Established processing
techniques such as spin coating, roll-to-roll processing and a variety of printing methods become
accessible. Furthermore, the addition of ligands alongside reactive metal and anion precursors
allows QDs to be reliably synthesized in solution as well. This solution processability promises
lower manufacturing costs, milder, more efficient synthesis methods as well as improved
scalability and integration potential. The solution-phase also introduces synthetic versatility in the
form of altering precursor identity, solution temperature and concentration which presents a
significantly more tunable parameter space for modifying properties. Because of this, most

research efforts investigate QDs as solution-processable materials.



Quantum Dot Ligated Quantum Dot

Quantum Dot Solution

Figure 1.4.1. The ligation of a QD with aliphatic ligands allows them to be dispersed in nonpolar

solvents for solution processability.

1.5 UNDERSTANDING NUCLEATION AND GROWTH

The ability to synthesize QDs in solution invokes a particularly unique mechanism for
particle formation. Individual precursors react to form nanoscale crystals that maintain their
solubility. The individual atoms in each precursor must react together to form these larger,
crystalline particles while maintaining colloidal stability. This phase change can be understood
through the perspective of nucleation and growth. Understanding and controlling this fundamental
mechanism of nanocrystal reactions became an important subfield of QD chemistry due to the
significance of synthesizing homogeneous nanocrystal populations.® Arguably, the two areas with
the greatest promise of QD contribution are solid-state emitters (classical light) and single photon
emitters (quantum light). The unique electronic structure of QDs is designed to allow efficient
charge carrier recombination due to the exciton’s spatial confinement. Other semiconductor
applications that are based on charge extraction are poised to compete with the increased

recombination rate that comes from confinement. Seeing as the structure of QDs is best suited for
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recombination, applications in emission should be targeted. These two main applications, solid-
state emitters and single photon emitters, albeit for different reasons, depend on the photon purity
from emission. Nanocrystals of different sizes, morphologies and phases can emit photons of
varying energies and therefore it is imperative to synthesize QDs with the highest precision
possible.”!” Due to the confinement of the wavefunction inside the particle, nearly every atom is
contributing in some way to the photophysical characteristics. Therefore, structural deviations
influencing even single atoms can cause a degree of heterogeneity that will poison photon purity
across the sample.!! Due to these stringent requirements on ensemble-level nanocrystal precision,
there has been and continues to be a field-wide drive to synthesize reproducible, homogeneous QD
samples. With the ultimate goal of generating synthetic design rules that can explain and produce
homogeneous ensembles, the chemical mechanisms underlying the QD nucleation and growth
processes that govern particle formation has been the subject of intensive investigation.

At a basic level, the process of nucleation and growth begins with the assembly of discrete
atoms to generate a small repeating unit of solid (nucleation) after which further atoms add to the
surface of the particle thereby increasing its size (growth). Empirical observations of systems that
follow this description show that growth is almost always energetically favored. For example,
snowflakes grow rapidly after the initial formation of ice nuclei, hydroxyapatite in the bones will
favor further deposition over the creation of a new structure, and growing sugar crystals often
involves the addition of an already formed seed crystal to bypass the energy penalty of nucleation.
This is to say that the formation of nuclei requires more energy than the growth of existing
particles, which is a fundamental principle that guides many of the models that seek to describe

these processes.'? To rationalize this bias in particle formation, the overall stability of crystals can
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be described through two separate characteristics: 1) the internal energy, and 2) the surface
energy.'?

The internal energy is derived from the favorability of bond formation and crystallinity. It
is conceptually similar to the lattice energy, or bonding strength in a crystal, but internal energy is
more generalizable as it incorporates deviations in crystallinity. Crystals are extremely stable due
to the repetitive formation of strong chemical bonds with very little variation. As the internal
energy is based on the number and quality of those bonds in the crystal, it varies with the volume
of the particle and is stabilizing.

The surface energy comes from the atoms in the outer layer of the particle that form the
interface between the particle and its surroundings. As these atoms are on the outside of the
particle, they lack the one or more bonds required by the crystal structure and are therefore

incompletely passivated and inherently unstable. Because of this, the surface energy is

14,15

destabilizing and varies with the surface area of the particle.
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Figure 1.5.1. The energetic barrier of nucleation must be overcome before the more favorable
growth process can occur. This is due to the energetic penalty of undercoordinated surface atoms

competing with the stabilization of crystallized internal atoms within a lattice.
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While a simplification, it is the addition of the internal and surface energies that dictate the
total energy of the system. Smaller particles have higher surface area to volume ratios and therefore
the surface energy dominates the overall stability, thereby making the particles unstable. But as
particles continue to grow, the internal energy from the increase in volume stabilizes and allows
for further growth. The interplay of surface and internal energies controlling stability during
particle formation is encompassed by Classical Nucleation Theory (CNT).!¢-18

Applying these ideas to QD formation and growth is relatively intuitive. The different
molecular precursors that react to form nanocrystals begin in the solution-phase and, at high
temperatures, generate nuclei that then continue to grow from the same precursors. As QDs form,
they must overcome the surface energy to create stable particles and with time these particles grow
to benefit the stabilizing internal energy. However, as is the case with all experimental systems,
models cannot account for all necessary variables to perfectly describe the real, physical process.
The synthesis of QDs is no exception.

For example, CNT does not take ligands into account. As different ligand types can
passivate undercoordinated atoms, they play a substantial role in modulating the surface energy of
particles during growth.! This decrease in surface energy can stabilize particles that would
otherwise submit to dissolution as described by CNT and can be imperative in promoting growth
at specific particle facets. Furthermore, as QDs are colloidal species and form at high temperatures,
there is more than enough energy to drive particle rearrangement during synthesis. Solute that has
bonded to the surface to grow QDs can repeatedly detach and rearrange which leads to an
equilibrium between solution-phase solute and QDs.?*2! The stability as dictated by the internal
and surface energies is therefore constantly in flux and can change over time, unlike what CNT

describes. However, the foremost inaccuracy of CNT as applied to nanocrystals is that it uses
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purely thermodynamics to describe a system that is very much governed by kinetics.?> *® The initial
formation of QDs can happen on the millisecond time scale due to the high temperatures and
reactive precursors that are often used in the reactions.?’” Due to this rate, products that can be
accessed faster have lower activation energy barriers and are favored over those that are generally
more thermodynamically stable. While the internal and surface energies can theoretically describe
the most stable particle, the reaction rate pushes the system towards less stable, kinetically favored
atomic arrangements in particles. Because it neglects kinetics, CNT assumes that the process of
nucleation is instantaneous, that there is no time component in the initial formation of particles.

Despite these complications, CNT has been invoked to describe many nanocrystal
reactions with relative success especially in the cases of metal chalcogenides.®?®33 Arguably, the
most pertinent example of this was using LaMer and Dinegar’s nucleation and growth model,
developed to explain hydrosol formation, as a framework for interpreting nanocrystal synthesis
results.** The foundation of this model being that the concentration of reactive solute will dictate
the reaction regime. Whether nucleation or growth is favored at a specific point in the reaction can
be simply interpreted through the number of solute molecules present. High solute concentration
drives up the chemical potential required for nucleation and after some of it is consumed in the
process, the lower resulting potential pushes the reaction into the growth regime. At a certain point,
the equilibrium solubility of the solute in the solvent is reached and these processes are
discontinued.

Initial QD syntheses successful at generating respectfully homogeneous ensembles could
be interpreted through this model. Fast injections at high temperatures result in narrow size
distributions as the high chemical potential is reached rapidly, supposedly resulting in an

instantaneous, single nucleation event. The short timescale would ensure homogeneous nuclei as
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they are all generated at the same time and under the same conditions. This solute-concentration
driven model was effectively applied to several CdSe and PbS systems,®?® however, many other
materials and precursor systems never seemed to follow the reaction trajectory as predicted by
CNT and LaMer. This could very well be due to differences in ionicity and covalency across
materials.> In the field of binary semiconductors, the lattices of cadmium and lead chalcogenides
are considered to be quite ionic. As a result, the individual bonds are weaker when compared to
the more covalent lattices of indium and gallium pnictides. During synthesis, this allows more
reversibility in ionic materials and therefore reactive solute is a more reasonable concept in these
systems. There indeed may be some form of solute equilibrium that drives particle nucleation and
growth as described by CNT. In contrast, covalent materials with stronger bonds participate much
less in any equilibrium that might exist between a particle and solute in solution. With particle
formation being driven by bond strength over concentration, covalent materials cannot be
accurately described by a variable concentration model.

Despite the empirical accuracy of LaMer’s findings in ionic materials, further study has
shown that narrow size distributions can still be obtained through nucleation events that extend far
into the growth stage.’®3” This homogeneity has been rationalized through size-dependent growth
kinetics where smaller particles that nucleate late in the reaction promote a faster growth rate. With
smaller particles growing faster and larger particles growing slower, the particle sizes converge
over extended reaction times. The full mechanistic rationale for why smaller particles can develop
a faster growth rate remains ambiguous. Furthermore, these observations emphasize the tendency
for generalized models to be applied to empirically developed data sets. While initially
explanatory, the foundation of the CNT model can be found inadequate at describing more

complex perturbations on a simpler process.
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Figure 1.5.2. The basis behind many nanocrystal formation models is how concentration dictates
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the synthetic regime. I) Precursors combine at high temperature together to begin forming reactive
solute. IT) The formation of reactive solute eventually reaches a high enough concentration (or
chemical potential) to cause a nucleation event. III) The decrease in solute concentration upon
nucleation decreases the chemical potential pushing the reaction into the growth stage. While this
can be a strong educational framework for considering the variables that contribute to nanocrystal

synthesis, the three regimes in most cases occur continuously throughout the synthesis.

Nevertheless, these observations and conclusions put into context how chemists have
contributed to rethinking the extent to which the CNT framework is accurate in the analysis of
nanocrystal growth processes. This resulted in an emphasis on and deeper interest in investigating

nonclassical nucleation processes in nanocrystal synthesis.

1.6 MOLECULAR SPECIES DOCUMENTED IN QD REACTIONS

Quite soon after the development of solution-phase QD synthesis, it became apparent that

transient, metastable species were forming during the synthesis.>**’ Here, metastable species were
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identified by discrete optical absorption features forming during the initial stages of QD reactions
across a wide temperature range. As mentioned with QDs, generally larger sizes are more stable
as they maximize the enthalpy gain from crystallinity and minimize the ratio of surface area to
volume. Consequently, QDs will continuously grow as an ensemble as temperature increases and
the reaction proceeds. Seeing as these new discrete optical absorbance features do not shift with
moderate changes in temperature, they are therefore suggestive of a single, molecular particle, the
stability of which is uncharacteristically high for a crystal of that particular size. In some way, the
internal and surface energies of these species have serendipitously balanced to form a stable,
atomically-precise structure. This made them easy to identify and optically characterize during
syntheses.

As QD synthesis developed, the documentation of these metastable, atomically-precise
particles continued across different materials, precursor systems, temperatures, and many other
levers of reaction variance.*s ” However, despite their appearance in a seemingly ubiquitous range
of material compositions, the knowledge required to rationalize their existence of unique stability

was severely lacking. This earned them the name magic-sized clusters (MSCs).
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Figure 1.6.1. Sharp optical features appear in absorbance spectra at early reaction times which are

indicative of MSC formation. Absorbance traces from reference 38.
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The classical understanding of nucleation suggests a continuous process in which
precursors react to form solute, which generates nuclei that grow into nanocrystals. The presence
of discrete, persistent, metastable intermediates not only defies the continuity of this process but
also breaks the classical notions of interpreting stability. Larger particles should be more stable
than smaller particles but now suddenly there is a seemingly arbitrary bias towards a single,
typically small, crystal size. The foundations of their existence and how they might influence or
participate in QD formation mechanisms were completely unknown.

The research interest that developed for MSCs was then two-fold. Firstly, the relationship
between their atomic structure and conversion pathways. Through extensive optical
characterization during QD reactions, it became clear that these molecular structures can function
as metastable intermediates and sources of solute during nanocrystal formation.>*¢"6> However,
the vast majority of documented MSCs have only been characterized by their absorbance profile.
Their stability, conversion pathways, and optoelectronic properties are all derived from their
atomic structure and yet these structures are, for the most part, completely unknown. There is
simply no available rationale for why and how these intermediates form since there is a lack of
structural information required to establish these conclusions. The second pronounced area of
research interest is derived from the inherent sample homogeneity that MSCs provide. As
mentioned previously, achieving atomistic precision in QD synthesis is what will augment their
already established usage in photonic applications. In some ways, this precision has already been
achieved through the MSC system. They are molecular species and atomically precise thereby
reaching the highest achievable standard of ensemble homogeneity as every magic-sized cluster
has the exact same atomic arrangement. The inherent ensemble-level homogeneity underscores

the significant potential for unprecedentedly narrow emission linewidths and the opportunity for
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these materials to be viewed as atomically precise models of QDs. However, there are
complications in the emission profiles of MSCs that have so far challenged the application of these
materials as homogeneous emitters.

To begin to understand the intrinsic structural stability of semiconductor MSCs, it is
important to put their existence in the context of other, more well-developed molecular clusters.
Investigating structure-function relationships in defined cluster species will allow for the

rationalization of their unique stability and design rules for their synthesis and resultant properties.

1.7 THE METALLIC ROOTS OF MOLECULAR CLUSTER STABILITY

The existence of high nuclearity clusters of atoms with distinctive stabilities is not unique
to semiconductors. In fact, the rubric for the behavior of metallic MSCs has long been in
development. The formation of molecular cluster species in the context of nanomaterial synthesis
began from Mg complexes of Nb and Ta as NbsCli4 and TasCl;5.%* While the structure of tri- and
tetranuclear complexes were common at this point, the Mg can generally be considered as the
starting point of cluster species. This area of analysis was continued to generate the library of
[Pt3(CO)]n> (n=1,2,3,4,5, 6, 10) clusters.®® These provided experimental proof for significantly
larger clusters and furthered the complexity of metal-metal bonded polyhedra. Grown from the
consecutive addition of trinulear platinium units, this could also be considered the first example of
quantized (non-continuous) growth in this context.

Meanwhile, in a similar timeline, clusters of other noble metals were being developed,
namely the 1,2-bis(diphenylphosphino)ethane-ligated Aus cluster and its relation to
Aui1(PPh3)7(SCN)3.567 As documented cluster sizes and corresponding nuclearity grew larger, it
became apparent that there were unknown rules governing the stability of these materials that
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could not be interpreted through the same lens as organic molecules. This crescendoed with the
full structural characterization of Aui02(SR)44, which featured a 49 gold atom Marks decahedron
core, two 20 atom “caps” at opposing vertices and a 13 atom belt around the equator of the
structure.®® Synthesizing homogeneous materials is very challenging, especially as particles
become larger. In those cases, the internal energy dominates stability and therefore growth, by
addition of solute to the surface, contributes inconsequentially to the overall stability of the
particle. There is no energetic bias between larger and smaller particles and thus heterogeneity
manifests. A structure as large as Aui02(SR)44 proved that homogeneity on a molecular level can
exist at very large size scales. The atomically-resolved characterization of this structure inspired a
field of efforts that sought to fully understand the rules by which noble metal clusters form with
distinct and discrete stabilities.

Following the momentum of Auio2(SR)4, came a slew of crystallographically
characterized gold clusters including Au23(SR)16, Au2s(SR)18, Au2g(SR)20, Auzs(SR)24, Auszg(SR)24,
Aui30, and Aui44.%77 This has since been expanded even further to the largest gold cluster that has
been crystallographically characterized, Auz4s(SR)so.” It was the full structural characterization of
all these clusters followed by a rigorous analysis of their structural motifs that has allowed for the
formation of a structure-based rubric that can explain the discrete stability of these materials.
Firstly, a geometric closed-shell structure is required. That is to say that the atomic arrangement
must be based on a platonic solid of close-packed atoms with no vacancies. Secondly, a full-shell
electron configuration must be satisfied, analogous to the electronic structure of noble gases.”” "

The rules governing noble metal cluster stability have been developed due to the vast, rich
structural library generated from years of synthesis and characterization. Each new structure

provides an additional data point through which the structure-based rubric is refined. It is
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noteworthy that not all structures of noble metal clusters can be simply rationalized through the
perspective of closed geometric and electronic shells. Notably, Aues is a structural outlier in this

sense which emphasizes that while incredibly well-developed, the stipulations placed on structural

0

stability must continuously be adapted to incorporate contemporary experimentation.®
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Figure 1.7.1. Structures of some of the most influential molecular clusters mentioned in the text.
These materials provided a rubric for interpreting the stability of MSCs in QD synthesis in the

future.

Subsequent studies of molecular clusters following the structural observations of the noble
metals targeted the common binary semiconductor systems that are used with QDs. The reaction
between a metal nitrate salt and benzenethiol in the presence of tetramethylammonium chloride
led to the formation of (R4N)2[M4(SPh)10] and the subsequent addition of powdered chalcogen
resulted in (MesN)a[M10E4(SPh)is] (E = Se, S; M = Cd, Zn).8"*> While cadmium and zinc

chalcogenides are semiconducting materials, these clusters weren’t viewed through the lens of
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quantum confinement and nanochemistry but instead were targeted as potential analogues to
thiolate-ligated cobalt and iron complexes that served a biological context.’334

Further study of the (MesN)s[SsMio(SPh)is] clusters resulted in the charge neutral
analogue, M10S4(SPh)12, as well as Cdi7S4(SPh)as, Cds4S28(SPh)s2, and Cd32S14(SPh)36.5>%¢ The
isolation and structural characterization of these binary clusters closely mirrored the efforts in the
noble metal cluster space. But the tetrahedral coordination of metal and chalcogen in these
semiconductor materials created a distinct separation from the structural behavior of the noble
metals which prefer the 12 nearest-neighbor configuration of face-centered cubic lattices. The
atomic arrangement in these binary clusters can be described as a cubic zincblende core with the
addition of hexagonal wurtzite corners in larger clusters. These being the thermodynamically
stable phases of these materials left few open questions as to their distinct stability. Interestingly,
many years later, the M;oSes(SPh)is clusters were used as single-source precursors to CdSe and
ZnSe QDs through thermolysis.®” While the structural characterization of these II-VI clusters
provided the first framework for understanding molecular stability of semiconductors, they were
not directly, mechanistically related to QDs. Their synthesis was born of inorganic coordination
chemistry at low temperatures in polar solvents, so while the structures provide important context
for interpreting MSC behavior in QD systems, they themselves remain as a separate brand of
molecular semiconductors.

As the enigma of stability appeared for MSC intermediates in QD reactions, the knowledge
to be applied in interpreting their behavior is built on the foundational studies of unary metallic

clusters and the inorganic complexation reactions of metal chalcogenide molecules.
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1.8 ATOMIC STRUCTURE AND CONVERSION PATHWAYS OF MSCs

The initial investigations of MSCs as reaction intermediates unveiled that they were a
kinetic trap for reactive precursors. In this mechanism, QD precursors are combined at high
temperature resulting in the rapid formation of MSCs as evidenced by sharp absorbance features
at early timepoints in the reaction. With the high temperature maintained, the MSCs will
destabilize thereby producing reactive solute species, distinct from the initial solute produced from
precursors, that can re-nucleate and grow nanocrystals. This effectively decouples the direct
reaction between precursors and QD formation.®!*® MSCs function as a potential well that breaks
the kinetic chain normally connecting precursors and QDs. With this functioning as the standard
mechanism for cluster behavior, there are other routes for cluster conversion as well. MSCs have
also been used as synthetic tools to make more complex nanomaterials such as nanorods,
nanoplatelets, and quantum belts.®°> These investigations led to the conceptualization of three
growth pathways for MSCs: 1) dissolution and renucleation, 2) cluster assembly, and 3) quantized

growth,”3%

Figure 1.8.1. The three growth pathways of MSCs.
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Invoking cluster assembly involves the spontaneous organization of MSCs into a larger
structure followed by an annealing step or the addition of more precursor to completely crystallize
the larger structure. This method has been used to great effect in synthesizing large, highly
crystalline nanosheets and quantum belts.®~*? Cluster aggregation is induced by the van der Waals
forces of interdigitated ligand tails which causes the high degree of ordering. Following this, the
annealing does not disturb the assembled structure so large structures with precise dimensions, as
predetermined by the cluster size, can be achieved.

Quantized growth occurs when one MSC converts into a larger, more stable MSC of a
similar morphology. This can occur during thermolysis of MSCs and is most clearly demonstrated
by the system of CdSe tetrahedra in which one of four facets is extended by a singular layer
resulting in a tetrahedron of the next largest size.*””> %% This has allowed for the growth of clusters
across a wide range of visible wavelengths while still maintaining homogeneity. While the direct
conversion of any homogeneous ensemble into another larger ensemble while maintaining
homogeneity can be considered quantized growth, it is the facet-based mechanism of CdSe
tetrahedra that has received the most study.”

The growth pathway is partially dictated by the general reaction conditions where higher
temperatures benefit dissolution/renucleation, primary straight-chain alkyl amines promote cluster
assembly, and mild temperature increases stimulate quantized growth. However, the primary
variable that controls cluster growth behavior is atomic structure. Less crystalline MSCs, with
atomic structures that do not contain repeating, ordered atomic arrangements, undergo thermolysis
at lower temperatures.'° 192 Surface atom spacing, as defined by atomic structure, controls epitaxy
and therefore assembly, and the cluster structure must have a well-defined high energy, reactive

facet to allow quantized growth to occur.!®1% It is the atomic structure of the MSC that defines
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not just the chemical behavior during conversion but also the photophysical behavior upon
excitation. Put simply, the function of a material is defined by its structure. Despite the empirical
mechanistic developments of MSCs, knowledge of their structure and therefore a fundamental
understanding of their properties has remained difficult to access. Furthermore, the underlying
rationale for their “magic” stability must be interpreted through their structure. It is clear that
certain atomic arrangements lead to unpredictable wells of stability, but we lack actual
characterization of those arrangements. With more structural information we can begin to
understand and develop intuition as to why these materials achieve atomic precision and apply that
to synthetic mechanisms to better understand fundamental nanomaterial behavior and, in the
process, generate precise and applicable colloidal materials.

As a final thought in this section, it is interesting to compare the formation pathways of
QDs versus MSCs. The basics of nucleation and growth have been described above and can be
accurately applied to QD nucleation and growth in most cases. In this instance, a concentration
dependence governs the regime of the reaction thereby transitioning between nucleation, growth,
and equilibrium. However, MSCs do not necessarily obey these regulations. Studies have shown
that instead of following nucleation kinetics, the formation of these particles seems to follow
chemical kinetics in which the direct reaction between precursors overcomes an activation energy
to produce the product.*” While this may seem unsurprising at face value as MSCs are indeed
formed from molecules and are molecules themselves, the formation of thermodynamic phases
still requires some semblance of crystallization. MSCs then cannot be considered to form through
nucleation kinetics but their structure precludes them from forming only through chemical kinetics.
So, both in mechanism and in structure, they exist as a bridge between the precise, molecular realm

and the crystalline regime of nanomaterials.
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1.9  PREVIOUS CHARACTERIZATION OF MSCs IN QD SYSTEMS

As the general study of QD synthesis developed, the presence of MSCs continued to build
momentum. Persistent absorbance features were documented in the synthesis of CdSe,>%*!#?
CdS,!1% Inp, 06162 [nAg 5262107108 715G 109-111 715G 49112 and Cd3As2.3%%7 Syntheses were also
developed to specifically target and isolate MSCs which would allow for optoelectronic studies of
their properties separate from their heterogeneous parent nanomaterial. This was the case for many
CdSe and CdS clusters as well as InP, PbSe, and Cd3P,.3%58:3%61.95113.114 A the presence of MSCs
as synthetic tools became ubiquitous, the observation or isolation of one became less impactful.
Instead, their existence transformed under the lens of noble metal clusters, as questions focused
more on why they were stable as opposed to simply documenting their existence. The information
that structural characterization can provide opens avenues to rationalize MSC behavior at the
atomic level. Despite the library of MSCs with well-documented absorbance profiles, the
corresponding structures are understudied and remain completely ambiguous. Therefore,
justifying and understanding chemical and photophysical behavior through structure is nearly
impossible. That being said, it is not a dramatic oversight nor lack of effort in the QD field that
has led to the lack of structural information regarding MSCs. Procuring a sample that allows for
this structural omniscience is arduous.

Full structural refinement by single-crystal x-ray diffraction methods requires the growth
of diffraction quality crystals. Molecules of interest must be controllably crystallized from a

solution resulting in highly ordered crystals preferably of a large size.” Any imperfections in the

* To be clear, this is separate from the crystallization process that occurs to grow QDs and MSCs. Nucleation and
growth occur from precursors as described to produce nanocrystals, and in this case, more specifically MSCs. For
these MSCs to be structurally characterized, they themselves must be crystallized to form a crystal of crystals. While
the terminology can overlap, the conditions under which each process occurs is very different.
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form of misaligned crystal planes, atomic disorder, or structural twinning will disrupt the electron-

115 If the crystal is too small, there simply aren’t

density map that is built from the diffracted x-rays.
enough atoms to allow for adequate constructive interference of x-rays that provide signal.!'® The
growth of these crystals can be extremely challenging for even small molecules made up of only
10 to 50 atoms. There are simply too many conformational degrees of freedom in solution which
result in imperfections as the crystal grows. Applying this to magic-sized clusters, in many
instances simply just the inorganic core of the cluster is already approaching 50 atoms and with
the addition of ligands, the total structure can be well over 1100 atoms. Due to the hindrance
conformational freedom has on diffraction signal, judicious choices must be made as to the ligand
set that is employed during crystallization. Rigid substituents are used in place of their common,
more soluble aliphatic counterparts. The synthesis of the clusters must then be adapted for the
usage of a different, more rigid ligand set without disturbing the structural integrity of the product.
These challenges work in tandem during attempts to structurally refine reported MSCs and can
explain why, despite their ubiquitous presence, severely lack in structural information. Despite the
formidable effort required for this encompassing analysis, there are still MSCs that have been
characterized in this fashion.

The first of which is a tetrahedral CdSe MSC with the formula Cd3sSexo(X)30(L)30 (X =
0>CCgHs, L = HoNC4Hy).” It’s relation to the previously described collection of phenylthiolate-
ligated II-VI clusters (i.e. M10Se4(SPh)16) was immediately apparent as both present a zincblende
core and a tetrahedral morphology. The important distinction here is that the precursors used,
cadmium carboxylate, primary amine, and Se(SiMe3)., were relevant to QD synthesis. Along with

the structure, extended heating of this cluster led to the quantized growth into larger tetrahedral
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clusters, CdseSess and CdssSess, the structures of which could not be resolved by SCXRD and were
instead analyzed by pair distribution function analysis.

After the isolation of the three CdSe tetrahedra came the full structural characterization of
an InP magic-sized cluster, In37P20(02CR)s1.!'” Formed from indium carboxylate and P(SiMe3);,
the principal conclusion from this investigation was that the atomic arrangement of In and P in this
cluster is not zincblende or wurtzite, the stable crystalline phases of bulk InP. The previously
documented II-VI clusters are all in the zincblende crystalline phase so while the number of
constituent atoms in these materials was novel information, the atomic arrangement was
unsurprising. This was not the case for In37P20(O2CR)s1 and emphasized that there are unknown
rules dictating the formation of many of these materials.

Following In37P20, a CdisSeis cluster ligated by tetramethylethylenediamine was
crystallized.!'® It had a cage-like structure generated from 2- and 3-coordinate Se bound to Cd
surrounding a central, 4-coordinate Se atom. It was recognized that this atomic arrangement also
deviated from bulk phases of CdSe but what remained unrecognized was the structural similarities
with the In37P20 cluster which is a topic of discussion in Chapter 2. The characterization of this
cluster showed that especially CdSe, but materials in general, can adopt multiple forms on the
nanoscale to achieve a local minimum of stability. These minima are not only size-dependent but
also phase-dependent suggesting that stability at this length scale is a highly complex potential

energy surface.
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Figure 1.9.1. Three MSC structures resolved by SCXRD.

As 0f 2022, these were the only MSCs that had been structurally characterized. While these
three structures formed the basis on which cluster stability could later be interpreted, on their own
not enough information was accessible to begin to explain trends in stability. In order to build out
an understanding of the rules and motifs that dictate the stability of binary semiconductor MSCs,

the library of MSC structures must be expanded.

1.10 THE USAGE OF MSCs AS HOMOGENEOUS COLLOIDAL EMITTERS

Structural studies of MSCs dug into the foundational existence of discrete crystal sizes but
did not result in application-focused improvements. As particle size controls absorbance and
emission wavelengths within the quantum confinement regime, the molecular nature of MSCs
poses promise for homogeneous emission. As with QDs, this leads to two primary applications: 1)
emitters for solid-state lighting, and 2) single photon emitters for quantum information science

(QIS). These routes are both contingent upon nearly-perfect sample homogeneity.”!-12!
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Any heterogeneity or deviation in atomic structure as a part of the ensemble will negatively
impact implementation. In the case of solid-state lighting, this decreases color purity as slightly
different wavelengths of light will contribute to the emission. This has the added effect of reducing
efficiency since unwanted portions of the emission spectrum must be filtered out and therefore any
excitation energy leading to unwanted emission wavelengths is wasted. For Quantum Information
Science (QIS), QDs can be used as single-photon emitters, which rely on photon
indistinguishability. A heterogeneous ensemble will emit photons of slightly different energies
thereby precluding indistinguishability. Furthermore, broader emission is directly correlated with
photon decoherence times.!??"12* For photons to maintain their encoded quantum information for
as long as possible, they must remain coherent. Having photons of different energies emitted from

the same sample drastically reduces coherence times leading to the loss of encoded information.

Homogeneous Emission

Figure 1.10.1. Variation in particle size causes variation in emission wavelength leading to
heterogeneous emission. A homogeneous samples has no particle variations leading to

homogeneous emission.
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Seeing how imperative sample homogeneity is to the usage of QDs, it would follow that
implementing MSCs would remove all possible heterogeneity resulting in the perfect candidate
for homogeneous, narrow emission. However, the analysis of emission profiles from MSCs shows
that instead, the emission is very dim and normally quite broad.’®°>!!8125 Excitation of these
materials results in significant nonradiative recombination and the recombination that is radiative
occurs at a wide variety of different wavelengths. This apparent discrepancy in nanomaterial
behavior can be generally attributed to two different factors: 1) strong confinement leading to
surface vibrational coupling and, 2) lattice softness allowing emission from structurally distorted
states. In the first case, seeing as most clusters exist on the 1-2 nanometer scale, the small size
ensures that clusters are much smaller than the Bohr radii of common semiconductor materials.
Clusters are therefore extremely confined in most cases and the disparity between rg and their size
allows for the exciton wavefunction to couple easily with the particle surface.!**'?® This increases
the probability of overlap with surface vibrational modes leading to vibronic coupling and
nonradiative recombination. Beyond the strength of confinement, clusters do not have the same
extent of lattice periodicity as their larger, QD counterparts, so large nuclear distortions can occur
after excitation that severely distort the atomic geometry.'?* '3 These distortions can facilitate
previously disallowed electronic transitions that are much lower in energy, resulting in massive
Stokes shifts and very broad emission. This behavior in semiconductors is oftentimes referred to
as a self-trapped exciton.!** The formation of the exciton causes such a large distortion in the lattice
that an entirely different molecular orbital set is accessed from the excited state that is much lower
in energy. The emission then comes from this newly accessed electronic state. The large Stokes

shift comes from the decrease in energy prior to emission and the broad linewidths occur due to
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the vibronic coupling of the emission. It is arguable whether applying the “self-trapped exciton”
nomenclature to cluster behavior makes chemical sense, but at the very least, the overall emissive

behaviors of the systems are very similar.
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Figure 1.10.2. Despite atomic precision, the emission of many MSCs is characterized by very
broad and dim with a large Stokes shift. This can be attributed to stronger confinement leading to

the exciton interacting with the surface as well as a high degree of vibrational coupling.

MSC:s suffering from nonradiative recombination and large nuclear distortions cause their
emission to fall below the threshold of applicability (photoluminescence quantum yield (PLQY)
<10%). While certain clusters achieve higher radiative efficiency, most have PLQY values of
<5%. 335995 1I8.125.134 [t becomes evident that improving emission of MSCs will come from
enhancing the rigidity of the molecule, but this must not come at the sacrifice of the distinctive
energetic balance that allows for atomic precision. QDs have also suffered from weak emission
where unpassivated surface atoms cause carrier trapping and radiative losses occur through
vibrational coupling.!*>"!4° These issues have been addressed in a variety of different ways in the

QD system. Primarily, a coating of a different material with a larger bandgap, called a shell, can
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be grown around the QD to passivate surface atoms and confine the exciton wavefunction to the
core disallowing surface interaction.!*'"'*> While this route has been applied to great effect with
QDs, the shelling procedures require high temperatures and cause significant surface disruptions
during growth. The unique balance between surface and internal energies of MSCs that allow for
discrete stability would be strongly perturbed by the removal of surface ligands and subsequent
shell growth. Similarly, exchanging the native QD ligands for a set with a different head group can
influence emission.'* 148 However, once again, this can severely perturb the free energy balance
that dictates the stability of MSCs.

The ligand network on MSCs adopts a specific distribution of binding modes that is
imperative for stability.!*"!>" Perturbance of the ligand sphere results in a propagation of modes
likely resulting in a loss of stability and dissolution. This emphasizes the metastability of these
materials and highlights that the same approaches to enhance QD emission will inevitably result
in either heterogeneity or complete instability when applied to MSCs. Improvements to emission
must then come from the result of judicious choices in modification routes.

The final complication in achieving applicable, homogeneous emission with MSCs is
derived from their intrinsic properties. While QDs undergo continuous growth allowing for
emission at any wavelength based on their size, MSCs do not have this luxury. They are
atomically-precise due to the inherent structural bias that causes certain sizes and atomic
arrangements to be more stable than others.¥131:152 Therefore, continuous growth is impossible
with MSCs, as only discrete, independent species are stable. The emission from these materials is
therefore predetermined and uncontrollable as the structures and sizes of MSCs are also
predetermined. Lacking the ability to target any emission wavelength significantly reduces the

usability. However, similar to the complications with the surface, the inorganic core of the cluster
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cannot be perturbed without the immediate loss of atomic precision. Methods must then be

developed to circumvent this apparently intrinsic complication.

1.11 WHAT TO EXPECT FROM THIS THESIS

Through the introduction of the binary semiconductor MSC system, it is evident that there
are two major areas meriting further study. The first seeks to develop the cluster structural library
to diagnose the underlying origins of discrete stability. Despite the challenges of full structural
refinement, previous endeavors have proven that crystallization of these macromolecules is
possible. With a concerted effort, the rubric of magic-sized stability may be expanded to include
the complex behavior of colloidal, binary systems and thereby allowing a rich analysis of what
motifs allow for atomic precision at the nanoscale. The second area focuses on applying MSCs to
technologies that require homogeneous ensemble emission. This is contingent upon improving the
emissive properties by narrowing photoluminescence linewidths and eliminating nonradiative
recombination pathways. While there is clearly much to learn from the surface modifications of
QDs, sagacious choices must be made to ensure retention of the precise atomic arrangements that
are the hallmark of these unique materials.

In this thesis, these two areas of MSC research are explored. In Chapter 2, the steric profile
of the ligand shell on an InP cluster is engineered to control reactivity, eventually resulting in the
isolation and full structural characterization of a new InP cluster. In Chapter 3, structural
refinement of a ubiquitous InAs cluster is accomplished and, when analyzed in tandem with
existing cluster structures, allows for the beginnings of rationalizing the atomic-precision of binary
clusters. In Chapter 4, significant emission enhancement of II-V clusters is documented by
leveraging the similarity in coordination motifs of carboxylate and phosphinate ligands. In Chapter
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5, continuous tunability in absorption and emission wavelengths is accomplished by alloying P

and As in II-V MSCs. Through these studies, a rationalization of nanoscale molecular stability was

developed and has allowed for functionalization of metastable materials through the interfacial

chemistry of metal pnictide magic-sized clusters.
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Chapter 2. TUNING THE REACTIVITY OF INDIUM PHOSPHIDE

CLUSTERS USING LIGAND STERIC PROFILE

Components of this chapter were republished with permission of the American Chemical Society,
from “Ligand Steric Profile Tunes the Reactivity of Indium Phosphide Clusters”, Soren F.
Sandeno, Kyle J. Schnitzenbaumer, Sebastian M. Karjewski, Ryan A. Beck, Dylan M. Ladd,
Kelsey R. Levine, Damara Dayton, Michael F. Toney, Werner Kaminsky, Xiaosong Li, and Brandi
M. Cossairt; Journal of the American Chemical Society. 2024, 146 (5), 3102-3113; Copyright

2024 American Chemical Society.

2.1  INTRODUCTION

The development of colloidal quantum dot (QD) syntheses has allowed for control over
their attractive optoelectronic properties. Many of these synthetic methods begin empirically with
a limited understanding of the underlying nucleation and growth mechanisms. InP QDs have
emerged as a commercially relevant, emissive material and as such their formation pathways have
been the subject of deep investigation. Today, the state-of-the-art method for producing InP QDs
involves the combination of indium carboxylates (In(O2CR)3) and tris(trimethylsilyl)phosphine
(P(SiMe;3)3) to generate the core QDs before shelling with ZnSe and ZnS.!? While InP QD
synthesis has been optimized to the point of commercial production, one of the characteristics that
still hinders progress on color purity is the monodispersity of the InP cores. It is now well-known
that InP QDs do not proceed through a classical nucleation pathway and instead stray from the La

Mer model of nucleation in two ways. The first involves the intermediacy of atomically-precise
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magic-sized clusters (MSCs) that have been observed to nucleate, and then fully or partially
redissolve before QD growth proceeds.>~ This effectively decouples precursor reactivity from the
QD growth rate as any changes in reactivity only affect MSC formation. The second important
consideration is the observation of a prolonged nucleation period that substantially overlaps with
the growth period.® Burst nucleation can no longer be invoked to control monodisperity and instead
InP systems are thought to undergo size-focusing growth over long time windows. This limits the
accessible size window for which narrow polydispersity can be achieved. With an understanding
of these limitations, the isolation and study of InP MSCs have provided new avenues towards
controlling the synthesis of InP QD cores with the potential to advance mechanisms for control
over QD growth.

The most well-studied InP MSC is In37P20(O2CR)s; which is amenable to gram-scale
synthesis and was structurally characterized by single crystal X-ray diffraction (SCXRD) in the
case of R = CH>CsHs.” While other InP MSCs have been optically identified, the lack of structural
knowledge has hindered further investigation.>*1° The isolation of In37P20(02CR)s; led to the
development of multiple synthetic routes towards obtaining InP QDs with unprecedented
characteristics. Hot-injection of the cluster at temperatures greater than 200 °C results in
conversion as a single-source precursor producing zinc-blende InP quantum dots.>* This method
was expanded to incorporate Zn*" and Ga*>" dopants within the cluster that then allowed for a
similar single-source precursor approach towards doped InP QDs.!! Both of these conversions
were suggested to proceed through cluster dissolution into reactive monomer species, followed by
renucleation and subsequent growth of InP QDs. The temperature was found to dictate the quality
of the resulting QDs with lower temperatures (<200°C) causing cluster degradation with little to

no successive, productive crystal growth. However, at higher reaction temperatures (>200°C) the

59



mechanism of dissolution and subsequent growth resulted in high-quality InP QDs.** Beyond hot-
injection, the InP cluster has also been documented to template the formation of quasi-wurtzite
phase InP QDs. This work represented the first time the phase of the cluster had been documented
on that size scale and sets the stage for potential anisotropic InP nanostructure growth.'?

While these studies are examples of the successful application of InP clusters as isolable
single source precursors and seeds for the growth of larger nanostructures, an unresolved question
is how it functions in-situ to produce high quality InP QD cores. Multiple studies have documented
its presence when synthesizing cores using indium carboxylate and P(SiMes)s,*° and it is thought
that dissolution follows in-situ cluster formation, but the extent of dissolution and pathways of
regrowth to form high-quality QDs still largely remain a mystery. Optical characterization of
potential intermediates has been documented but the lack of extensive structural analysis hinders
deterministic knowledge of MSC growth and dissolution routes. '?

Computational studies of In37P20 have revealed important features that relate its reactivity
and structure. Kulik and coworkers developed multiple connections between the carboxylate
ligands and the surface reactivity of the InP cluster, leading to the conclusion that the bridging syn-
anti binding mode is the most reactive when subjected to P*-.!* Furthermore, the distance between
surface In atoms is the primary descriptor that dictates their susceptibility to displacement by P*,
where longer separations correlate with higher carboxylate dissociation energies. Beyond the study
of surface attack driven conversion, ab initio molecular dynamics calculations have been
performed to better understand the initial mechanistic steps in the thermally induced conversion
of clusters.!> Kang and coworkers identified three indium carboxylate units on the cluster surface
whose release is what initiates cluster dissolution. Once again, the carboxylate network on the

cluster surface is cited as the culprit for directing structural rearrangement.
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The structural and reactivity comparisons made by Kang and coworkers also highlight the
developing juxtaposition of InP and Cd-chalcogenide clusters. Claims of structural homologies
have been made by Robinson and coworkers regarding an a-CdS cluster and the In37P2 cluster.'®
This spurred two computational studies by Kang and coworkers investigating the possibility of
analogous structures in the two materials systems and why InP does not show the bond exchange
isomerization under the same conditions that are observed for CdS.!>!” Despite these
computational efforts, there has yet to be definitive experimental validation of this structural
relationship between II1-V and II-VI clusters.

In this work, we sought to experimentally investigate cluster surface chemistry as a
powerful leverage point for controlling conversion reactivity and mechanisms. By synthesizing
the In37P20(O2CR)s; cluster with a family of substituted phenylacetate ligands possessing differing
steric profiles, it is shown that the surface reactivity can be both hindered and accelerated when
compared to the parent phenylacetate-ligated cluster. The steric profile is also found to modulate
cluster thermolysis reactions by extending nucleation periods at high temperatures (>200 °C)
leading to nanocrystal sizes that are ligand dependent. Furthermore, these studies allowed for the
single-crystal X-ray diffraction study of a smaller member in the InP cluster family that is not only
implicated as an intermediate in the reported P(SiMes)s-induced conversions, but also serves as
the first structurally-defined InP homolog to a CdisSeis cluster recently reported by Hyeon and

coworkers.'®

2.2 STRUCTURAL CHARACTERIZATION

All In37P20(O2CR)s1 clusters were synthesized by combining indium carboxylate,
carboxylic acid, and P(SiMes); according to the previously reported procedure by replacing
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phenylacetic acid with the same stoichiometry of the substituted phenylacetic acid (Figure
2.2.2A).7 The local environments of the phosphorus atoms within the clusters were probed with
3P NMR spectroscopy (Figure 2.2.2B). The placement of a tert-butyl group in the para-position
leads to a similar overall pattern as observed in the case of the parent phenylacetate cluster, but
coalescence of signals at -190 ppm and a loss in symmetry evidenced by signal splitting at -235
ppm and -238 ppm is observed in addition to a significant shift in the most downfield resonance
at -176 ppm. As steric bulk is increased near the core through meta-substitution, we see significant
broadening that makes the assignment of specific P-signals difficult. However, the general shape
and range of the 3!'P resonances remain the same, suggesting that the overall connectivity is
preserved. An assignment of the *'P resonances in the parent phenylacetate-ligated cluster
spectrum to individual atoms in the crystal structure is provided in the supplemental information

(Figure 2.2.1).

O

O O

165 -175 -185 -195 -205 -215 -225 -235 -245  -255  -265
f1 (ppm)
Figure 2.2.1. Assignment of >'P-NMR resonances to P atoms in the phenylacetate-ligated In37P2o

crystal structure.
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These changes in chemical shift and peak coalescence or splitting indicate internal
perturbations in the structure of the In37P2o cluster that are induced by steric pressure in the ligand
sphere. In general, the two factors governing a *'P resonance are the electron density around the P
nucleus and the shielding cones of unsaturated systems.'” We do not anticipate shielding cones
from m-networks making any substantial contribution to the overall resonances given their physical
distance from the core P atoms. The aromatic rings in the carboxylate ligands are decoupled from
the carboxylate through a CH> and all substituents are aliphatic so there should be no significant
electronegativity differences between ligands. The frequency of the carbonyl stretch of the
carboxylic acid can be used to assess the electron density at the head group, which should correlate
with binding affinity. We measured the frequency of this stretch as 1693 cm™!, 1692 cm™, 1695
cm’!, and 1710 cm™ for phenylacetic acid, m-tolylacetic acid (3-Me), 3,5-dimethylphenylacetic
acid (3,5-Me»), and 4-tert-butylphenylacetic acid (tBu), respectively. While the FTIR of the bound
carboxylate is discussed further below, we see no meaningful differences in the frequencies
associated with the asymmetric stretch of the bound carboxylate. Finally, while we believe the
FTIR signature is a better representation of electronegativity differences at the binding site, the
reported pKa values of similar acids can provide further context. While there is no reported pKa
value for 3-Me or 3,5-Me, it has been reported as 4.31 for phenylacetic acid, 4.37 for p-tolylacetic

acid, and both 4.42 and 4.37 for tBu.?* %2
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Figure 2.2.2. A) Synthetic scheme for In37P20(O2CCH2R) clusters with substituted phenylacetate

g

ligands. B) *'P NMR spectra of phenylacetate-ligated In37P2o clusters with H, 4-tBu, 3-Me, and
3,5-Me; substituents. C) Pair distribution function for all clusters from X-ray total scattering (offset
for clarity). D) Raman spectra for all clusters using Aexc = 785 nm. The 290-390 cm! region was
fit to two Gaussian distributions representing two collections of vibrations involving In and P

atoms.

This leaves the In-P-In bond angles as the primary culprit for controlling and changing the
observed resonances. Bond angles impact the resonance by modulating the s-orbital character, with
increased s-orbital character resulting in better shielding of the observed nucleus and an upfield
shift. For molecular phosphines, a wider Tolman cone angle correlates with more s-orbital
character and further upfield resonances.”> We conclude that the structural modifications induced

by the ligand sphere manifest as In-P-In bond angle changes. For instance, the downfield shift
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observed for the apical phosphorus resonance in the 4-tert-butylphenylacetate-ligated cluster is
consistent with more acute bonding at that phosphorus atom induced by ligand steric pressure that
causes the angles to surface indium atoms to become more acute. Finally, as surface-directed
ligand pressure increases, we observe considerable increases in the linewidths of the 3'P
resonances. This trend can be interpreted through the lens of the characterization of proteins using
NMR spectroscopy where structural rigidity is correlated with linewidth.>* We believe that the
meta-substituents greatly enhance the rigidity of the surface indium carboxylate through hindered
ligand rotation, thereby interfering with the nuclear relaxation rate which is known to vary
inversely with molecular mobility. These broadened resonances then suggest that the meta-
substituents hinder the structural flexibility leading to a more rigid cluster structure.

The structure of the In37P20 cores were investigated with X-ray pair distribution function
(PDF) analysis generated from total scattering data using PDFgetX3 (Figure 2.2.2C).* The
reduced PDF, G(r), reveals only minor structural differences between ligand substituents, shown
with residual calculations in Figure 2.2.3, confirming that the core In37P20 average stoichiometry
and connectivity is left unchanged. Nearest neighbor peaks in G(r) represent In-O, and In-P pair

distances centered at 2.19 A and 2.53 A, respectively (Figure 2.2.4).
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Figure 2.2.3. Overlaid G(r) and resulting AG comparing each ligand type.

Relative to peak positions of the phenylacetate-ligated cluster, G(r) peaks of each other

ligand substituent shift to shorter interatomic distances in real space. We quantitatively estimate

the magnitude of the cluster core’s response to the pressure of the ligand sphere by comparing

first-neighbor peak centers of each ligand substituent to those of the H-substituent phenylacetate
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cluster.?® General variance in the In-P bond lengths range from approximately 0% for 3,5-Me; to
0.7% for 4-tBu. In-O bonds at the surface are also subject to deviation as dictated by ligand steric

pressure (Table 2.2.1).
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Figure 2.2.4. Distribution of interatomic correlation distances by atom as measured from the

In37P20(O2CCH2Ph)s; crystal structure.
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Substituent | rnp Arine In-P Diff. % rmo | Arno In-O Diff. %
H 2.533 0 0 2.192 0 0
3-Me 2.522 | -0.011 -0.43 2.181 | -0.011 -0.50
3,5-DMe 2.532 | -0.001 -0.03 2.191 | -0.002 -0.07

4-tBu 2,515 -0.018 -0.69 2.173  -0.019 -0.88

Table 2.2.1. Calculated first neighbor G(r) peak positions and bond length deviations for InP

clusters.

The second-nearest neighbor peak at 4.15 A and the peaks at higher r predominantly
represent In-In distances due to stronger X-ray scattering by this atom pair. The 4.15 A peak shows
a similar shift to lower distances from the phenylacetate to the 3-Me and tBu (Figure 2.2.5A). The
4.15 A peak of 3,5-Me: does not show a clear shift relative to the phenylacetate but does change
shape and broaden toward shorter distances as seen in the AG of the two PDFs (Figure 2.2.5B).
Shape changes and static broadening may suggest that a subpopulation of In-In pair distances
varies, perhaps due to anisotropic strain imparted on the low-symmetry cluster structure. A final
demonstrative peak is positioned at 10.18 A representing longer interatomic distances, generally
between core and surface In atoms. This broad peak again shifts to increasingly shorter distances
from phenylacetate to 3,5-Me», 3-Me and finally tBu. These changes at longer correlation distances
(>10 A) approach the particle diameter and suggest variability in surface In geometries (Figure
2.2.5C, D, E). For clarity, the peak at 0.9 A that is present for all the clusters is an unphysical

artifact arising from the Fourier transformation applied through PDFgetX3.
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The isolated and purified clusters were further characterized by Raman spectroscopy to
investigate ensemble behavior arising from ligand-induced structural perturbations. Previous
characterization of myristate-ligated InP clusters has approximated the Raman signal from the
clusters as two separate vibrational modes centered at 320 cm™ and 365 cm™.!? These vibrations
are distinct from the transverse and longitudinal optical modes (TO and LO) at 306 and 348 cm’!

respectively, reported for bulk zinc-blende InP.?’” On the nanoscale, both the TO and LO phonons
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are distinct and represented in InP QDs with the relative TO peak intensity increasing with smaller
QDs and the LO-TO peak separation increasing with increasing QD size.?®?° These trends do not
extend into the InP cluster regime as the quasi-wurtzite phase is cluster specific and has an entirely
different atomic arrangement compared to the common zinc-blende QDs. This leads to a distinct
spectrum of InP-based Raman-active vibrations in clusters that can be approximately fit by two
gaussians representing a low frequency region and a high frequency region (Figure 2.2.2D). A
similar spectral shape has been reported in the Raman spectra of atomically precise CdSe clusters,
with the lower and higher frequencies attributed to surface and interior modes, respectively.** For
the phenylacetate-ligated cluster, these regions are centered at 315 cm™ and 361 cm™. With steric
pressure increasing from 4-tBu to 3-Me and 3,5-Me;, the low frequency center shifts to 322 cm™,
326 cm’!, and 330 cm! respectively (Table 2.2.2). A similar but reduced trend is seen with the
high frequency region shifting to 373 cm™, 374 cm™, and 375 cm™'. Comparing the relative
integration of low and high frequency regions between clusters shows 70% and 30% contributions
from each respective region for phenylacetate, 80% and 20% for 4-tBu, and finally 90% and 10%
for both 3-Me and 3,5-Me>. This behavior is reminiscent of reported phonon mode modulation in
graphene through pressure-induced strain.>!** In these reports, the induced strain results in a shift
to lower frequency of Raman-active phonon modes. Similar softening behavior of vibrations that
contribute to the high frequency region would produce a shift in the center of both high and low
frequency regions to higher wavenumber. This would then be coupled with an increase in the
overall signal at low frequency that is compensated for by a decrease in the signal at higher
frequency. These phenomena are indeed experimentally observed as described above. This

corroborates the trend observed in the *'P NMR linewidths and suggests the rigidity of the meta-
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substituted ligand sphere is imparting strain on the interior of the cluster, causing modulation of

the Raman-active InP-based vibrational modes.

H 3-tBu 3-Me 3,5-Me2
A1 3.159e+5+ | 5.070e+5 | 9.496e+5 | 3.491e+5
6.55e+3 16.33e+3 | £1.11e+4 | +7.98e+3
Low
Frequgncy wi 314 .45 322.05 314 .45 314 .45
Region +0.544 +0.343 +0.544 +0.544
fwhm1 54.647 58.905 47.799 52.912
+0.544 +0.906 +0.691 +1.54
AD 1.300e+5+ | 1.010e+5 | 6.925e+4 | 3.294e+4
6.16e+3 1+4.66e+3 | +6.23e+3 | £5.37e+3
High
Frequency W2 361.00 373.04 373.95 374.63
Region +0.487 +0.359 +0.526 +0.937
fwhm? 33.848 22.689 13.441 17.941
+0.957 +0.898 +1.28 +2.45
m -10.54 -15.86 -21.7 -15.96
y0 7200 12500 18500 63800
3 2 ’an —4 2 (w—w;)? 2 ’lnz —4In2 (w —w,)?
fw) =4 fwhmy k3 P < fwhm12 ) Az fwhm, k3 exp ( fwhmz2
+m*w + y0

Table 2.2.2. Low and high frequency vibrational mode fits for all Raman spectra of In37P2 clusters

along with the fit function for two gaussian distributions.

While the vibrations of the cluster core can be observed in the Raman spectra, the ligands
can be more readily analyzed with FTIR spectroscopy. The ability to approximate carboxylate
binding mode populations on the InP cluster surface has been developed previously.*** The single
crystal structural characterization and subsequent IR studies of molecular zinc carboxylate

complexes has allowed for the determination of binding mode-dependent symmetric and
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asymmetric carboxylate stretch frequencies as A® = ®asymmetric - Osymmetric.-° These can be applied
to indium carboxylates on the surface of the cluster to follow the general order: Awchelating <
A®bridging (syn-anti) < A®bridging (syn-syn) < A®monodentate. Using this approach to approximate the relative
binding mode populations on the InP cluster surface showed that, in solution, the bridging (syn-
anti) is the predominant configuration followed by bridging (syn-syn) and finally, chelating and
monodentate.>* This approach was implemented in this study to observe approximate distributions
of particular binding motifs and any correlations with the ligand steric profile in solution (Figure
2.2.6). We acknowledge the inherent uncertainty in a 4 gaussian fit to a narrow wavenumber range
with little peak definition so the distribution of binding modes can only roughly be quantified.
However, the general peak shape and structure in the asymmetric carboxylate stretching region
appears remarkably similar across the ligand suite. The bridging modes make up the majority of
passivation with some minor contributions from the chelating and monodentate binding modes
which corroborates previous binding mode assignments though FTIR analysis of the oleate-capped
In37P2o cluster.>* Overall, the solution-phase FTIR serves to indicate that the binding mode
distributions are remarkably similar, if not identical, across different degrees of ligand steric
profiles. This indicates that the structural differences observed across the ligand suite is not in
response to a binding mode reorganization and instead is a direct result of steric pressure in the

ligand sphere.
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Figure 2.2.6. Solution-state FTIR of In37P20 cluster with phenylacetate (A), m-tolylacetate (B),
3,5-dimethylphenylacetate (C), and 4-tert-butylphenylacetate (D) in tetrachloroethylene with each
binding mode, chelating (green), bridging syn-anti (orange), bridging syn-syn (red), and
monodentate (black), fit to a gaussian curve. All residual ligand signals from ring modes are shown

in grey traces. E) Table summarizing best fit parameters for each binding mode (a = curve

amplitude, xo = peak position, dx = half width at half max).

2.3  CONVERSION AND REACTIVITY

After characterizing the ligand-induced structural perturbations, we turned to testing the reactivity
of all clusters. It is worth noting at this point that we also explored the synthesis of o-tolylacetate
and 3,5-di-tert-butylphenylacetate-ligated clusters providing early clues about reactivity
differences as a function of ligand steric profile. With o-tolylacetate, the cluster transiently formed

and could be characterized by UV-Vis spectroscopy, but over the course of a few hours
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destabilized into smaller, insoluble species (Figure 2.3.1A). Using 3,5-di-tert-butylphenylacetic
acid in the reaction may have formed the cluster, but it was quickly bypassed before spectroscopic
characterization could confirm the presence of cluster, forming larger quantum dots and thus again,
the cluster was not stable enough to be isolated (Figure 2.3.1B). Previous studies of MSC surface
chemistry have shown control over both structural and electronic characteristics but few extend

these studies to investigate implications for stability and reactivity.'®37-42
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Figure 2.3.1. A) Absorbance progression of a typical In37P2o cluster synthesis using o-tolylacetic
acid (purple). B) Absorbance progression of a typical In37P2¢ cluster synthesis using 3,5-di-tert-

butylphenylacetic acid (red).

Previously our group has shown that further addition of P(SiMes); induces partial
fragmentation of the InP cluster followed by templated growth of quasi-wurtzite QDs.!? This is
initiated by P(SiMes); reacting with indium-bound carboxylates to liberate silyl ester with
formation of a new In-P bond. Through the sequential removal of carboxylates, the cluster

eventually fragments, forming a higher symmetry core intermediate along with the liberation of
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InP monomer species. The monomers then add back to the core, forming larger nanocrystals.
Computational work from Kulik and coworkers has suggested that a vital parameter governing the
ease of carboxylate displacement by P* is the In-In separation distance.!* Furthermore, as a part
of the same study, a computational comparison between phenylacetate and acetate-ligated InP
clusters suggested that -7t stacking between adjacent phenyl groups can create negative deviations
in In-O dissociation energies. While the ring is decoupled from the carboxylate by the methylene
group, there is still an electronic effect from the ring that can be augmented by n-n stacking. We
hypothesized that the variations in steric profile and substitution of the phenyl ring could modulate
surface indium separation and direct surface n-n stacking thereby tuning the susceptibility of

carboxylate displacement by P(SiMe3)s.
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Figure 2.3.2. A) Reaction scheme for the formation of quasi-wurtzite phase InP nanocrystals

through the addition of P(SiMe;3)3 to In37P20(0O2CCH2R)s; clusters. B, C, D, E) Example 10 eq.

P(SiMe;3); conversion reactions at 40 °C for all In37P2o clusters with the first trace shown in black

and last trace shown in color. H (PhOAc) (A, yellow, 0-118 min), 3-Me (B, blue, 0-118 min), tBu

(C, green, 0-238 min), 3,5-Me> (D, pink, 0-108 min).
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To observe the kinetics of conversion, a solution containing 10 equivalents of P(SiMes)3
was injected into a solution of cluster in toluene at 40 °C (Figure 2.3.2A). The rate of growth was
then measured by tracking absorbance changes over time for cluster conversion to QD as shown
in Figure 2.3.2B, C, D, E. The change in absorbance over time monitored at multiple wavelengths
is shown in Figure 2.3.3A, B, C. The inflection point for growth was found through the maximum
of the first derivative and the progression of the reaction up to this point we refer to as the induction
period (Figure 2.3.4). The reaction beyond the inflection point is referred to as the growth region.
Fitting the growth region of these traces to a single exponential allows for an approximate ks
value to be extracted from each conversion reaction. With fitting across multiple wavelengths, the
induction period from shortest to longest follows the order 3,5-Me; (31.3 £ 1.2 min), H (41.0 £2.0
min), 3-Me (42.7 = 1.2 min), and 4-tBu (89.0 = 20.6 min). Across the same wavelengths, the
growth rate from fastest to slowest is 3,5-Me> (0.048 = 0.001), 3-Me (0.035 = 0.002), H (0.028 +
0.004) and 4-tBu (0.014 £+ 0.002) (Figure 2.3.3D, E, F). The phenylacetate-ligated cluster
conversion products aggregate and begin to lose colloidal stability at the 82" minute due to less
favorable solvent-ligand interactions leading to a linear region in the absorbance vs time plots.
This region was excluded when calculating k,,s from the growth region for the phenylacetate

cluster.
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Figure 2.3.3. A,B,C) Absorbance over time monitored at three different wavelengths: 450 nm (A),

500 nm (B), and 550 nm (C) after the addition of 10 eq. of P(SiMe3)s to each cluster. H (yellow),

3-Me (blue), 3,5-Me: (pink), 4-tBu (green). D,E,F) Induction time and kobs as measured from the

trajectory at each monitored wavelength of absorbance.
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These trends clearly show a substantial increase in reactivity from the 4-tBu substituted
cluster to the 3,5-Me> cluster. A direct comparison of the phenylacetate and 3-Me ligands shows
that while the induction periods are nearly identical, the growth rates are different. We rationalize
this by introducing two processes that make up the induction period, diffusion and displacement.
The addition of a methyl group hinders the diffusion of P(SiMe3)3 through the ligand shell to the
cluster surface but simultaneously augments the reactivity of In-O bonds. The balance between
hindering diffusion and augmenting reactivity is what determines the induction period. This is why
the phenylacetate-ligated cluster may begin liberating monomer at a similar time as the 3-Me
cluster but overall has a slower growth rate. In the case of 3,5-Me», the drastic increase in the
reactivity of the surface more than compensates for any restricted diffusion giving it the shortest
induction period and highest reactivity. For 4-tBu, the steric profile leads to a vastly slower
diffusion rate which dominates the slower reactivity of the cluster. We have also confirmed by in-
situ solution-phase FTIR that the bridging syn-anti carboxylate binding sites are indeed the most
reactive on the cluster being selectively displaced by P(SiMes)s to induce fragmentation (Figure

2.3.5).
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Figure 2.3.5. Solution-phase FTIR in the asymmetric carboxylate stretching region of the 3-Me

In37P20 cluster reacting with 5 eq. of P(TMS);. The bridging syn-anti carboxylate stretch (*),

centered at 1531 cm’!, decreases in intensity the most compared to the other three binding modes.

This pattern of reactivity shows that both the placement and extent of substitution are
important factors in engineering the surface for controlling reactivity. With meta-substituents
directed at one another, steric crowding on the surface could force bridging carboxylates to shorten
In-In separation distances thereby increasing the reactivity (Figure 2.3.6A) as predicted by the
computational model from Kulik and coworkers.'* The bulky para-substituent greatly hinders
reactivity by slowing phosphine ingress (Figure 2.3.6B). Furthermore, the meta-substituted phenyl
groups could also selectively organize with m-m stacking to minimize the steric pressure from
adjacent substituents (Figure 2.3.6C). These three processes likely occur constructively with all

ligands to determine the overall reactivity.
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Figure 2.3.6. A) Steric pressure between ligands shortens indium separation distances to enhance
reactivity. B) A larger steric profile discourages P(SiMes); diffusion to the cluster surface to
decrease reactivity C) Meta-substituents direct the alignment of n-m stacking to favor ligand

dissociation and enhance reactivity.

The reactivity differences between these clusters were also tested by thermolysis. As mentioned
above, it is thought that thermally induced cluster to QD conversion proceeds through complete
dissolution and renucleation to generate narrow size distributions.** ™ For these hot-injection
studies using the clusters as single-source precursors, it is unlikely that the thermally induced
conversions will have much dependence on surface reactivity. The dissolution of cluster into
monomers at these temperatures likely does not involve any appreciable amount of surface attack
as there is no secondary species to induce destabilization. Instead, the cluster dissolution is likely
brought on by thermally instigated bond vibrations exceeding a critical distortion similar to the
Lindemann melting criterion.*® The conversion of clusters with different ligands to QDs through
this mechanism is then dependent upon two factors: the thermal stability of the cluster and the
steric profile of the ligand. Monitoring the change in absorbance at 500 nm throughout the hot-
injection reactions suggests that the conversion of these clusters at 240 °C is very much ligand
dependent. With less bulky substituents, H and 3-Me, there is a significant degree of QD growth

shown by an increase in absorbance at 500 nm within 3 minutes of the injection. This is
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accompanied by a disappearance of the cluster absorbance feature at 386 nm. Comparatively, the

bulkier substituents, 3,5-Me; and tBu, show less development at 500 nm during early time points

suggesting a slower growth rate (Figure 2.3.7, Figure 2.3.8A). There is not a profound difference

in the persistence of the 386 nm feature with bulkier substituents suggesting that the monomer

production rate across different ligands is similar. These conversions result in the final absorbance
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Figure 2.3.7. Full UV-Vis aliquot tracking for 240 °C thermolysis conversions of all In37P20

clusters from 0 min (red) to 126 min (purple). H (A), 3-Me (B), 4-tBu (C), 3,5-Me: (D). Each inset

shows the early timepoint aliquots taken at 30s, 1min, 1min30s, 2min30s, and 3min from red to

yellow at 240 °C.
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traces shown in Figure 2.3.8B, which demonstrate that the initial rate of growth can be correlated
with the Amax of the final QDs where bulkier substituents converge on a shorter Amax (Figure 2.3.8B,
C). The size trend observed in the absorbance was corroborated by TEM (Figure 2.3.8D, E).
Many previous studies have documented the correlation between carboxylate chain length
and resulting size of nanocrystals where longer chain lengths direct smaller QDs.*’* These results
were rationalized by asserting that longer fatty acid chains slow nucleation and growth. This
interpretation was reinvestigated by De Nolf et al. to determine that the size control with long
chain fatty acids can also be explained by chain length changing the rate of diffusion as well as the
solubility of the monomer species during nucleation and growth.’® Using these studies as a
framework to interpret our observed size-dependence provides three possible rationales. Firstly,
aligned with the study of De Nolf et al., there could be a difference in the diffusion and solubility
of monomer species generated from cluster dissolution. Secondly, the substitution of the phenyl
group could direct different degrees of surface tension from interligand interactions. Finally, the
ligand steric profile may impact the kinetic balance between nucleation and growth leading to
different sizes. Now addressing these interpretations, we do not anticipate any impactful
differences in diffusion and solubility between ligands. Especially using 3-Me and 3,5-Me; as
points of comparison, the addition of a single methyl group should not substantially affect diffusion
or solubility to generate a size difference of this magnitude. While we do anticipate differences in
surface tension across the suite of ligands, the observable size trend does not follow what we would
predict to be the trend in surface tension. Seeing that meta-substituents greatly enhance the rigidity
of the cluster surface, it would follow that the 3-Me and 3,5-Me; ligated QDs should have the
highest surface tension which should correlate with larger nanocrystals but this trend is not

experimentally observed. Finally, the relationship can be rationalized by the steric profile altering
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Figure 2.3.8. A) Dependence of QD growth rate on ligand substitution by monitoring the change
in absorbance at 500 nm over early time points. H (yellow), 4-tBu (green), 3-Me (blue), and 3,5-
Me; (pink). The dotted lines are linear best fits but serve to primarily guide the eye. B) Absorbance
of final QDs after complete conversion synthesized from thermolysis of clusters at 240 °C for 120
min. C) Summary table documenting initial growth rates (Abs/s), R? values for linear fitting of
initial growth, and the Amax of final QDs for each ligand. D) TEM-based size analysis of final
reaction products from 240 °C thermolysis reactions of In37P2 clusters based on at least 100

measured particles. E) Summary table of average size and distributions based on measurements

from A.
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the balance between nucleation and growth after cluster dissolution. A larger steric profile of
monomer species and nanocrystal surface should reasonably hinder growth thereby maintaining a
high monomer concentration for longer time periods. Considering higher monomer concentrations
favor nucleation over growth, steric hindrance restricting growth should benefit the production of
nuclei resulting in a larger number of nuclei and a smaller average particle radius. This rationale
fits the observed experimental trend, so while diffusion, solubility and surface tension may
contribute, we conclude that the mechanism of In37P2o thermolysis is dominated by restricted

surface growth.

2.4 INygP13 SYNTHESIS AND CHARACTERIZATION

After tracking and characterizing the ligand-dependent cluster conversions both through
thermolysis and P(SiMes)3 addition, we sought to further explore the implications of the hindered
precursor diffusion that the tBu group provides. While investigating the routes toward generating
the indium carboxylate, we found that when neatly reacting the 4-tert-butylphenylacetic acid with
indium acetate to form the indium carboxylate precursor in an In37P2o cluster synthesis, the result
is a partially soluble indium precursor. However, when the indium carboxylate is made through
the reaction between trimethylindium and 4-fert-butylphenylacetic acid, the resulting precursor is
completely soluble in toluene at room temperature. Using the indium carboxylate made through
trimethylindium in the cluster synthesis leads to a new species absorbing at 350 nm, indicative of
a smaller cluster (InP-350, Figure 2.4.1A, B, Figure 2.4.3). Using any of the other carboxylic
acids and trimethylindium to generate the indium carboxylate did not result in the same 350 nm
absorption when reacted with P(SiMe3)s. Instead, the 386 nm absorbance of the In37P2o cluster is
observed. It is likely that this difference in speciation is due to the increased surface protection of
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the tBu group leading to hindered diffusion to the cluster surface. This slows further growth of the
intermediate InP-350 cluster as reactive solute species preferentially nucleate instead of adding
onto already existing cluster. It is noteworthy that both In37P20 and InP-350 can be made with 4-
tert-butylphenylacetate ligands so there is a difference in speciation that is dependent upon the
preparation route of the indium carboxylate. We believe that the difference in precursor solubility
and morphology is what drives the difference in reaction products. A less soluble indium
carboxylate, such as the one that forms through the indium acetate route, likely has a much larger
degree of bridging carboxylates to form an oligomerized, insoluble complex. The insolubility then
results in aggregation between oligomers. This artificially increases the reactive equivalents of
P(SiMe;); as it will react faster with the fewer equivalents of indium carboxylate that is actually
dissolved in solution. With the trimethylindium route, all of the precursor is dissolved leading to
a slightly different reaction stoichiometry. Prolonged exposure of a 3-Me In37P20 crude reaction
solution to acetonitrile allowed for crystallization of the corresponding indium carboxylate
precursor. This structure does not have the same substituent that results in the formation of In2sP13
but it illustrates the vast degree of bridging and oligomerization that is likely responsible for the

differing degrees of indium carboxylate solubility (Figure 2.4.2).
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Figure 2.4.1. A) Synthesis of InxsP13 cluster fragment leveraging the enhanced stability of the 4-
tBu substituent. B) Absorbance comparison between isolated In2sP13 cluster (orange) showing a
Amax at 350 nm and isolated In37P2o cluster (green) showing a Amax at 386 nm. C) *'P NMR spectrum
of In26P13(0O2CCH2CeHs-tBu)zg cluster fragment. D) Single-crystal XRD structure of
In26P13(02CCH2CsH4-tBu)39 with hydrogen atoms removed for clarity. E) Structural overlay of
In37P20 (green) and In26P13 (orange) showing a high degree of overlap of like atoms.
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Figure 2.4.2. A) View down the C3 symmetry axis of the In(O.CH2C¢H4CH3)3 crystal structure.
B) View of the extended bridging carboxylate network in the In(O.CH2CsH4CH3)3 along the ¢ axis

(right). Color legend: indium (brown), oxygen (red), carbon (grey), hydrogen (white).

The previous study done by our group investigating the reaction between In37P2o and
P(SiMe3)s found that the addition of 1-2 equivalents of P(SiMes); with respect to cluster led to
fragmentation and no subsequent growth.!?> Under these conditions, the fragmentation resulted in
a new molecular structure that could only be characterized by UV-Vis and *'P-NMR spectroscopy.
In particular, the *'P-NMR spectrum showed four sharp resonances in the -195 to -230 ppm region.
Further investigation using myristate ligands showed that the smaller structure could be
synthesized bottom-up under select conditions and lower temperatures but never in quantities large
enough to allow for isolation and characterization.'? Interestingly, characterizing the new cluster

made through 4-tert-butylphenylacetic acid absorbing at 350 nm with *'P-NMR showed the same
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four sharp resonances previously documented (Figure 2.4.1C). Seeing that near stoichiometric
equivalents of P(SiMes3)3 leads to fragmentation into the smaller cluster and any further amounts
of phosphine result in templated growth, we hypothesize that this smaller cluster functions as an
intermediate in the P(SiMes)s-induced conversion mechanism. Furthermore, previous work has
shown the final product to be temperature dependent but completely independent of cluster
concentration.!? This is further evidence for a reaction mechanism that proceeds by conversion

through this intermediate.
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Figure 2.4.3. Comparison of synthesis progression using 4-tert-butylphenylacetic acid (top left)
and myristic acid (top right) in identical synthetic conditions as described above for the synthesis
of In26P13. Aliquots at equivalent time points are compared showing that myristic acid leads to

more growth and larger species throughout (bottom right).

The rigidity of the tert-butyl group not only stabilized the cluster and modulated diffusion
of P(SiMes); but also allowed for growth of X-ray quality single-crystals and full structural
determination at a resolution of 0.84 A and R; and wR; values of 13.91% and 29.63% respectively.
This revealed the intermediate to have the formula In2sP13(O2CR)39 (Figure 2.4.1D). In previous
work our group had provided an initial guess of the composition of this intermediate as

In2oP14(02CR )ss.!? This initial hypothesis was very close to the true identity but assumed that the
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fragment would be a symmetric subset of the original In37P20 species maintaining the central
indium.

The structure was elucidated to be a higher-symmetry fragment of the In37P2o cluster with a central
P atom. Structural overlay shows that the root mean squared deviation between paired atoms in
Ina6P13 versus In37Pao is 0.438 A, which emphasizes the strong similarities between these two
structures (Figure 2.4.1E). Even the dangling surface In atoms are positioned as they would be for
integration into the cluster core upon growth. The five ligand binding modes, monodentate,
chelating, bidentate dative, symmetric bridging, and asymmetric bridging, represented on the
surface of the In37P2o cluster are all also represented on the surface of In26P13 but with a different
distribution. Of the 39 carboxylates, 7 are chelating, 10 are symmetric bridging, 21 are asymmetric
bridging, and 1 is forced into a monodentate configuration by a bound water molecule. Trace water
from polar solvents used in crystallization were found to bind readily to the surface of the cluster
similar to the previously reported In37P20(O2CR)s1(H20) structure that was generated when the
original InP cluster was exposed to humid conditions.” The average In-In separation distance in
bridging carboxylates for the In37P2o cluster is found to be 4.75 A. For InasPi3 this metric was
determined to be 4.46 A. The decrease in In-In separation distance suggests a more reactive surface
as predicted by Kulik and coworkers and reinforces the trend of surface In separation increasing
from early-stage clusters to quantum dots.'* In the case of In37P20(O2CR)s1(H20), water is found
to displace a chelating ligand thereby forcing it to adopt a monodentate configuration. This occurs
selectively on an indium passivating the apical phosphorus atom of the cluster. Despite the local
ligand rearrangement, the bound H>O is found to have negligible effect on the average In-In
separation distances (also found to be 4.75 A) and binding mode populations which remain

unchanged hold the displaced chelating carboxylate. This is true even for the In-In separation
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distances directly involving the In that binds the H>O. Finally, the four *'P resonances in the NMR
spectrum can be assigned to environments in the crystal structure where the three most downfield
signals are the sets of four P atoms that superimpose under each of the three C, axes and the final
most upfield environment being the center P atom (Figure 2.4.1C).

P

Analyzing the [Ini4P13]”" core of the InxsPi13 cluster reveals T point group symmetry

(Figure 2.4.4). Furthermore, with the surface In atoms removed, the [Ini4P13]*" core is structurally
homologous to the TMEDA and CI ligated Cd14Sei3 reported by Hyeon and coworkers.'® This is
strong evidence for the similarities in structure between the many reported I1I-VI MSCs and the
carboxylate-ligated III-V clusters. The comparative cation-richness of the InP is derived from the
requirement for complete 4-coordination of P atoms, which is behavior not seen with analogous
CdSe structures. Computational comparisons between III-V and II-VI nanomaterials show that
with CdSe, the Se atoms can exist as 2-coordinate without restructuring whereas with InP
materials, the P atoms almost exclusively exist as 3- or 4-coordinate.’’

Within the CdisSeis cluster, all Se atoms are 3-coordinate except for the central, 4-
coordinate atom. This relaxed requirement for chalcogen passivation drives the wider horizon of
stoichiometries documented in II-VI materials whereas the 4-coordinate requirement of InP
restricts the known cluster stoichiometries to being cation rich. These structural comparisons can
be extended further to the observed conversion of Cdi4Seis to CdSe-420 whose structure lacks full
determination but it has been posited that the underlying geometry of CdSe-420 is homologous to
that of the In37Py0 cluster with minor differences in stoichiometry.!®? The recently reported
structure of CdyeSei7 synthesized through the cation exchange of CuasSeis furthers this

analysis.>>* Both of these clusters show the same general anion sublattice as the In,sPi3 cluster

and by extension, In37P20 and CdisSeis. It is noteworthy that the growth of the anion sublattice
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that occurs from CuzsSeis to CdasSer7 does not follow the same progression of growth as InzePi3
to In37P20 despite the same initial sublattice structure. Inz¢P13 requires asymmetric growth off of
one side of the cluster to form the In37P2¢ structure. In comparison, the 4 Se atoms that are added
upon cation exchange all grow off of geometrically equivalent sites. These structural differences
between the III-V and II-VI materials could potentially be derived from the difference in ligand
type where the mixed environment of L-type phosphines and X-type iodides of the Cd2sSe17 direct

a more stoichiometric ratio compared to the only X-type carboxylates of the InP-based clusters.

[In,,P45]3* Core CdyySeqs

Figure 2.4.4. Structural comparisons of In37P20, In26P13, and CdisSeis. A) InxeP13(02CCH2CsHs-

tBu)so with all carboxylate ligands removed. B) Crystal model of In37P29 showing the sub-portion
that makes up the InyeP13 cluster. C) In37P20(O2CCH2Cg¢Hs)s1 with all carboxylate ligands removed.
D) [In14P13]*" core presenting T-symmetry and structural analogy to [Cd14Seis]*" core. E) Structure

of [Cd14Se13]*" core without ligands.'®
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To further investigate the electronic structure of InyePi13, we performed TDDFT
calculations using TD-HSE06/LANDL2DZ with the ligands truncated to acetate to decrease
computational cost. The predicted energies of the first transitions show good agreement with the
experimentally acquired spectrum (Figure 2.4.5A). Analyzing the leaving and arriving orbitals
shows that the electronic ground state is essentially entirely composed of phosphorus 3p orbitals
(Figure 2.4.5B). The arriving orbital shows a significant degree of delocalization across the cluster
and is primarily composed of phosphorus 4s and indium 5s orbitals (Figure 2.4.5C). This stands
as an interesting comparison with the arriving orbital of In37P20 which shows a much larger degree
of localization and a smaller contribution from indium 5s to make up the NTO. The five discrete
transitions that make up the overall peak shape arise from leaving orbitals that are all some
arrangement of electron density distributed across different localized phosphorus 3p orbitals
(Figure 2.4.5D, Figure 2.4.6A). This causes the leaving orbitals of the five lowest energy
transitions to be very close to degenerate. Furthermore, these transitions all have the same arrival
orbital which is isolated energetically from the next two higher energy arriving orbitals. Both of
these higher energy arriving orbitals show much larger degrees of surface localization which result
in higher relative energies. Simulated Raman modes of In26P13 match well with those computed

and measured for In37P2o (Figure 2.4.6B).
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Figure 2.4.5. A) Experimental absorption of In2sP13 (orange) compared to the first 5 electronic
transitions as predicted by TDHSEO6/LANDL2DZ for the simulated acetate-capped cluster
(black). B) Visualization of the leaving NTO of the lowest energy transition. C) Visualization of
the arriving NTO of the lowest energy transition. D) Extended occupied and unoccupied NTOs for
Inz6P13(02CR)39. NTOs were plotted with an isosurface value of 0.025 which, when combined
with the high degree of orbital mixing, causes the traditional atomic orbital picture to not be present

so atomic orbital specific nodes are not visible.
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Figure 2.4.6. A) Computed density of states for electronic transitions in In2sP13(O2CR)39 (top) and
In37P20(02CR)s1 (bottom). B) Computed Raman Spectra for InyePi3(O2CR)39 (top) and

In37P20(O2CR)s1 (bottom).

2.5 CONCLUSIONS

The addition of sterically hindered phenylacetate ligands to the surface of In37P2o clusters
modifies the local structural environment of phosphorus atoms without a change in atomic
connectivity as evidenced by *'P-NMR spectroscopy and PDF analysis. The addition of para and
meta-alkyl substituents to the phenylacetate ligand shell also dampen Raman-active InP-ensemble
vibrations through the rigidity of surface indium carboxylates. We were also able to identify the
substituent extremes that do not allow for cluster isolation in the form of o-tolylacetate and 3,5-di-

tert-butylphenylacetate.
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We have further shown that the surface reactivity of In37P2o clusters can be modulated by
the steric profile of the phenylacetate-derived ligands. Steric substitution in the para-position was
observed to protect the surface against P(SiMes)s attack thereby reducing the rate of conversion to
QDs. In contrast, meta-positioned substituents enhanced the reactivity by shortening the separation
distance between surface indium atoms and directing n-n stacking among ligand phenyl groups.
Both of these phenomena function to lower the dissociation energy of bridged carboxylates thereby
increasing the surface reactivity. Additionally, the ligands were found to direct different growth
rates in thermolysis reactions using the clusters as single source precursors by hindering the rate
of surface addition to extend the nucleation period. The mapping of relationships between these
reactions is summarized in Figure 2.5.1.

Finally, we have leveraged the diffusion control and stability of the 4-fert-
butylphenylacetate ligand to kinetically trap an intermediate InP cluster fragment. Complete
structural characterization was carried out by SCXRD confirming the identity of the fragment to
be Inz6P13(02CR)39 and allowed for the observation that the core of this cluster fragment is
homologous to the Cdi4Se1s cluster ligated with TMEDA and chloride.

These observations have powerful implications for control over cluster-based nanocrystal
systems and act as the first definitive evidence for the structural similarities between III-V and II-

VI clusters.
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Figure 2.5.1. Summary of investigated reaction pathways of InP magic-sized clusters. The InyeP13
cluster precedes formation of In37P20 which then undergoes dissolution to generate monomers to
renucleate zinc-blende QDs. The addition of P(SiMes)3 to In37P20 induces fragmentation to form

Iny6P13 which is the nucleus from which quasi-wurtzite QDs are grown.

2.6 OUTLOOK

The majority of the work in this study was dedicated to the cluster-to-QD conversion
mechanisms and how the ligand structure and interface influenced the kinetics and outcome. While
it was satisfying to have some experimental proof for the computational work done by Kulik and
coworkers, the conclusions that most contributed to the broader knowledge of the field were those
that concerned cluster structure. It was (and still remains) an open question: how rigid are the
requirements for cluster structure to maintain atomic precision. In other words, how deep is the
stability well of the cluster before conversion to larger QDs. Through the *'P NMR and PDF, it
became clear that rather substantial internal structural modifications can be made to the cluster but
the metastability is still maintained. The requirements for structural stability are therefore not as

stringent as I previously thought. Changes at the surface as well as changes in the atomic
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arrangement can occur without complete destabilization and dissolution. This contributed to proof
that clusters don’t need to be treated as a molecule with a single identity with pre-set inflexible
properties. Instead, they allow for a respectable degree of functionalization that can lead to tunable
properties such as reactivity.

While reconsidering the robustness of clusters was a fascinating, fundamental concept, it
is important to put cluster conversion in perspective with the rest of the QD synthesis literature.
While the direct thermolysis of clusters has resulted in QDs with decent properties, most of the
literature does not use them as single-source precursors when synthesizing QDs.>*%>® Instead,
the trend is very much towards the direct reaction between precursors at temperatures where most
clusters will be quickly destabilized (>190 °C).!*>®! It then remains an open question: to what
degree are molecular clusters participating in the QD growth mechanism and is their formation
benefiting sample quality or is it a pernicious process that should be avoided? At least for InP QDs,
effort has been dedicated to purposefully destabilizing clusters in-situ to grow high-quality
nanocrystals.®> The rationale being that having metastable, pseudo-crystalline clusters leads to
unfavorable kinetics as more energy is required to destabilize the cluster than to nucleate and grow
directly from precursors. However, the reactions that result in the highest quality InP QDs occur
under conditions that would be suitable for the transient formation of clusters at the beginning of
the reaction. Unfortunately, there is simply an inherent challenge in gathering high-resolution
structural information on short time scales so assessing to what degree clusters are forming in these
reactions is extremely challenging. The closest to direct characterization has come in the form of
MALDI-TOF proving that materials with a molecular weight in the cluster regime are persistent
throughout the course of InP QD reactions.®> But while the mechanistic role of clusters in

industrially-applicable QD reactions remains ambiguous, the study of their crystalline structures
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provides unique information about their formation and stability. These conclusions provide
guidance towards understanding how atomically-precise clusters form and how they differ
between material classes.

It is rare that a magic-sized cluster that is directly related to a known QD synthesis receives
full structural characterization via SCXRD. The isolation and subsequent identification of the
In26P13(O2CR)39 intermediate was therefore an exciting result that allowed for a synergistic
analysis of cluster growth when placed alongside the In37P20(O2CR)s1 structure. Specifically, how
does the Iny6P13 structure grow into the In37P2o structure? The perspective that the SCXRD results
provides here really challenged my preconceived notions about nanomaterial growth. It showed
that InyeP13 grows into In37P2 through the addition of an asymmetric facet of sorts. I had always
assumed that a structure like this would grow outward symmetrically similar to a QD. The core of
the cluster, the [In14P13]*" cage, is just so symmetric and so if reaction conditions cause one side
of the cluster surface to grow, why wouldn’t any equivalent surface also undergo growth (Figure
2.6.1)?

The obvious hypothesis for why the cluster wouldn’t grow further is that the surface energy
of the cluster changes upon the first growth step to become In37P2o. While this is a strong
possibility, especially when considering the small size of this material, it has been difficult for me
to completely accept this. The addition of another “facet” to generate In4sP27 wouldn’t influence
the symmetry of the cluster but would benefit the internal energy. I still can’t completely

rationalize why a larger structure doesn’t exist.
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Figure 2.6.1. In2P13 cluster shown as a ball-and-stick model with the additional atoms that form
the In37P20 cluster shown in wireframe. The orange arc shows that region of the In2sP13 cluster
where an additional set of equivalent atoms could be added to generate a hypothetical larger

cluster, InagP>7.

Towards investigating this growth process, I spent some time trying to directly convert the
In26P13 into the In37P2o cluster through the further addition of P(SiMes)s. If T could find the
conditions under which In26P13 becomes In37P20, perhaps the same conditions would further lead
to the growth of In4gP27. Despite this conversion seemingly happening readily in-situ for standard
In37P2o reactions, no further additions of P(SiMes)s led to any further growth of InasP13 until the
clusters eventually destabilized into QDs. Upon further reflection, potentially it isn’t too surprising
that the In26P13 cannot be so easily converted.

It could be that upon complete formation of InyeP13, the surface reaches a point of stability
that does not allow for further growth. This would be the case when using the 4-tert-
butylphenylacetate ligands alongside trimethylindium (Figure 2.6.2A). The InxsP13 cluster forms

a stable species with well-defined surface chemistry. However, when using other ligands, the
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ligand shell of InasP13 never reaches a point of stability due to the faster kinetics and thus the
smaller cluster is only a transient intermediate in these reactions (Figure 2.6.2B). This would
suggest that if In¢P13 forms completely, disturbing the ligand shell won’t lead to discrete growth
into In37P20 and instead, the clusters will lose atomic precision and convert into QDs which is

indeed what is observed.

In
INysP 43 26" 13

In37P 50 Ins7P o

Figure 2.6.2. A) Reaction coordinate diagram for InP cluster reactions using 4-fert-
butylphenylacetate ligands. B) Reaction coordinate diagram for InP cluster reactions using long

alkyl chain carboxylate ligands.

The final structural concept that deserves discussion is the structural homology between
the Cdi4Seis cluster and InyeP13, especially in regard to the similarity from the [Ini4Pi3]** cage.
Seeing as the bulk phases of CdSe and InP are both zincblende and wurtzite, it is not entirely
surprising that their nanoscale cluster structures would be similar as well. Furthermore, the 4-
coordinate requirement of phosphorus leading to a more cation rich stoichiometry (Cdi4Sei3 versus

Inz6P13) can be understood through p orbital diffusivity. The 4p shell of Se* is quite soft and diffuse

allowing for larger deviations in bond angles and geometry where the 3p shell of P* is much harder
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and more rigid leading to stringent bonding requirements. Furthermore, the TMEDA ligands used
in the isolation of the Cdi4Sei3 would promote a more stoichiometric cluster anyways seeing as
they are L-type and uncharged. However, while the differences between the two structures can be
rationalized, it is much more challenging to explain why these systems arrive at the MisEi3
geometry.

The main structural motif of the Mi4E13 cage is that the surrounding anions form an
icosahedron around the central anion. The icosahedron is not an unfamiliar shape in cluster
chemistry although it normally appears in a different context. The noble metal cluster literature
has extensive structural and electronic characterization of icosahedral magic-sized clusters of
different sizes. These observations were kicked off after the discovery of the [Auzs(SCH2CH2Ph)s”
JIN(CsHi7)4"] structure in which 12 outer gold atoms form the vertices of an icosahedron around
a central gold atom.®* The icosahedral cluster is then ligated with six Au(SCH,CH2Ph)s “staple”
units. The general rationale for this particular shape forming is that the icosahedron has a low
SA:V ratio thereby minimizing the destabilizing surface energy while maximizing the stabilizing
internal energy. Furthermore, this atomic arrangement satisfies the full-shell configuration of
electronic energy levels. If all 25 Au atoms are contributing a 6s valence electron, 18 of them will
be tied up in thiolate bonding which leaves seven electrons in the core as well as one additional
electron from the total charge of the cluster resulting in eight total. This satisfies the closed-shell
requirement for noble gases that leads to their stability. Now while the low SA:V and closed
electronic shell provide an acceptable rationale for why noble metallic clusters form the way they

do, this can’t necessarily be directly applied to the formation of the M14E13 cage.
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Figure 2.6.3. Platonic icosahedron (left) with orange circles at each visible vertex. [IniaPi3]*"
(right) with the surrounding phosphorus atoms that generate the icosahedral sublattice shown as

spheres and all other atoms shown in wireframe.

The first and most important distinction is that the binary cluster structures are not
icosahedral, they simply contain a sublattice that is icosahedral. This doesn’t completely negate a
contribution that the shape might have to the overall stability but it confirms that the structural
preferences of these binary clusters cannot be interpreted in the exact same way as the unary,
metallic clusters. If the surface is not made from the vertices of the icosahedron then it’s especially
low SA:V ratio is not contributing to the overall stability of the cluster. Why then would that
particular shape incorporate itself into the structure?

Another possible hypothesis to explain the presence of the icosahedron takes into account
the tetrahedral coordination of the binary lattice in InP and CdSe. Both zincblende and wurtzite,
the two stable crystalline phases of InP and CdSe, involve consistent tetrahedral coordination of
both metal and anion in the lattice. The first step in nucleating these clusters is then generating a
4-coordinate, central phosphorus atom (Figure 2.6.4A) via carboxylate-ligated indium. The four

indium atoms must then be 4-coordinate and tetrahedral via phosphorus. This generates four
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tetrahedra around a central phosphorus atom with each vertex being a surrounding phosphorus
(Figure 2.6.4B). These surrounding phosphorus atoms are the 12 atoms that make up the vertices
of the icosahedron. Therefore, following this logic, the icosahedron is not preferential due to a
lowering of the surface energy, but instead happens to be generated by the tetrahedral coordination
of four tetrahedra. The final cage structure is then formed through the passivation of these 12

phosphorus vertices by indium (Figure 2.6.4C).

Figure 2.6.4. A) The central 4-coordinate phosphorus of the In»sP13 cluster. B) Expanding the
coordination so that the four internal indium atoms are themselves 4-coordinate leads to the 12
surrounding phosphorus atoms that create the vertices of the icosahedral structure. C) Further

coordination of the 12 surrounding phosphorus atoms leads to the [In14P13]*" cage structure.

The structural similarity unveiled here between the smaller InP and CdSe clusters could
also be extended to their larger structures as well. Seeing as the InyeP13 cluster converts into the
In37P20, it would follow that the Cdi4Sei3 could grow into a more stoichiometric version of the
In37P20, most likely Cd>i1Sex. In the same study that documents the crystal structure of the

CdisSe13, it 1s shown that cluster can be converted into a larger magic-sized cluster, CdSe420
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(named for its absorbance Amax at 420 nm), through a simple ligand exchange
(tetramethylethylenediamine for (trifluoromethyl)benzylamine).'® This larger cluster has a very
distinct absorbance profile (Figure 2.6.5A) with Amax values reported between 410 and 420 nm.
Since the In26P13 converts into the In37P2 and the Cdi4Se13 converts into the CdSes20, we thought
it highly plausible that the CdSes2o is the stoichiometric version of In37P2, Cd21Sex (Figure
2.6.5B). This hypothesis was published as a part of a study investigating the interconversion of
CdSe magic-sized clusters.”? To this date, the CdSeso still has not received full structural
characterization by SCXRD and thus this structural assignment remains a hypothesis.
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Figure 2.6.5. A) Absorbance spectrum of CdSesz0 with a Amax at 420 nm. B) Hypothesized crystal

structure of the CdSeso cluster with a CdziSezo stoichiometry and a core structure that is

homologous to the In37P2o.

Full structural characterization of the In2sP13 magic-sized cluster in this study allowed for
many new conclusions about the formation, stability, and structural similarities in cluster systems.

The next step in furthering the ideas presented here was then to expand on the list of magic-sized
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clusters that have been characterized by SCXRD. A great candidate for this goal was an InAs
magic-sized cluster, the presence and absorbance spectrum of which had been reported in the

literature for many years.

2.7  EXPERIMENTAL SECTION

2.7.1 General Considerations.

Indium acetate (99.99%), phenylacetic acid (99%), o-tolylacetic acid (99%), potassium
cyanide (96%), anhydrous octane (>99%), anhydrous tetrachloroethylene (>99%) and diphenyl
ether (99%) were obtained from Sigma Aldrich and used without further purification. 4-tert-
butylphenylacetic acid (>98%) and m-tolylacetic acid (>98%) were obtained from TCI and used
without further purification. Trimethyl indium (98%) was obtained from Strem Chemicals and
used as received. 1-(Bromomethyl)-3,5-di-fert-butylbenzene (>95%) was obtained from
Synthonix and used without further purification. Biphenyl (99%) was obtained from Acros
Organics and used without further purification. 2-(3,5-Dimethylphenyl)acetic acid (99.85%) was
obtained from Chemscene and used without further purification. 1,2-difluorobenzene was obtained
from Sigma Aldrich, dried over P,Os and distilled prior to use. Deuterated benzene (CsDs) was
obtained from Cambridge Isotope Laboratories, dried over CaH, and distilled prior to use.
Tris(trimethylsilyl)phosphine (P(SiMes)s) was prepared according to literature procedures.® All
manipulations were performed under an inert atmosphere of dry N> using standard Schlenk line or
glovebox techniques unless otherwise indicated. Optical spectra were acquired on Cary 5000 and
Cary 60 UV-Vis spectrophotometers from Agilent Technologies. NMR spectra were acquired on
300 and 500 MHz Bruker Avance spectrometers in C¢Des. All Raman spectra were collected with
a Renishaw InVia equipped with the Leica DMIRBE inverted optical microscope, exciting at 785

nm, using samples drop cast from solution onto Si wafer. Samples were prepared in a glovebox
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and remained air-free until mounting on the sample stage of the Raman microscope. Spectra were
typically acquired within 0.5 — 1 hour of exposure to air, though control experiments show
excellent agreement between Raman spectra following 0.5 — 1 hour and 24 — 48 hours exposure to
air at room temperature. Diffractograms were collected on a Bruker D8 powder x-ray

diffractometer with a Pilatus 100K large-area 2D detector using a I mm collimator.

2.7.2  Synthesis of In37P20(O2CH2R)s;.

In37P20(0O2CH2R)s; clusters were prepared through a reported procedure for phenylacetate-
capped particles using In(O2CCH3)3 (934 mg, 3.20 mmol) and substituted phenylacetic acid (11.6
mmol) in toluene (10 mL) and P(SiMes); (465 uL, 1.60 mmol) in toluene (5 mL).” All toluene is
removed by vacuum and the clusters are flocculated 3 times with toluene and acetonitrile followed
by purification through a gel permeation chromatography column. In the case of the parent
phenylacetate-ligated cluster, the flocculation is performed with toluene and pentane. In a typical
synthesis, In37P20(02CCH2R)s1 is isolated in 25% yield (0.02 mmol) based on P(SiMe3); as the

limiting reagent.

2.7.3  Synthesis of In26P13(0:CH>CsH4C(CH3)3)39.

In26P13(02CH2C¢H4C(CH3)3)39 clusters were prepared by adapting the synthesis of
In37P20(O2CH2R)s1 particles. In a typical synthesis, 4-tert-butylphenylacetic acid (2.23 g, 11.6
mmol) is added to an oven-dried 50 mL 3-neck round-bottom flask fitted with a thermowell, t-
adapter, and septum. The flask is placed under vacuum at 50 mtorr for 1.5 hours after which

anhydrous toluene (5 mL) is injected into the flask. Trimethyl indium (512 mg, 3.20 mmol) is
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dissolved in 8 mL of toluene and added dropwise to the flask with 800 rpm stirring at 2 drops per
second. The solution is left to stir for 5 minutes after which the temperature is increased to 105 °C.
A solution of P(SiMes)3 (460 ul, 1.58 mmol) in anhydrous toluene (2 mL) is then promptly
injected into the flask. After 20 minutes at 105 °C, the reaction is allowed to cool to room
temperature and all toluene is removed under vacuum. The InyeP13(O2CH2CsH4C(CH3)3)39
particles are isolated as a white, crystalline solid by successive precipitation from toluene using
acetonitrile.

For crystallization, under a nitrogen atmosphere, 15 mg of isolated cluster is dissolved in
400 pL of 1,2-difluorobenzene and layered with acetonitrile in an oven-dried NMR tube. Colorless

crystals grew after 5 days at the liquid boundary.

2.7.4 Crystallization of In(O.CH>CsH,CH3)3.

In37P20(O2CH2R)s1 clusters were synthesized with m-tolylacetate (3-Me) ligands as
described above. A sample of the crude reaction mixture (3 mL) before purification was brought
to the point of crash out by dropwise addition of acetonitrile. The solution was put through a 0.45
um PTFE filter into a 20 mL scintillation vial. The vial was left sealed and after 8 months colorless

crystals had formed at the bottom of the vial.

2.7.5 Conversion of Ins37P20 to Quasi-Wurtzite QDs.

Under a nitrogen atmosphere, a 2.82x10° M solution of In37P2 cluster is made up in
toluene. A cuvette is charged with 3.5 mL of stock solution and sealed under nitrogen with a cap

and septum. The cuvette is then placed in a preheated cryostat at 40 °C and the temperature is
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allowed to equilibrate for 10 min. During temperature equilibration, P(SiMes3); (5.7 uL) is
combined with anhydrous octane (0.703 g) and 50 pL of this solution is stoppered in a gas-tight
syringe. The P(SiMe3); solution is promptly injected into the cuvette with stirring after which UV-

Vis monitoring begins immediately.

2.7.6  Thermolysis of In37P29 to Zinc-blende QDs.

A 70% diphenyl ether and 30% biphenyl eutectic (4.5 mL) is injected into an oven-dried
15 mL 3-neck round-bottom flask and brought to 240 °C. During heating, In37P20 cluster (0.00237
mmol) is dissolved in 1 mL of the eutectic mixture along with 10 drops of toluene to ensure
complete solubility. Once at 240 °C, the cluster solution is promptly injected and the reaction

progression monitored by UV-Vis aliquots (20 uL in 3 mL).

2.7.7 Synthesis of 3,5-di-tert-butylphenylacetic acid.

3,5-di-tert-butylbenzyl bromide (9.921 g), KCN (2.279 g), and 18-crown-6 (9.354 g) were
placed in a 250 mL round-bottom flask and 110 mL of acetonitrile was added. The solution was
refluxed for 4.5 hours, then diluted with water (200 mL). The product was extracted with 3 x 100
mL of ether which was then removed by rotary evaporation to yield 9.3315 g of crude product
(98% conversion bromoalkane to nitrile by NMR). The crude product was then dissolved in
ethanol (300 mL) and to this solution 12.5 M NaOH (100 mL) was added. This solution was
brought to reflux and left to react for 16.5 hours which resulted in a biphasic mixture. Conc. HCI
was added to the organic layer with stirring until pH 0.5 after which the solution was concentrated

by rotary evaporation to yield a white solid. This was redissolved in ether, filtered, and the ether
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from the filtrate was removed by rotary evaporation. The resulting white solid was suspended in
cold pentane and filtered. White crystals were washed with cold pentane and then pumped down
at 50 mtorr overnight to remove any residual solvent. The final product was a fluffy white solid

(3.300 g, mp =113 C -120 C)

2.7.8 Single Crystal X-ray Diffraction Methods.

For crystallization of InsP13(0O2CH2CsH4C(CH3)3)39, a colorless piece, measuring 0.32 x
0.13 x 0.10 mm> was mounted on a loop with oil. For In(O.CH>CsH4CHj3)s, a colorless shard,
measuring 0.10 x 0.07 x 0.06 mm® was mounted on a loop with oil. Data was collected at -173 °C
on a Bruker APEX II single crystal X-ray diffractometer, Mo-radiation, equipped with a Miracol
X-ray optical collimator. The data was integrated and scaled using SAINT, SADABS within the
APEX2 software package by Bruker.’® Solution by direct methods (SHELXT®” or SIR97%)
produced a complete heavy atom phasing model consistent with the proposed structure. The
structure was completed by difference Fourier synthesis with SHELXL.%"” Scattering factors are
from Waasmair and Kirfel.” Hydrogen atoms were placed in geometrically idealized positions
and constrained to ride on their parent atoms with C---H distances in the range 0.95-1.00
Angstrom. Isotropic thermal parameters Ueq were fixed such that they were 1.2U¢q of their parent
atom Ueq for CH's and 1.5U,q of their parent atom Ugq in case of methyl groups. All non-hydrogen
atoms were refined anisotropically by full-matrix least-squares. While all C and O atoms were
restraint with ISOR to help keep the displacement parameter matrices positive definite, the
disordered ones were restraint with SIMU. Some difluorobenzene solvent molecules were found,
but the contribution of additional unidentified solvent was removed with SQUEEZE.”"""* The

crystallographic data for the InzP13(O2CH2CsH4C(CH3)3)39 structure and the In(O,CH2CsH4CH3)3
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structure have been deposited in the Cambridge Crystallographic Database under deposition

numbers 2261840 and 2306934 respectively.

2.7.9 Computational Methods.

Computational studies were performed using the Gaussian’* electronic structure package.
The HSE064-6°""7 range-separated hybrid DFT functional was used to perform the linear-
response TDDFT absorption spectra. This method has been used previously by our group to
characterize the electronic structure of the In37Py cluster.”**’® Initial structures were taken from
XRD, optimized until the total and root mean squared displacement and force were under 1.80*10"
3 and 1.20*10 Bohr, and 4.50*10* and 3.00*10** Har/Bohr, respectively. TDDFT”*8! was used
to compute both the excitation energies and corresponding oscillator strengths of the first 20
electronic transitions. For all these calculations the water molecule was removed from the structure

as we believe it is a result of prolonged contact with polar solvents containing trace water.

2.7.10 Solution Phase FTIR Methods.

All solution phase FT-IR measurements were acquired on a PerkinElmer Frontier FT-IR
spectrometer using a CaF> window liquid cell with the sample dissolved in tetrachloroethylene.
The solvent signal was subtracted before gaussian peak fitting by linear least squares. Quantitative

differences were assessed by comparing the integrated intensity of peaks of interest.
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2.7.11 Kinetic Rate Determination Methods.

For each trial, at wavelengths 450, 500, and 550 nm, the first derivative of absorbance
versus time was taken. To standardize all fitting widths across ligands, the time point where the
maximum of that first derivative occurs, representing the inflection point of the absorbance versus
time graph, was used as the induction time. For the reported values and standard errors, the
induction times of all trials at a specific wavelength were averaged and the standard deviation was
taken. For Kobs, a single exponential function of the form f(x) = y, + Ae *ors(*=%0) was applied

as global least squares fit to all absorbance versus time trials at a particular wavelength.

2.7.12 X-ray Total Scattering Methods.

Excess solvent was evaporated off of InP MSC samples in inert atmosphere and dried
samples were sealed in quartz capillaries. X-ray total scattering data was obtained at the NSLS-II
beamline 28-ID-1 at Brookhaven National Laboratory as reported previously.’> Sample scans
consisted of 600 1-second exposures to a 74.5 keV incident beam. Each scan was background
subtracted and corrected for percent transmission. Sample transmission ranging from 66-76% was

measured on a silicon photodiode with impedance amplifying circuit.

2.7.13 Pair Distribution Function.

Reduced pair distribution function was calculated using PDFgetX3.%> PDFgetX3 inputs
used to generate G(r) from scattered intensity I(Q) are listed in Table 2.7.1. A Qmin of 0.5 A is
chosen to avoid any scattering of the direct X-ray beam around the beamstop. Qmax is chosen as

the maximum Q value before the scattering signal becomes exceedingly noisy. Rpoly is left at the
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software’s default value of 0.9A which is below the first relevant peak in the PDF and, with
Qmaxinst=23.6 A" results in the weighted use of 7" and 8" order correction polynomials and
unphysical error in our G(r) up to r=0.9 A. Full In37P20(O2CR)s; elemental composition was used
to calculate each sample’s average atomic scattering factor. G(r) for each sample was generated
from the Fourier transform of F(Q)) from Q=0.5-23.6 A-!. Full details on the workings of

PDFgetX3 are reported in reference 25.

Param. | Rmin [A] | Rmax Rstep [A] | Qmax [A" | Qmin [A" | Qmaxinst [A | Rpoly
[A] ] ] ']
Value | 0.0 30 0.01 23.6 0.5 26.0 0.9

Table 2.7.1. PDFgetX3 Transform Parameters

Formalized equations in this analysis are defined as follows:

<f(q@)>?- <f(q@)*>
<f(q)>2

1(Q)
<f(q)>?

Structure Function

5(Q) =

F(Q) = Q[s(@) —1]

Reduced Structure Function

Reduced Pair Distribution Function G(r) = (3) ) 57:1;" F(Q)sin(Qr) dQ

Y

2.7.14 G(r) Peak Center Determination.

Bond length variation for sterically hindered substituent ligands was calculated with
respect to the phenylacetate ligated cluster. Simple double Gaussian fits were applied to describe
the first neighbor In-O and In-P G(r) peaks. Each Gaussian peak center was extracted and assigned
as the average bond length for In-O and In-P respectively. While the cluster structures are low-

symmetry with high degrees of static disorder, an approximate difference is calculated from the
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average bond lengths with the equation below where rim-p subst. represents the In-P peak position of

the 3-Me, 3,5-Me; or 4-tBu substituents, and rim-p 1 is that of the phenylacetate cluster:

, Tin—-p_subst — Vin-P_H
Dif ference % = 100% * - -

TIn-pP_H

AG Analysis. AG and Ry, were calculated with the expression used for structural disorder in CdSe
nanoparticles?® using a second experimental G(r) in lieu of a calculated G(r) to understand the

differences between experimental PDFs.

RW — \/Z?:l[Gexpl(Ti) — Gepo(Ti)]z

Iiv=1[Gexp1 (ri)]z
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Chapter 3. SYNTHESIS AND  SINGLE CRYSTAL X-RAY
DIFFRACTION STRUCTURE OF AN INDIUM ARSENIDE

NANOCLUSTER

Components of this chapter were republished with permission of the American Chemical Society,
from Synthesis and Single Crystal X-ray Diffraction Structure of an Indium Arsenide
Nanocluster”, Soren F. Sandeno, Sebastian M. Krajewski, Ryan A. Beck, Werner Kaminsky,
Xiaosong Li, and Brandi M. Cossairt; ACS Central Science. 2024, 10 (3), 744—751; Copyright

2024 American Chemical Society.

3.1 INTRODUCTION

Ever since the initial discovery of quantum dots (QDs), the mechanism by which they
nucleate and grow has been the subject of intense experimental and theoretical study.!”” While
some nanocrystal syntheses have been rationalized through a model of classical nucleation
involving a temporally discrete nucleation event, followed by growth,!®!! further investigation has
shown that many systems deviate in complex ways from this classical model.'*!* One of the most
important departures from the classical model of nucleation and growth is the formation of magic-
sized clusters during the early stages of precursor conversion.'*"!

Magic-sized clusters are atomically-precise molecules that form as intermediates during
the transition from precursors to nanocrystals. Their documentation in the literature is pervasive

across QD chemistries and has led to a deeper understanding of the complexities in nanocrystal

growth mechanisms.!>!*18-23 The formation of these clusters as intermediates breaks the kinetic
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chain linking precursor reactivity to nanocrystal nucleation and growth meaning precursor tuning
cannot be invoked to control size, shape or morphology.'?> While this generates synthetic
challenges in controlling these material systems, some of the most impressive, industrially-relevant
syntheses of QDs use precursors that are known to result in intermediate cluster formation.?** The
link between magic-sized clusters and superb QD quality continues to be under investigation to
provide an understanding for why these two features are inextricably linked.

To understand the pathways of cluster formation and conversion, syntheses have been
developed to allow for isolation and characterization of these intermediates.!>?>?%7 The study of
cluster intermediates not only informs the mechanism by which the ensuing QDs form, but also
produces a molecular platform upon which post-synthetic chemistry can be studied, including
ligand exchange, doping, conversion to QDs, and even cluster interconversions and self-
assembly.?®3” Many of the isolated clusters have been characterized optically but the premier
characterization of these materials has come in the form of single-crystal X-ray diffraction
(SCXRD), which can allow for complete structural determination. This method has been used
extensively in the characterization of metallic nanoclusters to unveil a deep, refined understanding
of intermediate structures, growth pathways, and surface chemistry in those systems.*® While the
number of reported semiconductor clusters is not as substantial, crystallography has demonstrated
unprecedented phases that are not observable in the bulk, precise surface analysis of ligand binding
modes and stoichiometries, and a more nuanced insight into the differences between clusters made
up of different semiconducting materials.'®*>**%0 With a tenacious approach to structural
characterization, the QD field will benefit from the same insights that have allowed for great
progress with metallic nanoclusters. Towards that end, the structures of clusters as QD

intermediates have been determined for a wide variety of the most common semiconducting QD
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materials such as CdSe, CdS, and InP.!3223%40 However, there are many other material systems
that have identified the presence of magic-sized clusters spectroscopically but still lack full
structural characterization of those intermediates.?%2"41-4°

One of the QD material systems that is known to form clusters but lacks structural characterization
is InAs. The synthesis of high quality InAs QDs has been reported and improved upon for more
than 20 years with much attention paid to the final monodispersity and less towards the formation
mechanisms.?0-26:41424651 The vast majority of the reported syntheses use indium carboxylate, a
tertiary alkylphosphine and a reactive silylarsine to nucleate and grow InAs QDs. In the process
of studying this precursor system, magic-sized clusters were observed as an intermediate with a

20,41,42,51 Even when

characteristic absorption doublet with maxima at 425 and 460 nm.
investigating the usage of germylarsines to improve nanocrystal monodispersity, this characteristic
cluster persists.** Since the initial optical characterization of the InAs magic-sized cluster, the use
of this precursor system has continued to be the standard for the synthesis of high quality InAs
QDs. However, the synthesis, isolation, and structural characterization of the cluster intermediate
has remained elusive.

Herein we report a synthesis of InAs magic-sized clusters that allows for isolation of the
material with a variety of carboxylate and phosphine ligands. Further characterization of the
isolated material by SCXRD has shown the structure to be InasAsis(O2CR)24(PR3); with a mixed
carboxylate and phosphine ligand environment on the surface and a relatively anisotropic core
structure with pseudo-Cs; symmetry that persists to the ligand shell. This represents the first full

structural characterization of an InAs magic-sized cluster and provides new insights into the

comparative structures and structural evolution of III-V and II-VI clusters.
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3.2  SYNTHESIS AND [SOLATION

Previous syntheses of InAs magic-sized clusters have shown that there are 3 essential
precursors to allow for cluster formation: indium carboxylate, tertiary alkylphosphine, and
silylarsine.?®*'*! This stands in comparison to InP cluster syntheses which do not require an
alkylphosphine for cluster formation or high-quality QD growth. The role of the tertiary
alkylphosphine is understood to be twofold as it has been cited to function as a Lewis base to
activate the indium carboxylate precursor as well as decrease the apparent reactivity of
silylpnictides through solvation effects similar to reports of amines.**! This suggests that the
alkylphosphine requirement for InAs syntheses is likely a result of the higher reactivity of
As(SiMes); compared to P(SiMes)s. The more reactive arsine precursor requires an increase in the
reactivity of the indium carboxylate to achieve balanced reactivity and controlled nucleation. This
can be accomplished by the inclusion of the alkylphosphine to activate the indium while
simultaneously hindering the diffusion of the As(SiMe3)s.

In a typical synthesis, the indium carboxylate is generated through the reaction between
indium acetate and carboxylic acid under vacuum or using trimethylindium and carboxylic acid in
solution. The phosphine is then added to the indium precursor and the temperature is raised to 110
°C (Figure 3.2.1A). Once at the reaction temperature, a solution of As(SiMes); is injected which
immediately starts the reaction as shown in Figure 3.2.1B. We have found that hot-injection of
As(SiMe3); into just indium carboxylate at 110 °C results in no productive cluster or QD formation
and furthermore, the injection of the phosphine into this mixture immediately initiates cluster
formation with no noticeable differences in absorbance (Figure 3.2.2). This result corroborates the
findings on the role of the phosphine mentioned above and implicates the phosphine as necessary

for balancing the precursor consumption rates that promote kinetic trapping and cluster formation.
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As clusters evolve at 110 °C, there is a substantial amount of QD that forms as a side-product in
these reactions. The relative stoichiometry of phosphine appears to have a consequential effect on
the yield of cluster with respect to the amount of unproductive QD growth. When using myristate
ligands, outside the range of 1 and 3 equivalents of phosphine relative to indium, there is a
noticeable increase in the amount of undesirable QD formation. We propose that if the amount of
phosphine is too low, not enough of the indium precursor is activated, leading to As(SiMe3)3
reacting with lower equivalents of activated indium. If the amount of phosphine approaches and
exceeds 3 equivalents, the equilibrium is pushed towards a different surface ligand stoichiometry

as the cluster forms causing destabilization and QD growth.

131



CH,R

A
' (1eq) R 0. _CHsR
X R - OL_-CH,R ; 2
o P | As(SiMes); R~ /\ N Y
O--1n—0 + _ DULAVARN o
A R” SR 110°C,40min g’ / N 0 +
RH,C OO0 CH,R PhMe INAS
(4 eq) (12 eq) MSC
0.6 0.8
B C
05 1 2 7 10 17 25min
193 K
0.6
0.44 213K
3 3
5 :
g 2044 233 K
o o
w 2]
2 2 253 K
0.24
0.2- 273 K
293 K
00 1 1 1 1 00 I I I I
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 3.2.1. A) Reaction scheme for the synthesis of myristate and trioctylphosphine ligated InAs
clusters. B) Absorbance progression of a typical InAs cluster synthesis using indium myristate and

trioctylphosphine. C) Variable temperature absorbance of InAs clusters from 20 °C (red) to -80

°C (dark blue) in 10 °C increments in toluene.

While investigating ligand rigidity on the cluster surface to promote single crystal growth,
we have concluded that the carboxylate chain is also important in directing cluster formation. The
myristate-based indium precursor with a long chain hydrocarbon tail seems to promote the best
control, yield, and robustness of the InAs cluster reaction. When transitioning to the use of
phenylacetate, we document that the equivalents of organophosphine with respect to indium must
be adapted. The 1-3 equivalent window is no longer accurate for indium phenylacetate and instead

we find that not only does 1 equivalent of phosphine promote the best cluster growth but 3 eq. of

132



phosphine shows no cluster evolution. This difference in phosphine requirement between
carboxylates is likely a function of the phosphine-bound indium carboxylate precursor speciation
that has been found to vary with phosphine concentration.’'>*> We therefore suggest that while
rigid ligands such as phenylacetate allow for structural determination by crystal growth as
described below, the most robust InAs cluster syntheses are those that are heavily modulated by

hindering diffusion of As(SiMe3); using long chain fatty acids.
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Figure 3.2.2. As(SiMes); was injected into indium carboxylate in toluene as described in the
synthesis of InzsAsig(Myr)24(TOP); in the absence of phosphine. With no development of
recognizable absorbance features, 1.4 equivalents of trioctylphosphine with respect to indium was

injected into the reaction causing the immediate formation of InAs clusters.

Further synthetic alterations to allow for single-crystal growth involved the use of
diethylphenylphosphine (Et2PhP) in place of the n-alkylphosphines. The yield of InAs cluster
decreased substantially when using EtoPhP as evidenced by an increase in the QD absorbance as

well as a decrease in the peak-to-trough ratio of the cluster in the crude reaction. We observe no
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significant synthetic differences in the InAs cluster synthesis when using tri-n-octylphosphine or
tri-n-butylphosphine which suggests that there isn’t an appreciable change with diffusion rate as
modulated by the phosphine (Figure 3.2.3). Furthermore, the cone angle of the n-alkylphosphines
(~132°) is quite similar to that of the Et;PhP (136°). The electronic parameters reported for these
phosphines are different however with tri-n-butylphosphine reported as 2060.3 cm™! and Et,PhP
as 2063.7 cm™'.>* We suggest then that the binding affinity of the phosphine plays a valuable role

in regulating the reactivity.
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Figure 3.2.3. Equivalent InxsAsis cluster reactions using phenylacetate and two different

phosphine ligands: A) tributylphosphine, B) trioctylphosphine. The overall outcome of the
synthesis as well as the kinetics of conversion do not seem to vary with n-alkylphosphine chain

length.

With the absorbance progression of the InAs cluster synthesis shown in Figure 3.2.1B, we

also document the formation of an initial absorbance feature at 395 nm within the first 20 seconds
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of As(SiMe3); injection. This then converts through an isosbestic point giving way to the 425 nm
and 460 nm features that are characteristic of the final InAs cluster. The rate of conversion of InAs-
395 to InAs-460 is concentration dependent, which would suggest a conversion process based on
growth as opposed to a structural rearrangement (Figure 3.2.4). It would then seem that the InAs-
395 is substantially smaller compared to InAs-460 based on the energy of the first excitonic
feature. Despite the concentration dependence of the cluster conversion rate, we document no
significant difference in the overall yield of InAs cluster or the cluster to QD ratio when varying

total reaction concentration (Figure 3.2.4).
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Figure 3.2.4. A) Absorbance progression for the synthesis of InasAsig(Myr)24(TOP); clusters (0.8
mmol In, left). B) Absorbance progression for the synthesis of InasAsis(Myr)24(TOP); clusters with
all reagents at half concentration in toluene (0.4 mmol In, right). C) Final absorbance traces from
the reactions in A and B normalized at 350 nm suggesting the reaction outcome does not correlate

meaningfully with concentration despite the differences in conversion kinetics.
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Purification of the InAs-460 cluster by size-exclusion chromatography allowed for further
optical characterization through variable temperature absorbance measurements. From 20 °C
down to -80 °C we observe significant spectral line narrowing that is consistent with vibronic
coupling causing the line broadening at room temperature (Figure 3.2.1C). The narrowing, along
with no absorbance changes upon returning to 20 °C, is consistent with previous variable
temperature measurements on I1I-V cluster materials.!®> Along similar lines, the isolated cluster
shows no measurable photoluminescence at room temperature and when cooled to 77 K shows

broad emission ranging from 550 nm to beyond 700 nm (Figure 3.2.5).

04
InAs Abs

’I

0.35 4 — — 77 K 460nm ex
293 K 460 nm ex x100 f

0.3 1
0.25 A

0.2 -

Absorbance
PL Intensity

0.15 4

0.1 1

0.05 A

e,
0 . . S
300 400 500 600 700 800

Wavelength (nm)
Figure 3.2.5. Photoluminescence of InzsAsis(O2CCH2Ph)24(PBus); at room temperature (green)

and 77 K (red) with the absorbance shown in black. The sharp feature at 530 nm in the room

temperature spectrum designated by the asterisk is a Raman feature from the solvent and does not

represent photoluminescence from the sample.
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This is not unexpected as the relatively low effective electron mass in bulk InAs (m. =
0.023)°¢ should allow for many nonradiative recombination pathways through exciton-surface
interactions. The narrow absorbance features at room temperature for quantum-confined InAs
combined with the high degree of monodispersity as evidenced by spontaneous superlattice
formation upon preparation of films for transmission electron microscopy analysis (Figure 3.2.6)

suggested atomic precision, motivating our pursuit of diffraction quality crystals of InAs-460 for

single crystal X-ray analysis.

Figure 3.2.6. TEM micrographs of InAs clusters in a superlattice assembled by slow evaporation

of toluene (left) and as discrete particles (right).

3.3 CRYSTAL GROWTH AND STRUCTURAL ANALYSIS

Modifying the synthesis of InAs clusters using indium phenylacetate and
diethylphenylphosphine as ligands (Figure 3.3.1) allowed for the growth of X-ray quality single

crystals from vapor diffusion (Figure 3.3.2A, B). Diffraction at a resolution of 0.86 A with R; and
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Ry values of 14.09% and 28.02%, respectively, allowed for a high-quality structural solution,

providing the assignment In2sAsis(O2CR)24(PR3); (Figure 3.3.6A). Full crystallographic details

are provided in the appendix.
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Figure 3.3.1. A) Iny6Asis(O2CCH2Ph)24(PEt2Ph); reaction progression. B) Final

In26As18(O2CCH2Ph)24(PEt2Ph); reaction trace after cooling and before purification. C)
Absorbance traces of the two bands formed during size-exclusion chromatography. D) Absorbance
of InxsAs18(O2CCH2Ph)24(PEt:Ph); single crystals grown from an ether against pentane vapor

diffusion and redispersed in toluene.
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Figure 3.3.2. A) Direct purification of an InAs nanocluster reaction by size-exclusion
chromatography. The yellow band is the In2sAsis cluster and the dark red band is quantum dot
impurity. B) Photograph of the isolated single crystals grown from an ether against pentane vapor

diffusion.

The surface of this InxsAsig cluster is ligated by 24 carboxylates and 3 alkylphosphines.
The carboxylate ligands show a binding mode distribution of 9 chelating, 3 symmetric bridging,
and 12 asymmetric bridging carboxylates. This affinity for asymmetric bridging carboxylates is
consistent with other III-V cluster structures but the InAs seems to show an augmented ratio of the
chelating binding mode in comparison to these other structures.!®* It is interesting to note that the
L-type binding of water in those previously reported InP clusters forces bridging ligands into a

monodentate binding mode. However, in the InAs cluster, the L-type binding of phosphines is to
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otherwise 3-coordinate indium atoms, none of which are simultaneously ligated by carboxylates

(Figure 3.3.3).
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Figure 3.3.3. *'P-NMR of purified InxsAsis cluster with phenylacetate and tributylphosphine

ligands. The inset focuses on the single feature at -18.4 ppm which is indicative of bound

phosphine.
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The 8:1 ratio of carboxylate to phosphine is also represented in the 'H-NMR of the purified
material showing that any excess alkylphosphine is efficiently removed through the purification
by size-exclusion (Figure 3.3.4). There are only 3 surface indium atoms that form a propeller
around the Cs axis of the cluster. This symmetry is further enforced by the surface phosphines
which form a similar, yet mirrored propeller around the same axis (Figure 3.3.5B). The C;
symmetry axis separates the cluster into three quadrants, each of which is ligated by 4 asymmetric
bridging, 1 symmetric bridging, and 3 chelating carboxylates showing that the external structure

of surface ligation maintains the symmetry dictated by the core (Figure 3.3.5C).
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Figure 3.3.4. "H NMR spectrum of phenylacetate and tributylphosphine ligated InAs clusters. The

inset shows the methylene region of the phenylacetate ligands.
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Figure 3.3.5. A) Full In26As18(O2CR)24(PR3);3 cluster structure with ligands shown as a wireframe.
B) View of InxsAsig down the Cs axis showing the symmetry and propeller shape generated by the
3 bound P atoms. C) View of InxsAsis down the C; axis showing the symmetry of the bound
carboxylates which have been truncated at the carbonyl carbon. The core InzsAsis structure is
shown in wireframe. D) Inorganic core of InxsAsigs with ligands removed for clarity. E)
Components of the InxsAsis cluster that first generate the cage and then cap the cage to complete
the structure. The atomic color is lightened as the structure extends to emphasize the layers of the
cluster. Color legend: indium (green), arsenic (purple), phosphorus (orange), oxygen (red), carbon

(grey). Hydrogen atoms have been removed for clarity.
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The coordination of the surface by carboxylate can further be characterized through solution-phase
FTIR in tetrachloroethylene (Figure 3.3.6). The individual binding modes cannot be confidently
distinguished due to the likelihood of rapid exchange of carboxylates at the surface in solution.®’
However, the symmetric and asymmetric stretches of the carboxylate moiety are still clearly
visible in the 1350-1650 cm™' and appear much narrower than what has been reported for quantum
dot materials.>® This narrowing is a product of the molecular nature of the cluster which leads to a

limited distribution of carboxylate stretches.
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Figure 3.3.6. Solution-phase FTIR of phenylacetate and tributylphosphine ligated InAs clusters in
tetrachloroethylene. The isolated ring breathing modes from phenylacetate are marked by

asterisks.

Removal of the surface indium results in a nonstoichiometric core of [In23Asis]'**, which
stands as a stark comparison to the previously reported core stoichiometries [In2iP2]** and

[In14P13]*" in InP.'34 It becomes evident that the drastic change in core stoichiometry is driven by
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the abundant 3-coordinate As atoms that make up nearly half the number of As present in the
structure. We have previously concluded that in InP, there is a 4-coordinate requirement for the
pnictide in cluster materials that forces a cation-rich stoichiometry through a large number of
surface In atoms passivating the otherwise 3-coordinate P. We see here that this is not the case in
InAs. The vast majority of In is incorporated into the core of the cluster allowing for 7 3-coordinate
As atoms. This can potentially function to further explain the lack of photoluminescence in InAs
materials as 3-coordinate pnictides have been linked to the formation of hole traps in tetrahedral
InP QDs.>® Therefore, 3-coordinate As on the surface may be pervasive and a strong contributing
factor to the photoluminescence of this material lagging behind other III-V and II-VI materials. As
mentioned above the lighter effective electron mass in InAs allows for efficient exciton coupling
with surface states so the effect of underpassivated atoms, such as 3-coordinate As, is more
substantial compared to other materials. While InAs is more covalent than InP with a ionicity of
0.36 compared to 0.42, this likely cannot explain the difference in pnictogen undercoordination.®
However, it is well-documented that the basicity of arsines fall below that of their phosphine
counterparts as a result of more s-character in the hybridized orbital of the lone pair.%! This would
effectively decrease the favorability for surface indium coordination. The final category that the
3-coordinate As can inform is the relative surface coverage as directed by carboxylate-ligated
indium. The previously reported InP clusters that contain only 4-coordinate, fully passivated P
atoms have, as a consequence, a cation-rich surface that is then completely passivated by
carboxylates. This causes the ligand density at the surface to be extremely high. With the InAs
cluster, the 3-coordinate As atoms drastically reduce the cation richness of the surface and thus
there are significantly fewer carboxylates protecting the core of the structure (Figure 3.3.7). We

then predict that diffusion to the cluster surface will be much faster in InAs compared to InP as the
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ligand barrier preventing diffusion of reactive species is much smaller. This is important

information as we seek to adapt cluster-based QD syntheses using this InAs system.

Figure 3.3.7. Fully ligated InzAsis(O2CCH2Ph)24(PEt2Ph)s cluster (left). Fully ligated
In37P20(02CCH2Ph)s; cluster (right). All carbons are presented through a space filling model and

the underlying structures of the clusters are shown in wireframe. Hydrogens removed for clarity.

The structure of this InasAsis cluster appears to be related to a motif previously observed
in InP, CdSe, and CdS.!336:3%4043 We observe that our recently reported InaeP13 structure can be
superimposed onto the InysAsig structure showing that the anion sublattice has a high degree of
overlap (RMS = 0.323 A), however the indium sublattice is substantially different (Figure 3.3.8).
The observation of the similarity in the pnictogen substructure leads us to hypothesize that the
early-stage InAs-395 intermediate is likely to have an Asi3 sublattice that matches both the shape
and stoichiometry of the P13 sublattice of InosP13. Another atomically precise InAs cluster, IngAss,

has been synthesized and structurally characterized previously by reacting InMes directly with
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tBuAsH> but the IngAsg core does not bear strong structural connections with the InsAsig lattice

making direct conversion unlikely (Figure 3.3.9).%!

Figure 3.3.8. The overlay of the Inx6P13 and InsAsig anion sublattices. P (orange, ball), As (purple,

ball), In from InxeP13 (brown, stick), In from InzsAsis (green, stick). RMS =0.323 A.

Figure 3.3.9. Structural overlay between InysAsis and IngAss. In from InzsAsis (green), As from

Inz6Asis (purple), In from IngAsg (gold), As from IngAssg (red).
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It is interesting to note that despite the strong similarities in the anion sublattices of the
InosAsig and the InyePi3 and In37Pao structures, there are also significant differences (Figure
3.3.10). Removing the surface indium atoms, we can compare the bond angles of the [In21P20]*",
[In14P13]*, and [In23As15]'>" cores of the clusters to get a measure of the deviation in each cluster’s
structure from the bulk wurtzite crystalline phase of the III-V materials. Seeing as the E-In-E bond
angle in bulk wurtzite is 109.5°, a larger divergence from this value approximates a more strained
structure. Measuring the E-In-E angles in the InP and InAs cluster cores show an average and
standard deviation of 109.3° + 5.6° for [In21P20]*", 108.5° + 6.3 for [Ini4P13]**, and 113.8° + 9.8
for [In23Asis]'®". This shows that the core of the Inx¢Asis cluster not only has an average that
deviates the furthest from the bulk structure but also shows the widest variation in bond angles as
seen from the standard deviation. Direct comparison of this structure to the bulk wurtzite phase of
InAs shows that the internal stack of alternating InsAs and Asaln tetrahedra in the structure follows
a similar pattern to the bulk but instead of eclipsing tetrahedra as in the bulk wurtzite phase, they

are continuously offset as the structure extends down the c axis (Figure 3.3.11).

Figure 3.3.10. The overlay of In37P20 and In2¢Asig anion sublattices. P (orange, ball), As (purple,

ball), In from In37P2 (brown, stick),.In from InzsAsis (green, stick). RMS = 0.389 A.
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Figure 3.3.11. A, B) Structural overlap between the core In2sAsis and bulk wurtzite InAs. The

mirrored tetrahedra in the bulk wurtzite structure maintain an eclipsed relationship with no rotation
as the lattice extends. With the pseudo-wurtzite phase of the cluster, the mirrored, alternating
tetrahedra rotate slightly along the ¢ axis misaligning the cluster phase with that of the bulk. For
clarity, the core In and As-based tetrahedra of the cluster are shown in ball-and-stick whereas the
atoms that extend beyond the central tower of tetrahedra are shown in wireframe. Color key: As
from In2sAsis (purple), In from In2sAsis (green), As from bulk wurtzite InAs (pink), In from bulk
wurtzite InAs (brown). C) Powder x-ray diffraction of phenylacetate and tributylphosphine ligated

InAs clusters (red). The diffraction standard of bulk wurtzite InAs is shown in black.

To draw comparisons with the cage-like descriptions of previously reported clusters, there
1s a central, 4-coordinate As atom off of which the cluster is built. Three 4-coordinate In atoms
bind the central As to generate the cage framework. The cage is then closed by the external As
atoms being linked with 10 additional In atoms. The cage is extended by the addition of four Asln3
units, one of which crowns the cluster and the other three are linked by the final As atom to

generate the anisotropy (Figure 3.3.5D). The final cluster lattice is completed by the addition of
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three surface indium atoms that create the propeller. This progression is visually summarized as
Figure 3.3.5E.

The structural description is similar to that of the CdasSe17 structure formed through cation
exchange of CuasSei; that was recently reported by Zeng and coworkers.’® Comparison of the
Cdz6Se17 structure with InxsAsis shows that the Mi17E14 cage structures and stoichiometries are
nearly identical including the anion and cation sublattices. That being said, CdxsSe17 is nearly a
tetrahedron whereas InsAsis is more anisotropic and bullet shaped. This difference can be
attributed to the attachment of three M3E units. In the case of Cd26Sei7, there are three CdsSe units
that attach to the lower half of the [Cdi7Se14] cage to form the three corners of a tetrahedron. This
attachment symmetry combined with the Cds;Se unit that forms the top of the cage creates a pseudo-
tetrahedron shape. However, starting with a structurally homologous [Ini7As14] cage, the three
In3;As units add even lower, to the bottom of the cage being linked together by the final, extra
arsenic atom that pushes the stoichiometry to In¢Asis. This leads InzsAsis towards an anisotropic,

bullet-shaped structure (Figure 3.3.12).
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Figure 3.3.12. In2sAsig structure with the surface In atoms removed shown in wireframe except
for the three In3As units that form the base of the bullet-like shape shown in ball-and-stick (top
left). CdasSei7 structure shown in wireframe except for the three Cd;Se units that form the three
corners of the base of the pseudo-tetrahedral shape shown in ball-and-stick (top right).
Superimposed CdasSei7 and InxsAsis structures showing that the underlying M7E14 structure is
homologous and the placement of the three M3E units differentiate the two structures viewed from

the side (bottom right) and down the C3 axis (bottom left).
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3.4 COMPUTATIONAL ELECTRONIC STRUCTURE

As a final point of characterization, we performed TDDFT calculations using the Gaussian
software package,®? as detailed in the supporting information, to understand the orbital make-ups
of the observed electronic transitions in the experimental absorption spectrum. The carboxylate
ligands were truncated to acetate and the phosphine ligands were modeled with ethyl groups to
reduce computational costs. As is seen experimentally, there are two distinct absorption
transitions; the first of which is comprised of both the HOMO and the HOMO-1, which are
essentially degenerate, and the second consisting of the HOMO-2 (Figure 3.4.1A). These leaving
orbitals are primarily As 4p in character with the largest contributions from those that are closest
to the cluster’s center. We note however, that the HOMO and HOMO-1 orbitals are oriented across
the width of the cluster (Figure 3.4.1B, 3.4.1C) as this stands in contrast to the HOMO-2 leaving
orbital that participates in the second, higher energy transition, which is primarily oriented along
the length of the cluster (Figure 3.4.1D). The arrival orbital for both transitions shows a significant
degree of delocalization across the cluster structure and incorporates more In 5s character. There
is, however, a qualitatively equal contribution of As character to this arrival orbital showing the
high degree of covalency that is understood to occur in InAs (Figure 3.4.1E). Furthermore, with
the isosurface contour plotted at 0.02, there is a small but noticeable contribution of P-character
from the phosphine ligands to the arrival orbital distribution. This suggests that the ligand sphere,
especially the phosphines, could be quite responsive to electronic excitation and may play a role
in modulating the dynamics of the excited state. We note that the experimental absorption doublet
is substantially red-shifted from the computationally predicted absorbance. However, the
mismatch in energy is similar to that previously reported for comparable materials.®** Finally, the

simulated Raman modes show good agreement with those characterized experimentally, falling in
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the range of 160 — 280 cm™! (Figure 3.4.2). These energies are similar to those reported for the

TO, SO, and LO modes of InAs nanowires at approximately 218, 237 and 239 cm™!, respectively.®®
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Figure 3.4.1. A) Experimental absorbance of InAs clusters with an applied correction for the
Jacobian transformation (purple) compared to the calculated discrete absorbance states (grey) with
a gaussian broadening of 0.02 eV (black). B) Visualization of the HOMO leaving orbital oriented
along the width of the cluster. C) Visualization of the HOMO-1 leaving orbital oriented along the
width of the cluster. D) Visualization of the HOMO-2 leaving orbital oriented along the length of

the cluster. E) Visualization of the LUMO arrival orbital for the first three transitions.
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Figure 3.4.2. Computational Raman spectrum of the InxsAsis cluster (top). Computational IR
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spectrum of the InasAsig cluster (bottom).
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3.5 CONCLUSIONS

In conclusion, we have presented the synthesis, isolation, and complete structural
characterization of the first molecular InAs nanocluster. This species has been extensively
documented spectroscopically by its characteristic absorption doublet at 425 and 460 nm as an
intermediate in the synthesis of InAs QDs using indium carboxylate, alkylphosphine, and
As(SiMes);. We report that the concentration of phosphine is important to the overall yield and
purity of InAs-460 clusters, as too much or too little results in undesirable growth of InAs QDs as
side-products. With long-chain aliphatic carboxylates and phosphines, we observe the presence of
a second intermediate absorbing at 395 nm that converts through an isosbestic point into the
InyeAsig cluster. Diffraction quality crystals were obtained using a combination of phenylacetate
and diethylphenylphosphine. Single crystal X-ray diffraction of the isolated InAs-460 cluster
revealed its composition as In2Asi8(O2CR)24(PR3)3. While the overall atomic arrangement does
not match any previously reported structures, the anion sublattice shares important similarities
with previously reported InP and CdSe clusters. Computational simulation of the absorption
spectrum and associated orbitals shows a high degree of delocalization with the computed leaving
orbitals being entirely composed of As p-character and the arriving orbital showing a distribution
of electron density equally across In and As emphasizing the covalency of the InAs lattice. These
findings stand as an important step in our understanding of the synthesis mechanisms in III-V QD

systems and provide the structure of a molecular InAs cluster.
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3.6 OUTLOOK

The simplest takeaway from this study was that the InAs cluster is structurally different
from the InP cluster. But despite this difference, it is built out from the same M14E13 cage structure
that has proven to be so prevalent in magic-sized cluster structures. As a part of the cage structure,
it was exciting to see the icosahedral anion sublattice appear again but this simply emphasized the

ambiguity in why the InP and InAs cluster structures were different.

The simplest and easiest answer became that the InAs cluster synthesis includes a tertiary
organophosphine. The phosphine ligates the indium precursor and could also ligate surface indium
during cluster formation thereby enhancing the reactivity throughout cluster nucleation and
growth.>! This, along with the difference in reactivity between As(SiMes)s and P(SiMes)s,
dramatically increases the reaction kinetics. This is assuming that there are no inherent differences
in the behavior of InP and InAs as nanomaterials and thus the structural differences are merely a
function of different precursor reaction kinetics. If this were true, using a more reactive phosphorus
precursor alongside the tertiary phosphine would allow for the growth of an InsPis and
furthermore, using a less reactive arsenic source without tertiary phosphine would result in an
In37As20 cluster. There may be slight differences in the In:V (V = P, As) stoichiometry of these
hypothetical clusters as As doesn’t seem to have the same 4-coordinate requirement as phosphorus,
but the overall structure would be the same. I was hesitant to put significant effort into synthesizing
different silylpnictide precursors with varying reactivities to isolate these sister clusters because it
is challenging to fine tune the reactivity. There are two sites on the precursor for adjusting
reactivity: 1) a trimethylgermane group can be used in place of the trimethylsilyl to decrease the
reactivity, and 2) another alkyl substituent (i.e. ethyl, propyl, #-butyl) can be used in place of the

methyl group to add steric coverage thereby decreasing the reactivity. Unfortunately, the
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chlorotrimethylgermane precursor required for the synthesis is quite expensive and altering the
alkyl substituent leads to very large changes in reactivity making fine tuning of the silylpnictide

precursor infeasible.

Another interesting physical manifestation of the precursor reactivity was the difference in
cluster growth mechanisms between InP and InAs. As discussed above, the Inz¢Asis cluster forms
from a smaller cluster absorbing at ~395 nm through direct conversion as evidenced by the
isosbestic point in the absorbance aliquots (Figure 3.6.1A). In comparison, a consistent red-shift
is seen in the absorbance aliquots for the formation of the In37P2o cluster until reaching the
characteristic Amax at 386 nm (Figure 3.6.1B). For In37P2o, this growth is from unconsumed solute
either in the form of indium carboxylate and P(SiMe;)s or some partially reacted mixture of the
two. A smaller cluster forms first (In26P13, the isolation and characterization of which is discussed
in Chapter 2) but the unconsumed solute is still highly reactivity leading to the immediate growth
of this smaller material into the kinetically stable In37P2 (Figure 3.6.2A). This continuous growth
is evidenced by the continuous red-shift in the absorbance. In comparison, the InasAsig cluster
reaction immediately shows a feature at 395 nm upon injection but instead of a continuous red-
shift, this feature decreases in intensity as the two absorbance features at 425 and 460 nm,
characteristic of the In2sAsis cluster, grow in. This immediate smaller cluster formation followed
by a slow, controlled conversion suggests that all As(SiMe3); is consumed at injection leaving no
more highly reactive silylarsine bonds for immediate growth. This is corroborated by the enhanced
reactivity of As(SiMes)s which should cause it to be immediately consumed whereas the

P(SiMes)s, despite still being very reactive, can exist silylated in a reaction for multiple minutes.*?
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The conversion from the InAs3os into the InasAsig is then unlikely based in unreacted silylarsine

and must then be from altering bonds between indium and arsenic.
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Figure 3.6.1. A) Absorbance aliquots taken over the course of a typical InasAsig cluster synthesis.
B) Absorbance aliquots taken over the course of a typical In37P2 cluster synthesis. (*) Denotes

where the preliminary cluster absorbs in each reaction.

If the conversion is independent of excess solute in the reaction, there are two mechanistic
possibilities for conversion: 1) a structural rearrangement of the cluster (Figure 3.6.2B), and 2)
further growth by self-consumption (Figure 3.6.2C). A previous study of the InxsAsis cluster
suggested that the conversion process is a structural rearrangement based on a difference in XRD
peak intensity and breadth between InxsAsis and InAs3es.¢ However, definitively proving which
conversion mechanism is occurring can be done through a kinetic analysis of the reaction. A
structural rearrangement requires only a single reactant, InAsses, and therefore the conversion
would be expected to be 0™ order with respect to cluster concentration. Conversely, the growth
through self-consumption of InAszos would require multiple clusters (at a minimum, one to provide
solute and the other to grow by consuming solute) and therefore the rate of conversion would be

dependent on reaction concentration. As shown above in Figure 3.2.4, the conversion is indeed
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dependent on cluster concentration strongly suggesting that the growth mechanism is through the

dissolution and consumption of other InAs3os clusters.
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Figure 3.6.2. A) Continuous growth through unconsumed solute mechanism for In37P2. B)

A
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Structural rearrangement mechanism for InxsAsis formation. C) Growth by self-consumption

mechanism for InysAsig formation.

The difference in conversion mechanism can potentially be invoked to explain the
difference in symmetry between the InzsAsis and In37P2o clusters, as well. As described above,
down the Cs axis of InasAsisg is a stack of tetrahedra that strongly resembles the wurtzite crystal
phase, albeit with some degree of rotation (Figure 3.6.3A, B). With the In37P2 cluster, the wurtzite
crystal moiety is also present as two stacks that cross through the central indium atom (Figure
3.6.3C, D, E, F). The biggest difference here is that in the case of InosAsis, the symmetry of the

cluster is built around the symmetry of the wurtzite stack. In other words, the Cs axis of the cluster
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is the same as the C3 axis of the stack. This symmetry is even extended as far out as the ligand
sphere where the arrangement of the methylene groups on the phenylacetate ligands maintain the
Cs symmetry (Figure 3.3.4). In contrast, for the In37P20, the wurtzite moieties independently have
Cs symmetry but their axes cannot be applied to the overall symmetry of the cluster. The In37P20
cluster as a whole only has a C» axis of symmetry that runs from the apical phosphorus atom down
through the central indium. The fast nucleation followed by slower growth through self-
consumption of the In2sAsis cluster lends itself to generating a structure of higher symmetry and
crystallinity. While the nucleation is faster due to the higher reactivity of As(SiMes)s, the actual
growth process is slower as the silylarsine has been consumed. This allows for the final cluster
formation step to be closer towards thermodynamic control and thus the transition from the InAs3os
to In2sAsis maintains high symmetry and extends the existing wurtzite moiety. In contrast, the
transition from Iny¢P13 to In37P2o continues through growth promoted by the reactive
silylphosphine bonds and therefore both the nucleation and growth processes have similar kinetics.
This pushes the In37P20 formation closer to kinetic control and therefore the resulting structure is
not as crystalline nor as symmetric as the InasAsis. For both In37P20 and InzsAsis, the growth
outward from the smaller cluster extends the wurtzite moieties that are partially present in the
Mi4E13 structure. But they are extended further and with higher symmetry in the case of InxsAsisg
due to the complete consumption of the silylarsine which forces a more thermodynamically

controlled cluster conversion step to form the final structure.
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Figure 3.6.3. A) Wurtzite stack crystalline moiety in the In2sAsis cluster shown as ball-and-stick
with other atoms shown in wireframe. B) View down the C3 axis of the InxsAsig cluster. C) First
wurtzite stack in the In37P2o cluster shown as ball-and-stick with other atoms shown in wireframe.
D) View down the vertical axis of the first In37P20 wurtzite stack. E) Second wurtzite stack in the
In37P20 cluster shown as ball-and-stick with other atoms shown in wireframe. F) View down the

vertical axis of the second In37P»¢ wurtzite stack.

The difference in reaction kinetics and cluster growth mechanism between InP and InAs
made it of particular interest to isolate and characterize the smaller, intermediate InAs3os cluster.
As described in Chapter 2, we were able to kinetically-trap the smaller InP cluster and identify it

as InpeP13. This is what allowed for the recognition of the icosahedral sublattice as a potentially
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universal moiety in cluster systems with tetrahedral coordination. We note that again, this

sublattice clearly appears at the center of the InasAsig cluster (Figure 3.6.4)

Figure 3.6.4. A) Platonic icosahedron with purple circles at each vertex. B) Arsenic sublattice in
the Inz6Asig cluster that forms the icosahedron. C) InisAsi3 cage structure highlighted that forms

as a result of the icosahedral anion sublattice.

Seeing as both CdSe and InP have preliminary clusters based on the M4E 3 cage structure
(Cdi1sSeis and InzeP13) which then convert into larger structures that contain the M14E13 cage as a
subunit, it is highly likely that the InAssos preliminary cluster is some perturbation on the M14E13
cage. The only way to prove this would be through isolation and SCXRD characterization of the

InAs3os so I sought to trap this smaller cluster and attempt crystal growth.

If the InAs cluster conversion mechanism is truly based in fast nucleation followed by self-
consumption, this makes isolation very challenging. The route of controlling diffusion using a
sterically hindered carboxylate that worked to isolate InxsP13 will not have an effect on the InAs
system because the conversion is not based in precursor migrating to the cluster surface and instead
depends upon an inherent thermal instability of the preliminary InAssos. Furthermore, altering
precursor reactivity will only influence the formation of InAs3es, preventing its formation entirely

if changed too drastically, and will not impact the cluster-to-cluster conversion which is the process
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that needs modulating. From my perspective, this left one potential route towards isolating the
smaller cluster — a brute force route: quenching. If the conversion is from thermal instability, then
once the cluster forms, if all thermal energy is immediately removed, potentially the cluster’s

metastability can be maintained.
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Figure 3.6.5. A) Reaction scheme for quenching a typical InzsAsis cluster reaction to isolate
InAs39s. B) Absorbance of fractions after column purification of a crude reaction quenched by 10

mL of -20 °C heptane. C) Absorbance of fractions after column purification of a crude reaction

quenched in a 0 °C ice bath.

I took two approaches to quenching: 30 seconds after injecting the As(SiMes3); at 110 °C,
either 1) injecting 10 mL of -20 °C heptane, or 2) placing the flask in a 0 °C ice bath (Figure

3.6.5A). The benefit of the heptane injection is that heptane can function as an antisolvent for the
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clusters when they are ligated with phenylacetate and diethylphenylphosphine. This means it could
remove them from solution and, in the process, stop any solute diffusion that might occur in
solution and lead to growth. That being said, hot-injecting an antisolvent could also lead to severe
changes in the ligand chemistry at the surface and could destabilize the cluster. While the ice bath
does not chemically perturb the reaction, it results in a slower quench and all species remain in
solution which would potentially allow for solute diffusion and growth. After quenching, similar
to the InxsAsig purification, the reaction must be run through a size-exclusion column to isolate the
clusters. The results from these column purifications are shown in Figure 3.6.5B, C. The ice bath
quench leads to much more well-defined absorbance feature which suggests better purity and
indicates that the heptane is indeed altering the surface chemistry. While the feature is well-
pronounced, it is obvious there is some amount of InzsAsig impurity evidenced by the shoulder
around 460 nm in all the spectra. Allowing these column fractions to sit in solution for multiple
hours led to a loss in peak definition, thereby suggesting some degradation process. While this
showed the InAs3os could be isolated, its stability was not consistent which did not bode well for
attempts at single crystal growth. I therefore moved beyond these experiments to target projects

that were more impactful and less risky.

While this leaves the identity of the InAssos cluster in ambiguity, it is still interesting to
posit as to why InP and InAs, two materials with such similar structural properties grow so
differently (Figure 3.6.6). While it is likely due to the large difference in reactivity as described
above, potentially the phosphine also contributes to the ligation of InAs39s leading to a different
growth pathway. Furthermore, the lack of a 4-coordinate requirement for arsenic could also push
the growth in a different direction thereby allowing for a more anisotropic structure. These

questions were left unanswered as the pursuit of other cluster materials became of interest.
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Figure 3.6.6. Comparison between how In37P2o and Inz¢Asis growth from the underlying M14E13

cage motif.

3.7 EXPERIMENTAL METHODS.

3.7.1 General Considerations.

Trioctylphosphine (97%), myristic acid (>99%%), chlorotrimethylsilane (>99%),
phenylacetic acid (99%), tri-n-butylphosphine (>93.5%), sodium metal (ACS reagent, dry), and
naphthalene (99%) were obtained from Sigma Aldrich. Trioctylphosphine and tributylphosphine
were vacuum distilled and naphthalene was sublimated prior to use. Dimethoxyethane (=99%)
obtained from TCI and distilled from sodium prior to use. Trimethyl indium (98%) and arsenic
powder (99%) were obtained from Strem Chemicals and used as received.
Diethylphenylphosphine (98%) was obtained from Ist Scientific and used without further
purification. Deuterated benzene (C¢Ds) was obtained from Cambridge Isotope Laboratories, dried
over CaH; and distilled prior to use. Tris(trimethylsilyl)arsine (As(SiMes3);) was prepared
according to a literature procedure for tris(trimethylsilyl)phosphine using metallic arsenic in the
place of red phosphorus.®” All manipulations were performed under an inert atmosphere of dry N>

using standard Schlenk line or glovebox techniques unless otherwise indicated. Optical spectra
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were acquired on Cary 5000 and Cary 60 UV-Vis spectrophotometers from Agilent Technologies.
NMR spectra were acquired on 300 and 500 MHz Bruker Avance spectrometers in CegDe.
Diffractograms were collected on a Bruker D8 powder x-ray diffractometer with a Pilatus 100K
large-area 2D detector using a 1 mm collimator. All solution phase FT-IR measurements were
acquired on a PerkinElmer Frontier FT-IR spectrometer using a CaF, window liquid cell with the
sample dissolved in tetrachloroethylene. The solvent signal was subtracted as a background before
plotting. ICP-OES was conducted on a Perkin Elmer Optima 8300 inductively couple plasma —
optical emission spectrophotometer after sample digestion overnight in 1:1 70% nitric

acid/hydrogen peroxide and dilution to 2% nitric acid.

3.7.2  Synthesis of In26As1s(O2C(CH2)12CH3)24(TOP)3.

In a typical synthesis, myristic acid (0.548 g, 2.4 mmol) is added to an oven-dried 15 mL
3-neck round-bottom flask fitted with a thermowell, T-adapter, and septum. The flask is placed
under vacuum at 50 mtorr for 30 minutes after which the system is placed under positive nitrogen
flow and anhydrous toluene (2 mL) is injected into the flask. Trimethylindium (128 mg, 0.8 mmol)
is dissolved in 1 mL of toluene and added dropwise to the flask with 800 rpm stirring at 2 drops
per second. The solution is left to stir for 30 minutes after which trioctylphosphine (1.0 mL, 0.831
g, 2.24 mmol) is injected followed by stirring at 1200 rpm for an additional 15 minutes. The
temperature is raised to 110 °C and within 5 minutes of reaching this temperature a solution of
As(SiMe3); (60 ul, 0.2 mmol) in anhydrous toluene (0.5 mL) is then promptly injected into the
flask. After 40 minutes at 110 °C, the reaction is allowed to cool to room temperature. Once cool,

the crude reaction is purified directly by size-exclusion chromatography in toluene in 0.75 mL
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increments. The toluene is removed under vacuum after purification to yield a dark orange, waxy

solid.

3.7.3  Synthesis of In2sAs18(O2CCH>Ph)24(PEt2Ph)s.

Phenylacetic acid (0.654 g, 4.8 mmol) is added to an oven-dried 15 mL 3-neck round-
bottom flask fitted with a thermowell, t-adapter, and septum. The flask is placed under vacuum at
50 mtorr for 30 minutes after which the system is placed under positive nitrogen flow and
anhydrous toluene (2 mL) is injected into the flask. Trimethylindium (256 mg, 1.6 mmol) is
dissolved in 1 mL of toluene and added dropwise to the flask with 800 rpm stirring at 2 drops per
second. The solution is left to stir for 30 minutes after which diethylphenylphosphine (0.226 g,
279 uL, 1.6 mmol) is injected followed by stirring at 1200 rpm for an additional 15 minutes. The
temperature is raised to 110 °C and within 5 minutes of reaching this temperature a solution of
As(SiMe3); (120 uL, 0.4 mmol) in anhydrous toluene (0.5 mL) is then promptly injected into the
flask. After 20 minutes at 110 °C, the reaction is allowed to cool to room temperature. Once cool,
the crude reaction is purified directly by size-exclusion chromatography in toluene in 0.75 mL
increments. The toluene is removed under vacuum after purification to yield a dark orange,
crystalline solid. ICP-OES of the purified material showed an In:As ratio of 1.42:1. Elemental
analysis InasAsi18P3048C222H213: calculated C 33.0%, H 2.60%, N 0.00%; actual C 40.55%, H

3.64%, N 0.00%.

For crystallization, under a nitrogen atmosphere, 4 mg of isolated cluster is dissolved in
500 pL of toluene in a 2 mL screw top scintillation vial and the opening of the vial is completely
covered with aluminum foil. This vessel is then sealed in a 20 mL scintillation vial with 3 mL of
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pentane. After 6 days of pentane diffusion into the toluene, bright orange crystals grew at the
bottom of the inner vial. Single crystals of this material could also be grown using an identical

method with diethyl ether in place of toluene.

3.7.4  Synthesis of In2sAs18(O>CCH>Ph)>4(PBus)s.

The procedure is the same as reported above for In2sAsis(O2CCH2Ph)24(PEt:Ph); replacing

diethylphenylphosphine with tri-n-butylphosphine (0.324 g, 395 uL, 1.6 mmol).

3.7.5 Computational Methods.

Computational studies were performed using the Gaussian® electronic structure package.
The HSE06°® 7 range-separated hybrid DFT functional was used to perform the linear-response
TDDFT absorption spectra with the LANL2DZ basis set. This method has been used previously
by our group to characterize the electronic structure of the Ins37P2o cluster.”!”"? Initial structures
were taken from XRD, optimized until the total and root mean squared displacement and force
were under 1.80*107 and 1.20*107 Bohr, and 4.50*10™* and 3.00*10** Har/Bohr, respectively.
Linear Response TDDFT’# 7 was used to compute both the excitation energies and corresponding

oscillator strengths of the first 25 electronic transitions.

3.7.6 Single Crystal X-ray Diffraction Methods.

An orange block from a toluene/pentane vapor diffusion, measuring 0.07 x 0.06 x 0.05

mm?® was mounted on a loop with oil. Data was collected at -173°C on a Bruker APEX II single

crystal X-ray diffractometer, Mo-radiation, equipped with a Miracol X-ray optical collimator.
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Crystal-to-detector distance was 40 mm and exposure time was 120 seconds per frame for all sets.
The scan width was 0.7°. Data collection was 99.9% complete to 24.407° in ©. A total of 176486
reflections were collected covering the indices, -44<=h<=44, -24<=k<=24, -43<=]<=43. 43904
reflections were symmetry independent and the elevated Rin = 0.2442 relates to the small sample
size. Indexing and unit cell refinement indicated a monoclinic lattice. The space group was found
to be P 21/c (No.14). The data was integrated and scaled using SAINT, SADABS within the
APEX2 software package by Bruker.”” Solution by direct methods (SHELXT’®) produced a
complete heavy atom phasing model consistent with the proposed structure. The structure was
completed by difference Fourier synthesis with SHELXL.”#* Scattering factors are from
Waasmair and Kirfel.®! Hydrogen atoms were placed in geometrically idealized positions and
constrained to ride on their parent atoms with C---H distances in the range 0.95-1.00 Angstrom.
Isotropic thermal parameters Ueq were fixed such that they were 1.2Ueq of their parent atom Ueq
for CH's and 1.5Ueq of their parent atom Ueq in case of methyl groups. All non-hydrogen atoms
were refined anisotropically by full-matrix least-squares. The contribution of disordered toluene

E.* % and some

and possibly pentane solvent to the diffraction pattern was removed with SQUEEZ
disorder of the bound ligands was modeled. The crystallographic data for the structure has been

deposited in the Cambridge Crystallographic Database under deposition number 2308638.
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Chapter 4. NARROW BLUE EMISSION FROM CADMIUM
PHOSPHIDE CLUSTERS ENHANCED THROUGH

PHOSPHINATE LIGATION

Components of this chapter were republished with permission of the American Chemical Society,
from “Narrow Blue Emission from Cadmium Phosphide Clusters Enhanced through Phosphinate
Ligation”, Soren F. Sandeno, Samantha M. Harvey, Vijay N. Lin, and Brandi M. Cossairt; Nano

Letters. 2025, 25 (23), 9410-9416; Copyright 2025 American Chemical Society.

4.1 INTRODUCTION

Advanced optoelectronic technologies form the basis of today’s information age and will
be paramount in tomorrow’s quantum information age. Given this, semiconductor nanocrystals, or
quantum dots (QDs), have emerged as a proven active medium for generating color-pure light.!
They offer colloidal processability, highly tunable emission wavelengths, large absorption cross-
sections, and high stability, all of which contribute to current efforts to control their emissive
properties for advanced classical and quantum light technologies.*> Many of these efforts have
focused on eliminating nonradiative recombination through molecular passivation of surface
defects and inorganic shelling procedures.®!! However, challenges beyond maximizing the
photoluminescence quantum yield (PLQY) still hinder progress toward QD adoption on a larger
scale. One such challenge is the ensemble heterogeneity of a QD sample both within a singular
batch and between batches made through identical procedures.'? Intra-batch heterogeneity can

broaden emission line widths, which minimizes color purity, and inter-batch heterogeneity
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challenges the reproducibility of lab-scale QD synthesis and scale-up for commercialization.
Minimizing heterogeneity across the board is essential for further development of QDs.

The optimal synthetic candidate for addressing these challenges would be a perfect
molecular QD. A singular QD batch would contain particles of identical sizes, leading to extremely
high color purity and zero batch-to-batch variability. All the while, colloidal processability, large
absorption cross-sections, and stability would be maintained. The discovery of magic-sized
clusters has pushed the field closer to this goal.!*!* These molecular semiconductor clusters exist
as metastable intermediates that form during QD syntheses. Despite their prevalence across many
different materials that are heralded for their optical properties, the majority of clusters are not
high-quality emitters. Due to their small size, an array of vibrational modes is available, resulting
in predominately non-radiative recombination.!® Even when these materials emit, strong
vibrational coupling in the excited state leads to very large apparent Stokes shifts and extremely
broad emission, both characteristic features of self-trapped exciton behavior.'®"!® Additionally,
many of these precise structures have a cluster-ligand interface passivated by relatively weakly
bound carboxylate or L-type ligands such as amines. The ligand population is thus dynamic,
leading to a lack of complete passivation at equilibrium, which can transiently influence the
emissive behavior.!”? While these atomically precise clusters could address challenges in
ensemble heterogeneity and batch-to-batch reproducibility, their poor emission characteristics
hinder their applicability.

The array of treatments that may be used to address the challenges of nonradiative
recombination is limited for magic-sized clusters due to their inherent metastability. Any
perturbations in the material's internal structure can lead to destabilization and loss of precision.?!

However, this still leaves the cluster-ligand interface as a focal point for controlling emissive
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behavior. Due to the prevalence of carboxylic acids in QD synthesis, many clusters that have been
isolated and characterized as pure substances are either primarily or entirely ligated by
carboxylates, including InP, InAs, CdSe, CdS, CdsP2, and CdsAsz.>?” These clusters show a
distribution of binding motifs, including chelating, bridging syn-anti, bridging syn-syn, and
monodentate.???*283% This distribution of coordination environments is essential for stabilizing
the cluster structure, and deviation from the denticity preset by the carboxylate would likely lead
to structural destabilization. With this in mind, we focused our efforts on controlling surface
chemistry towards ligands that bind stronger than carboxylates but maintain the bidentate
chelation.

Recently, phosphinic acids have been reported as a new class of ligands for controlling the
reactivity of the metal precursor in QD synthesis.?!*> The phosphinic acid ligand closely simulates
the binding strength of a phosphonic acid but only provides two available binding sites, thereby
mimicking the coordination of a carboxylic acid. Furthermore, the similarity in coordination has
been previously explored with zirconium and hafnium metal oxo clusters.>* We hypothesized that
phosphinate coordination to a magic-sized cluster would allow for structural retention, as seen with
the metal oxo clusters, while enhancing emission in semiconductor materials due to the
significantly higher binding affinity of the phosphinate compared to the carboxylate. Phosphinate-
ligated CdSe and CdTe magic-sized clusters have been reported previously but required 310 °C
synthesis temperatures, likely due to decreased cadmium precursor reactivity from the greater
phosphinate binding strength.>* Because of this, we believed a ligand exchange procedure could

mitigate this high-temperature requirement.
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We chose the CdsP; cluster originally reported by Wang et al. to test our hypothesis that
substitution of carboxylates with phosphinates would boost PLQY .2 It is synthesized with oleic
acid, and while it has highly narrow emission in the blue region (PL Amax =457 nm), the PLQY of
~7% was evidence of fast nonradiative recombination rates (Figure 4.1.1). Furthermore, the

closely related CdszAs: cluster has been documented with similarly narrow emission in the green

(PL Amax = 534 nm) and could benefit from the same surface treatment.?’-*¢
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Figure 4.1.1. Absorbance (red) and photoluminescence (blue) spectra of as-synthesized, oleate-

ligated CdsP: clusters.

Herein, we report ligand exchange of oleate-capped II-V clusters with alkylphosphinic
acids. Using a combination of steady-state and time-resolved optical spectroscopy, we observed
that alkylphosphinates do not perturb the metastability of these atomically-precise clusters but

strongly enhance their emissive characteristics. We find that phosphinate ligation reduces
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nonradiative recombination, thereby extending the radiative lifetime, as well as alters the surface
dipole, leading to a bathochromic shift in both the absorbance and emission profiles. This
ultimately results in an atomically-precise CdsP: cluster that emits at 467 nm with a 26% PLQY
and an ultra-narrow, 96 meV full width at half maximum (FWHM). This strategy was also applied
to the related CdsAs: clusters, increasing the PLQY from 0.5% to 9% with emission at 550 nm and

a 96 meV FWHM.

4.2  LIGAND EXCHANGE WITH PHOSPHINIC ACIDS

To investigate the influence of phosphinate ligation, a suite of phosphinic acids was
synthesized with varying chain lengths and degrees of rigidity. Octadecyl-, dodecyl-, and
hexylphosphinic acid were used to assess chain length influence, whereas oleyl- and
benzylphosphinic acid served to disrupt the ligand ordering on the surface of the cluster to
understand its impact (Figure 4.2.1A). The ligand exchanges were performed on oleate-capped
CdsP; clusters (Figure 4.2.2) by successive injection of a solution containing 0.58 eq phosphinic

acid with respect to oleate (as determined by 'H NMR) in tetrachloroethylene.
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Figure 4.2.1. A) Ligand exchange schematic showing the native oleate ligands and the suite of

phosphinic acid ligand tails. B) Full FTIR spectrum of all phosphinate-ligated Cd;P: clusters after

exchange compared to oleate-ligated Cd3P» before exchange (grey). (*) marks the residual solvent

signal from toluene. C) UV-Vis absorbance of CdsP: clusters with oleate ligands (grey) before

exchange and hexylphosphinate ligands (red) after exchange. D) Photoluminescence of CdsP»

clusters before and after ligand exchange with varying phosphinic acids.
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Successful phosphinate exchange was confirmed by Fourier transform infrared
spectroscopy (FTIR), showing that for each new ligand, the asymmetric and symmetric
carboxylate stretches (~1400-1600 cm™) were replaced by the P=O and P-O(M) phosphinate
stretching frequencies around 1100 cm™ (Figure 4.2.1B). Specifically, we note the P-O(H) stretch
of the free phosphinic acid at 975 cm™! shifts to 1020 cm™ which is characteristic of the P-O(M)

stretch in metal phosphinate complexes and further confirms binding.’’

While specific
coordination motifs cannot be determined, it has been found previously that phosphinates strongly
prefer a bridging geometry over chelating coordination.>* Furthermore, the characteristic P-H

stretch centered at 2330 cm! is visible upon exchange. The presence of bound alkylphosphinate is

also evidenced by *'"P-NMR spectroscopy (Figure 4.2.2).

190 160 130 100 70 40 10 -20 -50 -80 -110 -140 -170

ppPm
Figure 4.2.2. *'P-NMR of CdsP»-octadecylphosphinate after complete ligand exchange.

We note that 'TH-NMR spectroscopy of the exchanged CdsP,-phosphinate clusters shows 3.3%

residual oleate still bound to the cluster surface as well as a similar amount of free oleic acid left

over after purification (Figure 4.2.3).
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Figure 4.2.3. '"H-NMR of purified CdsPz-octadecylphosphinate clusters showing oleate and oleic

acid that are still present after purification.(*) Designates the residual solvent signal from toluene.

Any attempts at further exchange on the Cd;P2-phosphinate clusters to completely remove

residual oleate resulted in dissolution of the clusters. This emphasizes the metastability of these

clusters, especially as it relates to the cluster-ligand interface.

Further characterization of the CdsP> clusters before and after exchange with phosphinic

acid shows that ligation with phosphinate induces a 10 nm red shift in the Amax of the cluster

absorbance (Figure 4.2.1C). Despite the shift in the lowest energy excitonic transition, the overall

absorbance profile remains the same. We find that this induced red shift occurs continuously as

more phosphinate is substituted onto the cluster surface during the exchange. We hypothesize this
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red shift is induced by a difference in the surface dipole established by oleate versus phosphinate.
Surface dipoles alter the stability of the conduction band and valence band edges in QDs.*®* If
this effect is more pronounced in one band edge over the other, this can induce a change in the
energy of the bandgap and, therefore, shift the Amax of the sample. To confirm a difference in the
induced dipole between carboxylate and phosphinate, first principles calculations of the dipole in
potassium ethanoate is compared to that of potassium ethylphosphinate. In both instances, the
overall dipole is oriented directly from the head group toward the coordinated metal (Figure 4.2.4).

The magnitude of this dipole is 7.80 Debye and 5.95 Debye in the case of the carboxylate and

phosphinate, respectively. This 1.85 Debye difference induces an 80 meV red shift, which is

similar to what has been previously reported for thiophenol ligands on PbS QDs.*

Figure 4.2.4. Visualization of the overall dipole (blue) in potassium ethanoate (left, 7.80 Debye)
versus potassium ethylphosphinate (right, 5.95 Debye). The length of the dipole is arbitrary and

does not reflect the magnitude.

We find that the red shift also applies to the photoluminescence after exchange. With the
original CdsP2-oleate cluster emitting at 457 nm, exchange for phosphinate ligands results in
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emission at 467 nm (Figure 4.2.1D). We observe no change in the FWHM (96 meV) of the
emission profile after the ligand exchange. Finally, we see that, especially in the case of the
alkylphosphinates, the PLQY is substantially enhanced, reaching as high as 26% (Figure 4.2.1D).
This is more than triple the PLQY of the Cds;P> with native oleate ligands. These three
characteristics: the 467 nm Amax, Which is desirable for blue emission, the 96 meV FWHM showing
very high color purity, and the 26% PLQY, all from an atomically precise material, is an exciting
result. While the PLQY after exchange is similar for other unsaturated linear phosphinic acids, the
emission is substantially lower for benzyl (7%) and oleyl (15%) phosphinic acid. This is a
surprising result as the cluster-ligand inner-coordination sphere is identical, but the ligand tail
identity changes, implicating the importance of ligand ordering on PLQY.

Seeing as the stronger binding of the monoalkylphosphinate led to enhanced optical
properties and the structure of the tail was also influencing the emission, we further investigated
the effects of ligand exchange by diisooctylphosphinic acid, hexylphosphonic acid, and
hexylsulfonic acid. In the case of the dialkylphosphinic acid, we were able to confirm successful
exchange by FTIR (Figure 4.2.5A). However, it was more difficult to exchange and required much
higher equivalents to obtain similar degrees of oleate displacement when compared to the
monoalkylphosphinic acids. We also note that pushing the exchange led to destabilization of the
cluster, evidenced by a loss of peak definition in the absorbance spectrum and almost complete

loss of PL intensity (Figure 4.2.5B).
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Figure 4.2.5. A) FTIR of CdsP»-oleate (grey) and CdsP; after exchange with diisooctylphosphinic
acid (pink). B) Absorbance (pink) and emission (black) of CdsP> clusters after ligand exchange
with diisooctylphosphinic acid. The sharp feature at 360 nm in the photoluminescence spectrum

(black) originates from the solvent and is not related to Cds;P> emission.

We believe this degradation is based on the larger steric profile of the dialkyl substituents,
which cannot comfortably passivate all open cadmium sites without significant steric pressure
between ligand tails. Similar results have been reported with dialkylphosphinate at the surface of
metal oxo clusters.’® Increasing the binding affinity of the head group by using hexylphosphonic
acid led to similar results (Figure 4.2.6). It is likely that in the case of phosphonic acid, switching
to a tridentate ligand disturbs the balance of stability at the surface, leading to an imprecise
material. Finally, we investigated hexylsulfonic acid, which, upon treating Cd;P»-oleate, maintains
the absorbance profile of the cluster but leads to a decrease in the overall PL intensity (Figure
4.2.6). These investigations confirm that the bidentate monoalkylphosphinic acids are uniquely
poised to passivate cluster surfaces, thereby enhancing the PL without structural degradation. We

therefore focused our efforts on the monoalkylphosphinate passivation and sought to understand
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the differences in the PLQY caused by the substituent on the phosphinate through time-resolved

spectroscopy.
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Figure 4.2.6. A) Absorbance profiles of CdsP>-oleate clusters (grey) after attempted exchange
with hexylphosphonic (blue) and hexylsulfonic (cyan) acid. B) Emission profiles (right) after

attempted exchange with hexylphosphonic (blue) and hexylsulfonic (cyan) acid.

4.3  TRANSIENT SPECTROSCOPY OF PHOSPHINATE-LIGATED CD3P»

To further investigate the PLQY differences we observed across the suite of phosphinate
ligands, time-resolved photoluminescence spectroscopy (TRPL) was performed to assess radiative
lifetimes. Firstly, the TRPL decay rate for the oleate-ligated Cds;P> clusters could not be
confidently measured on our instrument as the lifetime was faster than the instrument response
time. We, therefore, approximate the decay rate as that previously measured for oleate-ligated
CdsP; clusters, <t> = 0.41 ns.*! It is qualitatively apparent, however, that the radiative lifetime is
extended significantly upon ligation with phosphinate (Figure 4.3.1A). The extension in the
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radiative lifetime, when considered alongside the increase in PLQY, suggests that the phosphinate

ligands are suppressing non-radiative processes that would otherwise compete with radiative

recombination.
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Figure 4.3.1. A) Time-resolved photoluminescence spectroscopy of all phosphinate-ligated Cd;P»

clusters monitored at 467 nm and oleate-ligated Cds;P> clusters monitored at 457 nm (Aex = 405

nm). B) Transient absorption spectra of octadecylphosphinate-ligated CdsP» clusters up to five

nanosecond time delay. C) Comparison of the ground state bleach recovery dynamics from

transient absorption.
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We note, though, that the trend in the TRPL radiative decay rates does not coincide with
PLQY. In fact, the two phosphinate ligands with the lowest PLQY, benzyl- (<> = 14.7 ns) and
oleylphosphinate (<> = 14.8 ns), have negligibly longer radiative lifetimes compared to hexyl-

(<> = 13.1 ns), dodecyl- (<t> = 13.3 ns), and octadecylphosphinate (<t> = 13.1 ns) (Figure

4.3.1A, 4.3.2).
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Figure 4.3.2. All CdsP>, TRPL decays fit to a double exponential with an x-offset.
Oleylphosphinate (yellow, top left), dodecylphosphinate (green, top right), benzylphosphinate

(blue, bottom left), octadecylphosphinate (purple, bottom middle), hexylphosphinate (red, bottom

right).

To look at this apparent discrepancy further, we turned to transient absorption (TA)

spectroscopy, which provides information on the carrier dynamics that occur at timescales too fast
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for TRPL. TA spectra for the octadecylphosphinate-ligated cluster up to ~5 ns is presented in
Figure 4.3.1B. The phosphinate-capped clusters show similar spectral lineshapes except for a
redshift in the ground state bleach from 450 nm to 460 nm that mirrors the redshift in the absorption
spectra (Figure 4.3.3). We examined differences in lifetimes for all samples by monitoring the
recovery at the minimum of the ground state bleach. These kinetics, along with the exponential

fits, are provided in Figure 4.3.1C and 4.3.4 (individual lifetimes are reported in Table 4.3.1).
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Figure 4.3.3. Bleach decays for Cds;P» clusters for phosphinate-ligated clusters (octadecyl,

dodecyl, hexyl, benzyl, oleyl) and the oleate-ligated cluster (oleate).
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Figure 4.3.4. Bleach decay kinetics of all CdsP2 clusters monitored at 460 nm for phosphinate-

ligated clusters (octadecyl (purple), dodecyl (green), hexyl (red), benzyl (blue), and oleyl (yellow))

and monitored at 450 nm for the oleate-ligated cluster (grey).
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Ligand T (ps) T2 (ps) T3 (ps) T4 (ps) <> (ps)
Octadecyl 0.47 7.3 86 3800 189
Dodecyl 0.46 6.5 79 3700 192
Hexyl 0.42 6.8 81 3900 186
Benzyl 0.49 7.4 91 4100 223
Oleyl 0.44 9.4 93 3700 166
Oleate 0.31 7.4 72 4400 323

Table 4.3.1. Individual fit parameters for the transient absorbance bleach decay monitored at 460

nm for all phosphinate ligands (octadecyl, dodecyl, hexyl, benzyl, and oleyl) and 450 nm for oleate.

We note that the decay lifetimes are quite similar despite the difference in the ligation,
except in the case of oleate, where the lifetime is slightly longer at longer time scales. It is
noteworthy then that the non-radiative process that is causing the differences in PLQY across the
phosphinate ligand suite is not observable on the nanosecond timescale as evidenced by TRPL or
on the picosecond timescale as seen in the TA lifetimes. Thus, we believe that the non-radiative
process must occur around or below the femtosecond time scale. Carrier trapping has been
observed in CdSe QDs at this time scale and shows a trapping rate that is size-dependent.*>* As
our clusters are even smaller in diameter, the trapping rate is expected to be even more rapid. The
oleyl- and benzyl- substituents seem to promote this nonradiative process likely as a result of their
steric profile. The oleyl group includes a double bond, which precludes aliphatic packing at the
surface, thereby increasing steric pressure in the ligand sphere. The benzyl group is expected to

have an even more detrimental impact on steric pressure due to its larger physical profile at the
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cluster interface.** Seeing as the extent of nonradiative recombination trends with the degree of
unsaturation in the ligand tail and the clusters are particularly strongly confined, it has been
considered that there may be some degree of delocalization into orbitals with ligand character.
This could feasibly allow for new recombination pathways that would influence the overall PLQY
and could occur on subpicosecond timescales.* However, studies that report these electronic
behaviors use anchoring atoms that share orbital symmetry and electronic alignment with either
the cation or anion sublattice.?***%° Furthermore, the unsaturated ligand moieties must then be
directly physically coupled to the anchoring head group for delocalization to occur. Seeing as the
anchoring oxygen atoms of the phosphinate do not satisfy the electronic requirements for coupling
and the unsaturated portions of the benzyl and oleyl substituents are decoupled from the head

group by methylene units, it is unlikely that the ligand tails are electronically participating.

4.4 LIGAND EXCHANGE ON CD3AS;

Seeing the impressive enhancement in the emissive characteristics from the CdsP- clusters,
we sought to implement the phosphinate ligation elsewhere. The related CdsAs> cluster has also
been isolated and shows a similar absorbance profile to the CdsP> cluster with a very narrow lowest

energy transition with a Amax at 525 nm (Figure 4.4.1).
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Figure 4.4.1. Absorbance (purple) and photoluminescence (green) spectra of as-synthesized,

oleate-ligated CdsP: clusters.

We followed the same ligand exchange protocol developed for the Cd3;P clusters and found that
fewer additions of phosphinic acid were required for complete ligation. Similar to CdsP», the
addition of phosphinic acid results in a consistent red shift in the electronic transitions of the
absorbance (Figure 4.4.2A). After the first addition of octadecylphosphinic acid (0.56 eq with
respect to oleate), the lowest energy electronic transition is shifted to 542 nm. After purification
and a second addition of 0.56 eq phosphinic acid, oleate is no longer visible by FTIR, and the Amax

shifts to 545 nm.
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Figure 4.4.2. A) The absorbance profile of the oleate-ligated Cd3As: cluster (grey, Amax = 525 nm)

red shifts upon the 1% addition (pink, Amax = 542 nm) and 2" addition (purple, Amax = 545 nm) of
octadecylphosphinic acid. B) CdsAs: cluster PL and PLQY with oleate ligands (grey), 1% addition
(pink), and 2™ addition of octadecylphosphinic acid (purple). C) Time-resolved
photoluminescence spectroscopy of CdsAs; cluster with oleate ligands (grey), first addition (pink),
and second addition (purple) of octadecylphosphinic acid. D) FTIR of CdAs-oleate (grey), after 1
addition (pink) and 2 additions (purple) of octadecylphosphinic acid. (*) Marks residual solvent

signal from toluene.
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The response in the photoluminescence of these clusters is similar to CdsP», if not more
dramatic. The first addition of octadecylphosphinic acid improves the PLQY from <1% up to 9%
while maintaining the highly narrow emission profile (Figure 4.4.2B). However, unlike CdsP2, we
find that further addition of octadecylphosphinic acid does not necessarily benefit the emission.
Upon complete ligation with octadecylphosphinate, the PLQY is initially measured at 4%.

However, over the course of 72 hours, this emission intensity decreases substantially down
to <1% PLQY. Further investigation of the emission profiles shows that the further exchanged
CdsAs; develops a tail on the red side of the emission. This observation, in conjunction with the
loss of emission intensity over time, suggests that complete phosphinate ligation of the Cd3As:
clusters does not result in a stable product. The difference in emissive behavior and stability
between the II-V clusters with respect to their phosphinate ligation is likely due to a potential
difference in the density of the ligand sphere. The results from ICP-OES show that the CdsP»
clusters are indeed more cadmium rich, which suggests a difference in the cadmium coverage at
the cluster surface and corroborates our findings that fewer octadecylphosphinic acid ligands are

required to passivate Cd;As, (Table 4.4.1).
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Results of Inductively Coupled Plasma Optical Emission Spectroscopy

Sample Cd:E ratio (E =P, As)
CdsP2 3.4:1
Cds;As: 3.1:1

Table 4.4.1. Results of Inductively Coupled Plasma Optical Emission Spectroscopy indicating a

higher Cd:E ratio in Cds;P> compared to CdzAs:.
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Figure 4.4.3. All Cd3As> TRPL decays fit to a double exponential with an x-offset. Oleate (top

left, grey), partially exchanged octadecylphosphinate (top right, pink), fully exchanged

octadecylphosphinate (bottom, purple).
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It is interesting to note that we have seen similar patterns in the relative cation richness of
InP and InAs clusters.?** To further investigate the CdsAs; stability, we measured TRPL before
and after exchange with phosphinic acid (Figure 4.4.2C). The oleate-Cd3As> shows the fastest
decay (<t>= 1.7 ns), followed by the further exchanged octadecylphosphinate-CdzAs> (<t>=4.0
ns), and finally, the partially exchanged octadecylphosphinate-CdzAs, (<t> = 5.2 ns) (Figure
4.4.2D, 4.4.3). In this instance, the TRPL and PLQY follow similar trends, suggesting a simpler
mechanism for nonradiative decay differences where the lack of stability of the further exchanged
Cds;As; leads to cluster degradation and the development of obvious trap states that cause
nonradiative recombination. Despite the lack of stability of the further exchanged product, we are
still able to significantly enhance the emission intensity of the CdsAs> cluster through partial

phosphinate ligation.

4.5 CONCLUSIONS

In this study, we have developed a ligand exchange protocol for ligating the surface of II-
V clusters with phosphinate. We find that with these new ligands, a change in surface dipole
induces a red-shift of the Amax in both the absorbance and the photoluminescence of these materials.
In the case of CdsP,, the absorbance maximum is shifted from 451 nm to 461 nm, and the PL
maximum is shifted from 457 nm to 467 nm. This shift is accompanied by an impressive increase
in the PLQY from 7% to 26% in the case of the saturated, straight-chain alkylphosphinates. We
find, however, that the ligand tail has a dramatic influence on PLQY, where benzyl and oleyl
substituents result in 7% and 15% PLQY, respectively. The difference in radiative efficiency
across phosphinate ligands is likely a result of ultrafast carrier trapping as evidenced by very
similar decay rates in both TRPL on the nanosecond time scale and TA on the picosecond time
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scale. We believe the trapping to be exacerbated by constrained ligand geometry as the oleyl and
benzyl substituents have negative effects on the PLQY. Thus, the emission is maximized by strong
ligand binding and small steric profile. Along with an increase in the brightness, the phosphinate
ligands maintain the exceptionally narrow 96 meV emission line width, resulting in a very pure
blue emitter. We find that a similar protocol can be applied to related CdszAs: clusters with similar

outcomes, leading to ultra-narrow green emission at 550 nm.

4.6 OUTLOOK

One of the main conclusions that was unable to be elucidated from the above work was the
actual photophysical mechanism by which phosphinates were shutting down nonradiative
recombination and extending the photoluminescence lifetime. This was especially challenging
because the TA data looked qualitatively identical across the entire phosphinate ligand suite. This
similarity suggested that whatever nonradiative processes were occurring to lead to differences in
the PLQY, they must be occurring on a timescale that cannot be measured by our TA set-up (i.e.
femtosecond or faster). While at face value, this initially might seem to be completely
unreasonable, the Bohr radii of bulk Cd3;P> and CdszAs; are 36 nm and 47 nm, respectively.
Assuming these clusters are approximately 2 nm, the degree of confinement is therefore extremely
strong which would lead to extremely fast recombination rates (whether they be radiative or
nonradiative). So, upon further consideration, the femtosecond timescale could in fact be
reasonable for these systems. However, the hypothesis that these processes are indeed that fast
runs into a secondary problem. If the nonradiative rate is indeed on the femtosecond timescale, we
have just measured the photoluminescence lifetime to be ~14 nanoseconds and with a nonradiative
rate that is six orders of magnitude faster than the radiative rate, there would be negligible
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emission. Therefore, there must be a more complex rationalization for the difference in PLQY that
can take into account the possibility of femtosecond nonradiative recombination. Furthermore, the
PLQY measurements taken on these clusters used an excitation energy that was resonant with the

second absorbance transition. The proposed mechanisms must then start from the second singlet

state (S2).
A TADF Route B Intraband Trap Route
S2 oleate S2 \ trap
trap
f—."'\
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Figure 4.6.1. A) Photophysical mechanism for TADF resulting in delayed fluorescence from the
T, state. B) Photophysical mechanism for intraband relaxation outcompeting nonradiative
recombination.

There are two possible hypotheses to consider here shown in Figure 4.6.1. The first of
which suggests that these clusters could be undergoing thermally activated delayed fluorescence
(TADF) where the emissive singlet state and a triplet state (also potentially emissive) are close
enough in energy that any available thermal energy can repopulate the singlet state from carriers
that have fallen into the triplet state. For this to be the case, the oleate-ligated clusters would have
a trap state that lies somewhere between Si and Sz and phosphinate ligation would decrease the

affinity for this trap state in some way either by passivating the trap, dampening vibrational
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coupling, or increasing the intraband relaxation rate. With the oleate-derived nonradiative
recombination pathway mitigated, the majority of carriers in the phosphinate-ligated clusters
would quickly relax to the S; state and radiatively recombine. However, a portion would undergo
ISC into the Ty and either radiatively recombine by relaxing into the So ground state, nonradiatively
recombine through vibrational losses or be thermally converted back into the S through TADF.
This would mean that the fluorescence lifetime from the S;->Sop could potentially be on the
femtosecond timescale and thus compete with the ultrafast nonradiative recombination rate. The
TRPL signal with the 14 ns lifetime is thus coming from the T1->So transition and is giving the
appearance of a longer radiative rate. The TA spectra show a photoinduced absorption feature
around 480 nm which could be the S1->T; ISC. The different substituents on the phosphinate head
group would then cause surface distortions that influence the allowedness of the ISC and RISC
and the difference in PQLY would be derived from the T; lifetime. While this is possible, the
strongest argument against this hypothesis comes from the two emitting states. These clusters have
exceptionally narrow photoluminescence linewidths and therefore it would be highly unlikely for
there to be two, indistinguishable emitting states (Si and Ti). Furthermore, monitoring the
photoluminescence lifetime at different wavelengths leads to identical lifetimes which further
suggests a single emitting state. For this to be possible, the S; and T; would need to be essentially
degenerate and have almost identical degrees of coupling to the surface vibrations that intrinsically
broaden the PL.

The other possibility is two intraband trap states, one that is derived from the oleate-ligation
and one that is modulated by the phosphinate ligand tail. In this instance, the radiative rate wouldn’t
be directly competing with the ultrafast nonradiative rate as the trap state is above Si. Instead, the

intraband relaxation rate, which would be significantly faster than the radiative rate, would
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compete with nonradiative recombination. The difference in PLQY between phosphinates is then
derived from the rate of hot trapping and strained ligand conformations from steric pressure
promotes the hot trapping. Due to the infeasibility of perfectly overlapping Si and T emission, the
intraband trap route is more likely.

Along with the ambiguity of the radiative mechanism, the degradation pathway of the
CdsAso cluster is also unclear. This is a difficult process to directly experimentally probe but seeing
as the degradation is promoted upon full ligand exchange, the pathway is most likely surface-
derived. Taking into account the slight difference in the Cd:E (E =P, As) ratio as found from ICP-
OES (3.1:1 for Cd3Asz and 3.4:1 for CdsP2), the CdsAs; clusters could be less cation rich on the
surface. Sparser surface cadmium would then result in unfavorable binding angles and
conformations eventually leading to the full removal of cadmium phosphinate units from the

surface (Figure 4.6.2). This would quickly lead to trap state generation and the PL would suffer.

%ﬂ{f\ N /
N /\d < /\ d‘\P
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Figure 4.6.2. Degradation pathway of Cd3As> clusters as promoted by phosphinate ligand binding.

While this project as a whole substantially improved the brightness of these cluster
materials, on the grounds of applicability, clusters still don’t have the functionality to compete
with QDs. The main two reasons for this are the brightness (still) and the stability. While achieving

up to 25% PLQY from a cluster, especially emitting such high energy light in the blue, is exciting,
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the small size continues to be a challenge as the extremely strong confinement leads to so much
vibrational coupling and nonradiative recombination. Pushing surface treatment routes further to
dampen and mitigate this coupling, maybe even pushing as far as trapping clusters in some sort of
matrix, would be the only way to increase the PLQY high enough to make the emission efficiency
applicable. Regarding the stability, the surface energy that allows these materials to be atomically-
precise also causes their metastability. This means that taking advantage of their molecular nature
will always be accompanied by the baggage of instability. This is a challenge that extends beyond
just the surface as many of these materials have internal atomic arrangements that do not match a
bulk crystalline phase. With enough energy, the entire cluster will be pushed towards a full
rearrangement to achieve the thermodynamically stable crystalline phase. As there seem to be no
feasible ways around this, it could be that devices that incorporate clusters must be run at low
temperatures to avoid this instability.

The final challenge that causes clusters to lag behind the applicability of QDs (and
potentially the most addressable) is their tunability. The structures and therefore the properties of
these atomically-precise materials have been predetermined as dictated by the strict balance
between the surface energy and internal crystalline arrangement. Any perturbations in this
structure leads to complete destabilization so only the preconceived, discrete sizes of clusters exist.
If they grow, they will only grow to the next discrete size and therefore, many wavelengths of
absorption and emission are left inaccessible. After completing this project and enhancing the
emission from clusters, the next goal became finding a route towards maintaining atomic-precision

of the system while introducing continuous tunability in the emission.
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4.7 EXPERIMENTAL METHODS.

4.7.1 General Considerations.

Oleic Acid (90%), trifluoroacetic acid (>99%), octadecene (90%), dodecane (95%), hexene
(97%), triethylborane (1.0 M in THF), diisooctylphosphinic acid (90%), hexylphosphonic acid
(95%), sodium hexanesulfonate (98%), sodium hypophosphite monohydrate (>99%),
tetrabromomethane (99%), triphenylphosphine (99%), diethylchlorophosphite (95%), benzyl
bromide (98%), red phosphorus (>99.99%), calcium hydride (95%), chlorotrimethylsilane
(>99%), naphthalene (99%), sodium metal (ACS reagent, dry), deuterated benzene (CsDs, 99.6%
D), and magnesium were obtained from Sigma Aldrich. Naphthalene was sublimated and CsDs
was dried over CaH> and distilled prior to use. Dimethoxyethane (>99%) and trifluoroacetic
anhydride (>98%) were obtained from TCI. Dimethoxyethane was distilled from sodium prior to
use. Arsenic powder (99%) was obtained from Strem Chemicals and used as received. Cadmium
oxide (99.95%) was obtained from Alfa Aesar. Potassium hydrogen sulfate was obtained from
VWR international. Oleyl alcohol (80-85%) was obtained from ThermoScientific. Deuterated
chloroform (CDCl3, 99.8% D) was obtained from Cambridge Isotope Laboratories.
Tris(trimethylsilyl)arsine (As(SiMes3)3) and tris(trimethylsilyl)phosphine (P(SiMes)3) were
prepared according to a literature procedure using either metallic arsenic or red phosphorus.>® All
manipulations were performed under an inert atmosphere of dry N> using standard Schlenk line or
glovebox techniques unless otherwise indicated. UV-Vis absorbance spectroscopy was carried out
using Cary 5000 and Cary 60 spectrophotometers from Agilent Technologies. Steady-state and
time-resolved photoluminescence spectroscopy as well as PLQY by integrating sphere were
performed using an Edinburgh PLS 1000 Fluorimeter located in the University of Washington’s

MEM-C shared user facility. NMR spectra were acquired on 300 and 500 MHz Bruker Avance
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spectrometers in CDCl3 and C¢Deg. All FT-IR measurements were acquired in the solid-state on a

PerkinElmer Frontier FT-IR spectrometer.

4.7.2 Transient Absorption Measurements.

Transient absorption measurements were done at the University of Washington’s
Molecular Analysis Facility and has been described elsewhere.>! The pump wavelength of 325 nm
was chosen to coincide with PLQY measurements and reduce scattering. The pump power was
maintained at 50 uW for each sample to ensure that only single excitons were formed in order to

eliminate effects from Auger recombination. White light was generated using CaF».

4.7.3  Quantitative H-NMR and Determination of Equivalents.

To determine the amount of oleate present in Cd;P> and Cd;As, samples, quantitative H-
NMR was performed using a mesitylene internal standard. The appropriate regions (‘"H NMR (300
MHz, CDCIls): mesitylene 6 6.81 (s, 3H) and oleate 6 5.34 (br, 2H)) were normalized by the
number of protons before being converted to a total mass of oleate. This analysis determined 7.7
mg of oleate in a 10.0 mg sample of Cd3P> clusters and 7.9 mg of oleate in a 10.0 mg sample of
CdsAs> clusters. This analysis also allows for the expression of phosphinic acid added in terms of

equivalents with respect to oleate as described in the ligand exchange protocols below.
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4.7.4 Computational Methods.

Computational studies were performed using the Gaussian electronic structure package.>
The B3LYP hybrid DFT functional was used alongside the 6-311g basis set to perform a geometry

optimization before calculating the dipole direction and magnitude of the molecule.

4.7.5 Synthesis of Cadmium Oleate.

Cadmium oleate was synthesized according to a previous literature procedure.> In short,
with cadmium oxide (9.5 g, 74 mmol) and acetonitrile (95 mL) stirring at room temperature,
trifluoroacetic acid (1.6 mL, 20.9 mmol) and trifluoroacetic anhydride (11 mL, 79 mmol) are
added. Once the solution has become clear and colorless, a solution of oleic acid (46.7 mL, 148
mmol) and triethylamine (26.3 mL, 188.7 mmol) in dichloromethane (740 mL) is added dropwise.
Upon complete addition, acetonitrile (600 mL) is added to the reaction to precipitate the product
followed by storing in the fridge overnight. The product is then vacuum filtered and washed with

1 L of acetonitrile before being dried under vacuum to yield a white powder.

4.7.6 Synthesis of CdP-oleate Nanoclusters.

In a nitrogen-filled glovebox, cadmium oleate (540 mg, 0.8 mmol, 1 eq) is combined with
oleic acid (372 puL, 1.2 mmol, 1.5 eq) and 24 mL of toluene. This mixture is vigorously vortexed
until complete dissolution of the cadmium oleate. The solution is then injected into an oven-dried
3-neck round bottom flask under nitrogen and stirring is set at 1200 rpm. The flask is heated to 50

°C after which a solution of P(SiMe3)s (100 pL, 0.3445 mmol, 0.43 eq) in 2 mL of toluene is

promptly injected into the flask. Immediately after injection the temperature is set to 110 °C. The
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reaction is removed from the heat 35 minutes after injection when consecutive aliquots have
identical absorbance spectra. The resulting clusters are precipitated with 7.5 mL of acetonitrile
followed by centrifugation at 7830 rpm for 6 minutes. The supernatant is discarded, and the bright

yellow pellet is dried under vacuum and stored as a solid (final mass: 310 mg).

4.7.7 Synthesis of CdAs-oleate Nanoclusters.

Cadmium acetate dihydrate (53.3 mg, 0.2 mmol, 1 eq) is added to an oven-dried 3-neck
round bottom flask under positive nitrogen after which it is heated to 40 °C under vacuum to
remove water. Oleic acid (107 mg, 0.38 mmol, 1.9 eq) in 1-octadecene (5 mL) is then injected into
the flask under positive nitrogen. With stirring at 350 rpm, the temperature is increased to 90 °C
under full vacuum to form the cadmium oleate precursor. Note: During this formation step, it is
important to ensure that the cadmium acetate does not agglomerate on the side of the flask thereby
hindering its reactivity. After reacting at 90 °C for 2 hours, the reaction is cooled to 50 °C and
placed under positive nitrogen. After the temperature has stabilized, a solution of As(SiMe3)3 (15
pL, 0.05 mmol, 0.25 eq) in 1 mL of toluene is promptly injected into the flask. Immediately after
injection the temperature is set to 90 °C. The reaction is removed from the heat 7 minutes after
injection when consecutive aliquots have identical absorbance spectra. The resulting clusters are
precipitated with 12 mL methyl acetate followed by centrifugation at 7830 rpm for 6 minutes. The
supernatant is discarded, and the pellet is resuspended in 10 mL of toluene before a second
precipitation with methyl acetate. The bright red pellet is dried under vacuum and stored as a solid

(final mass: 75 mg).
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4.7.8 Synthesis of Monosubstituted Phosphinic Acids.

All phosphinic acids were synthesized according to previous literature reports.®!»>

4.7.9 Ligand Exchange of CdP-oleate for Monosubstituted phosphinate.

Purified CdP-oleate cluster (10 mg) is dissolved in 10 mL of toluene and placed under
stirring at 800 rpm. In the case of octadecyl-, dodecyl-, hexyl-, and oleylphosphinic acid, a 15.8
umol/mL solution of phosphinic acid in tetrachloroethylene is prepared. In the case of
benzylphosphinic acid, the 15.8 umol/mL solution is prepared in a 2:1 ratio of tetrachloroethylene
to dichloromethane due to poor solubility. A 1 mL portion of the phosphinic acid solution (0.58
eq, see Quantitative H-NMR section above) is injected into the CdP-oleate cluster followed by 60
minutes of stirring at room temperature. The partially exchanged clusters are precipitated with 7.5
mL of acetonitrile followed by centrifugation at 7830 rpm for 6 minutes. The clear supernatant is
discarded, and the resulting bright yellow pellet is resuspended in 10 mL of toluene. This process
of phosphinic acid addition, precipitation and resuspension is repeated twice more to yield CdP-

phosphinate clusters (final mass: 11 mg).

4.7.10 Ligand Exchange of CdAs-oleate for Octadecylphosphinate.

Purified CdAs-oleate cluster (10 mg) is dissolved in 10 mL of toluene and placed under
stirring at 800 rpm. A 15.8 umol/mL solution of octadecylphosphinic acid (15 mg, 50 pmol) in 3
mL of tetrachloroethylene is prepared. A 1 mL portion of the phosphinic acid solution (0.56 eq,
see Quantitative H-NMR section above) is injected into the CdAs-oleate cluster followed by 60

minutes of stirring at room temperature. The partially exchanged clusters are precipitated with 7.5
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mL of acetonitrile followed by centrifugation at 7830 rpm for 6 minutes. The clear supernatant is

discarded, and the resulting bright red pellet is resuspended in 10 mL of toluene. This process of

phosphinic acid addition, precipitation and resuspension is repeated once more to yield CdAs-

octadecylphosphinate clusters (final mass: 11 mg).
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Chapter 5. STRUCTURAL HOMOLOGY ALLOWS ALLOYED II-V
MAGIC-SIZED  CLUSTERS WITH CONTINUOUSLY

TUNABLE EMISSION

5.1 INTRODUCTION

Semiconductor nanocrystals have garnered recent interest due to their tunable emission,
thermal- and photostability, and solution processibility.!* For applications in solid-state lighting
and quantum information science, it has become imperative to reproducibly synthesize highly
homogeneous nanocrystal samples.”® Any heterogeneity in the core or surface of these materials
leads to variation in absorption and emission energies, which will reduce color purity for displays
and challenge indistinguishability of single photons for quantum computing and communication.*’
While nanocrystal syntheses have evolved to achieve narrow size distributions,'*!? the continuous
growth of these materials disallows atomistic precision. This lack of precision can manifest from

13-15

overlapping nucleation and growth regimes, surface-dependent growth,'®!7 unbalanced

1820 and late-stage ripening?!*?. Any imperfections are compounded

precursor conversion rates,
throughout the course of the synthesis causing broader size distributions and detrimental defects.?*
25 With these processes happening on unpredictable timescales and without atomistic control,?¢ the
development of other synthesis pathways is warranted.

In pursuit of precise nanocrystals, researchers have discovered the existence of magic-sized
clusters — molecular quantum dots that form on small size scales where the high surface energy
dominates stability.>’2° The unique thermodynamic balance between core and surface energies in

these materials create such a strong bias for structure and size that the resulting materials are

atomically precise.’*7 The expectation would be that these molecular nanocrystals would
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immediately provide unprecedented emission linewidths due to the perfect homogeneous
ensemble. However, narrow, bright emission is not normally documented in these cluster
materials. The high surface energy driving the atomic-precision means the majority of these
clusters exist at small size scales and the resulting reduced lattice dimensions allow for strong
vibrational coupling and nonradiative recombination.*®*! Furthermore, the extreme confinement
directs a higher degree of wavefunction interaction at the surface which can broaden linewidths
and further promote nonradiative decay.*** Finally, many of these materials are kinetically-
trapped and require reactive reagents and thus the coordination of the metal precursor and the
resulting cluster are with relatively labile ligands such as carboxylate or amine. The optical
properties can then suffer in response to the dynamic ligand population.***® We recently sought
to improve the emission of some of these clusters by targeting the lability of surface ligands on II-
V clusters and found that exchanging carboxylates for phosphinates dramatically enhanced the
photoluminescence quantum yield.*” While this improved the brightness, the functionality of
clusters still lags behind larger nanocrystals due to a lack of continuous tunability.

The discrete stability of magic-sized clusters inherently disallows for the continuous
growth that is possible with nanocrystals. If certain structures are more stable than others, the
reaction is biased to the formation of those particular structures. The growth of these magic-sized
clusters then proceeds through discrete steps in size as the system continues to traverse local
thermodynamic minima in the potential energy landscape of the growing crystal.’®>? At a certain
size or temperature, the high surface energy is overwhelmed by the internal energy of the particles
and atomic precision is lost.>> ¢ A wide wavelength range is accessible before the size precludes
precision using the discrete growth of magic-sized CdSe tetrahedra, but certain wavelengths of

absorption and emission are left inaccessible as there are no intermediate sizes.”® Introducing
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continuous tunability to magic-sized clusters would combine the benefits of atomic precision (i.e.,
batch-to-batch reproducibility and narrow linewidths) with the broad range of accessible optical
wavelengths possible with heterogeneous nanocrystals. To achieve this, the structure must not be
altered but the band gap of the material must be changed. The addition of an isovalent anion can
leave a structure generally unperturbed but the electronic contribution from the alloyed atom
provides continuous tunability through the composition to access desirable properties.

Alloying of the anion sublattice to influence optoelectronic properties has been successful
in many nanocrystal systems including InPixAs,””>® InAs;xSby,”*" CdSixSex,’ % and CdSe:-
«Tex® 68 However, for magic-sized clusters, examples are rare. As many magic-sized clusters are
not known for impressive emissive properties, these studies have focused on the fundamentals of
alloy formation as opposed to the modulation of optoelectronic behavior and oftentimes only
include a single alloyed example.®® > The application of these alloyed clusters has then been as
single-source precursors to larger alloyed nanomaterials.”> However, if a cluster framework is used
that has band edge emission and can structurally withstand anion alloying, the optoelectronics of
the atomically-precise material could be tuned with varying degrees of incorporation. We thus
sought to introduce continuously tunable emission to atomically precise clusters using CdsP>”* and
Cd3As,”>7. Both of these materials have independent, atomically-precise clusters with narrow
emission linewidths and highly similar absorbance profiles suggesting structural homology.
Assuming the structures are the same, different ratios of P and As precursors could lead to magic-

sized Cd3P2-xAsx with tunable properties.
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5.2  SYNTHESIS AND STRUCTURE OF CDP AND CDAS CLUSTERS

Studies that have characterized the Cds;P2 and CdsAs: clusters document an absorbance
profile with two clearly defined exitonic transitions both with impressive peak-to-trough ratios
(Figure 5.2.1B, C).”*7° Furthermore, we have recently reported that both clusters can be
synthesized following identical synthetic procedures using E(SiMes); (E= P, As) as the pnictide
precursor (Figure 5.2.1A).*° These two observations in tandem strongly suggested structural
homology, but there are few studies that have investigated the atomic arrangement of these two
materials. Furthermore, while many magic-sized clusters emit with broad photoluminescence and
low PLQYs, these clusters show strong, narrow emission. We therefore also sought to develop a
link between these shared structural motifs and impressive optical properties.

Efforts to passivate these materials with conformationally rigid ligands led to severe
aggregation and insolubility. Thus, the growth of single crystals was unfeasible. In the absence of
complete structural refinement, pair distribution function (PDF) analysis can be performed to
investigate the structure of both clusters.

We also attempted the cluster synthesis using Sb(SiMe3)s; to generate the CdszSb, analog
but found that under identical conditions, a magic-sized cluster does not form. This could
potentially be due to an increase in reactivity of the E(SiMe3)s, as As(SiMes)s has been documented
to be significantly more reactive than P(SiMes)s;, we would expect the trend to continue to
Sb(SiMes);.”” However, it is equally notable that the bulk crystal system of Cds;P2 and CdsAs; is
tetragonal whereas CdsSbs is orthorhombic.”® 8" This intrinsic difference in preferred atomic

arrangement could lead to deviations in structurally stability at the nanoscale.
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Figure 5.2.1. A) Scheme for the synthesis of oleate-ligated II-V clusters, Cd3P2-450 and Cd3Asz-
525. B) Absorbance (grey, solid) and photoluminescence (yellow, dotted) of Cd3P»-450 clusters.

C) Absorbance (grey, solid) and photoluminescence (blue, dotted) of Cd3;As2-525 clusters.

5.3  SYNTHESIS OF CDP-390 BABY CLUSTER

During efforts to passivate the II-V clusters with rigid ligands that would allow for single-
crystal growth, 4-tert-butylphenylacetate was used for the cadmium carboxylate precursor
alongside P(SiMe;); (Figure 5.3.2A). If the temperature is raised and maintained at 70 °C instead
of increasing to 110 °C, a single well-defined feature at 390 nm forms in place of the strong feature
at 450 nm characteristic of the Cd3P2-450 (Figure 5.3.2B). A similarly high peak-to-trough ratio
is present that seems to be characteristic for [I-V magic-sized clusters. While Cd3P2-390 also shows

band-edge emission at 406 nm, the intensity of the photoluminescence is very low when compared
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to the Cd3P»-450 (Figure 5.3.1). A relative comparison of the PL intensities normalized to the

absorbance at the excitation wavelength would suggest that the PLQY of the Cd3P2-390 is <0.1%.
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Figure 5.3.1. Photoluminescence spectrum of Cds3P2-390 clusters (gold, Aex = 386 nm).
Photoluminescence excitation spectrum of Cd3P2-390 clusters (purple, Aem =406 nm). (*) Denotes

emission from the Cd3;P2-450 impurity in the sample.

Seeing the synthetic similarities, we hypothesized that this Cds;P2-390 cluster is an
intermediate in the formation of the Cd;P»-450 cluster and thus sought to experimentally document
direct conversion. After synthesizing the Cd;P>-390 cluster at 70 °C, increasing the temperature to
100 °C, led to a decrease in the absorbance feature at 390 nm, giving way to a new feature at 450
nm (Figure 5.3.2C). As mentioned previously, Cd3P»>-450 aggregates severely with rigid ligands
and so the product of the conversion has less well-defined absorbance features compared to those

of the oleate-ligated cluster. We previously demonstrated the use of 4-tert-butylphenylacetate to
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promote the isolation of a smaller magic-sized cluster in the case of InasP13(02CR)30.°>* While the
solubility of the Cd3P»-390 cluster is better than that of Cd3P»-450 with the same ligand sphere,
there is still visible aggregation in solution. Recent characterization of the Cd3P2-450 cluster by
MALDI-TOF has suggested a very low ligand surface coverage, which could explain the
aggregative behavior of these materials.®!

Further characterization of Cd;P2-390 by *'P NMR revealed two peaks at -383 ppm and
-392 ppm (Figure 5.3.2D). This is can be compared to previous characterization of the Cd3zP»-450
cluster by 3'P NMR, showing a single resonance at -364 ppm.*? This shows that there are two
separate P environments in the smaller cluster that coalescence into a single environment upon
growth into the larger cluster. While the bulk structure of CdsP> incorporates three inequivalent P
sites, it would be unusual to see only slight changes in bond angle give rise to a shift as large as 9
ppm. This would suggest the two signals arise from two sets of P atoms that are at different
distances from the surface of the cluster. Further growth into Cd;P2-450 would introduce more P
signals and cause the coalescence into the peak at -364. The relatively large shift upon growth
could indicate that there are a significant portion of underpassivated P atoms in the Cd3P2-390
structure. Fewer atoms in the smaller cluster with varying degrees of passivation could lead to the
resolution of independent, discrete signals in the spectrum. Upon growth, these atoms are

passivated and more P environments are introduced leading to the averaging into a single feature.
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Figure 5.3.2. A) Scheme for the synthesis of Cd3P»-390 clusters. B) Absorbance aliquots from a
typical synthesis of Cd3P2-390 showing the development of the main absorbance feature with Amax
= 390 nm. A small impurity of Cd3P»-450 becomes visible as the synthesis progresses. C)
Absorbance aliquots from the conversion of Cd3P2-390 to Cd3P2-450 showing that at 100 °C, the
390 nm feature decreases in intensity giving rise to the characteristic 450 nm feature along with

significant aggregation. D) *'P NMR of purified Cd3P2-390 in CDCls.
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5.4  SYNTHESIS OF ALLOYED CDPAS CLUSTERS

After the structural investigation of the II-V clusters and confirming the similarity in
structure between the Cd3P2-450 and Cd3;As2-525 by PDF, we turned to synthetic strategies to
achieve cluster alloys. Seeing as both clusters are synthesized with identical protocols, alloying
was targeted by the simultaneous injection of a predetermined ratio of P(SiMe3); and As(SiMes)3
into the cadmium oleate precursor (Figure 5.4.1A). By altering the ratio of P(SiMes); and
As(SiMe3); at injection, the Amax of the first absorbance transition is continuously tunable from 450
nm to 525 nm (Figure 5.4.1B). Most importantly, the two characteristic transitions in the
absorbance are maintained for all percentages of alloying with no detrimental changes in the peak-
to-trough ratio or peak definition. This serves as strong evidence for retention of the magic-sized
cluster structure despite varying differences in the P:As ratio. Furthermore, the narrow emission is
also retained upon alloying and follows the tunability of the absorbance, showing a continuous

change from 457 nm to 532 nm depending on the extent of As incorporation (Figure 5.4.1C).
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Figure 5.4.1. A) Scheme for the synthesis of continuously tunable CdsP2.xAsx clusters via the
simultaneous injection of P(SiMes3); and As(SiMes)s. B) Absorbance profiles of CdsP».xAsx
clusters with varying degrees of As incorporation. C) Photoluminescence spectra of CdsP2xAsx
clusters with varying degrees of As incorporation. D) Table comparing the percent As(SiMes)3
injected out of total pnictide versus the percent As measured via ICP-OES in the final purified
Cd;P2xAsy clusters. E) PLQY measurements (squares, left y-axis) and PL FWHM values (circles,
right y-axis) for oleate-ligated CdsP2.xAsx clusters as a function of %As incorporation. F) Raman
spectra for all clusters using Aexc = 785 nm. The 310 cm™ feature is assigned to internal CdsP;

vibrations and the 215 cm! feature is assigned to internal CdsAs: vibrations.

To further investigate the extent of alloying, ICP-OES measurements were conducted and

the experimental percent of As incorporation was determined. The %As measured in the cluster
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matched well with the ratio of P(SiMe3)s to As(SiMe3)s at injection (Figure 5.4.1D). Previous
studies have concluded that As(SiMe3)s is approximately 30x more reactive to metal carboxylates
than P(SiMes);”’ and corroborating these observations, during the cluster syntheses, the
absorbance features of Cd3Asz-525 will form immediately upon injection, whereas additional
heating is required for Cds;P»-450. This higher reactivity would suggest that As would
preferentially incorporate into the cluster structure, leading to inflated As percentages. Seeing as
the %As at injection matches the %As in the cluster core, it could be that these reactions are
approaching quantitative yield where all the pnictide precursor is going towards cluster formation.
Otherwise, the high reactivity of the As(SiMes); would lead to higher %As in the cluster than at
injection. The difference in pnictide precursor reactivity could also potentially cause
heterostructure formation where the more reactive As preferentially organizes in the center of the
cluster and P grows in on the surface.

To investigate this further, we collected Raman spectroscopy to look at the internal
vibrations of Cds;P> and Cds;As: units. Previous characterization of microcrystalline CdsP> and
CdsAs> showed peaks at 250.7, 300.8, and 599.1 cm™ for the former and 189.0 and 244.5 cm™ for
the latter.® It is likely that the small size of the material as well as the possibility of a different
crystal phase at the cluster scale would lead to differences in the peak structure. However, this
would not influence peak energies to a great degree. In our spectrum, we resolve two peaks, one
at 313 cm™! and the other at 217 cm™ (Figure 5.4.1F). Due to the cluster morphology likely
influencing the peak structure, we assign these features to CdsP> and Cd;As> vibrations,
respectively. Furthermore, the peak intensities follow the expected trend in As incorporation where
higher As percentages lead to stronger intensity at 215 cm™ and higher P percentages have the

same effect on the 310 cm™! feature. This two-mode behavior, where there are separate features for
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the different alloyed materials, can be indicative of heterogeneous alloying.®* 8¢ However, in many
semiconductors systems, homogeneous alloys also show two-mode behavior despite well-mixed
alloy domains.®**"* Primarily when the alloy gradient is formed from the anion sublattice is two-
mode behavior seen whereas when the cation sublattice is alloyed, the continuous shift of one-
mode behavior appears.’®** Therefore, the resolution of two discrete peaks in the Raman spectrum
of these CdsP>.xAsx clusters is not enough to suggest how P and As are arranged in the cluster.
However, we note that the CdsP; feature shifts from 313 cm™ at 0% As incorporation to 305 cm’!
at 88% As incorporation. This shifting behavior has been documented in homogeneously alloyed
CdSexS1x QDs and attributed to weaker, longer Cd-S bonds that are a function of the lattice
parameter of the nanocrystals being dominated by Se with increased incorporation.®* The same
effect, albeit less pronounced, occurs with the CdsAs; feature shifting from 213 cm™ at 11% As
incorporation to 217 cm™! for the Cd3As»-525 clusters. This can similarly be attributed to weaker,
strained Cd-As bonds in a lattice that is primarily CdsP». Finally, analyzing changes in the peak
breadths shows that the FWHMs of the features are the broadest at 52% As incorporation which
reflects the most heterogeneous environments of both Cd-P and Cd-As bonds. This trend in
bandwidth has also been attributed to the behavior of homogeneous alloying of QDs.®* Seeing as
the Raman peak frequencies and bandwidths follow the trends of uniform alloying, we conclude
that these clusters have anion sublattices with homogeneously distributed P and As.

Investigating the PLQY of all oleate-ligated alloy clusters, we find that the brightness is
consistent across different alloy percentages (Figure 5.4.1E). We measure PLQY's of 6%, 8%, 8%,
8%, 5%, 5%, and 5% in order from CdsP; to Cd3Asz. Measured relative to coumarin 500,°* the
value of 6% for CdsP; clusters matches well with our previous absolute measurements.*’ However,

we have previously measured the PLQY of oleate-ligated Cd;As: clusters as 0.5% by integrating
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sphere and the value of 5% measured here relative to coumarin 500 is significantly different.
Seeing as the photoluminescence of the CdszAs: clusters is more sensitive to oxidation than the
CdsP2, we believe that the relative measurements presented herein minimize air exposure and
potential photodegradation that can occur during the longer, more intense scans required for
absolute PLQY. While alloying introduced continuous tunability to the cluster emission, the
PLQYs remained relatively low so we applied our previously developed ligand exchange for
monoalkylphosphinates that has been shown to increase PLQYs for Cd3P»-450 and Cd3As»-525

magic-sized clusters.*’

5.5 LIGAND EXCHANGE OF ALLOYED CDPAS CLUSTERS

Our previous study found that octadecylphosphinic acid (ODPiA) led to the best optical
properties with these clusters so it is the ligand used in this study. The exchange is performed by
directly injecting a solution of octadecylphosphinic acid in tetrachloroethylene into a vigorously
stirring solution of cluster in toluene. After stirring, the clusters are purified and a second addition
is performed. A second purification step results in the final exchanged clusters. The absorbance
and photoluminescence of the exchanged clusters are shown as Figure 5.5.1A and Figure 5.5.1B.
There is a ~15 nm red-shift in the absorbance and photoluminescence upon exchange for the
octadecylphosphinate. We have previously assigned this shift to a change in the surface dipole due

to the electronic differences between carboxylate and phosphinate head groups.*’ This shifts the
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available region of emission wavelengths to 469-550 nm, which is still in the blue to green portion

of the visible spectrum.

D % As Incorporation
0% 11% 25% 52% 67% 88% 100%

117 76 75 67 39 31 386
<r>(ns)

A
0.84 A % AS  Amaxiags)
0% ——463nm c

11% —477nm
0.6
25%— 489nm

52%—507nm

0.4
67% 525nm
88%- 5368nm
0.2+
1100%-543nm
0.0 T

T T
300 400 500 600 700
Wavelength (nm)

Absorbance
PL Intensity (counts)

ol
¥

40 60 _ 80 100 120 140

ime (ns
U’\ 0 : =
11% —487nm

w w0 .
25%-— 602nm | o Ak ] . J \ Lot ..
o

67%—535nm ®
8898 544nm B
10 @
100%- 2 550nm .

Absorbance (a.u.)
N
o

B % AS  Anoxry)
0% —469nm

n
1

5

PL Intensity (x10" counts)

52%—-519nm

PLQY (%)
[\8)
o
P

-
1

0 T | —_— 0 T T T T

T T T i
450 500 550 600 650 500 1000 1500 ZOQO 2500 3000 0 20 40 60 80
Wavelength (nm) Frequency (cm ) Arsenic Incorporation (%)

' 100

Figure 5.5.1. A) Absorbance profiles of CdsP2xAsx clusters after exchange for
octadecylphosphinate with varying degrees of As incorporation. B) Photoluminescence profiles of
Cd;P2<xAsx clusters after exchange for octadecylphosphinate with varying degrees of As
incorporation. C) FTIR of Cds;P2.xAsx clusters showing the magnitude of exchange of oleate
(highlighted red) for octadecylphosphinate (P=0 and P-O(M) are highlighted yellow and P-H is
highlighted purple). D) TRPL spectra of CdsP2xAsx clusters after exchange for
octadecylphosphinate. All spectra are fit to a biexponential and the weighted average of the
lifetimes is reported for each cluster. E) PLQY measurements (squares, left y-axis) and PL FWHM

values (circles, right y-axis) for octadecylphosphinate-ligated Cd3P>.xAsx clusters as a function of

%As incorporation.
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It was also determined that complete exchange of oleate for monoalkylphosphinate on the
CdsAs> clusters leads to destabilization over time and a loss PLQY'. So, to make direct comparisons
between the optical performance between clusters, we targeted a partial ligand exchange that
would avoid destabilizing clusters with higher As incorporation but would still significantly
enhance the PL intensity. The results of the ligand exchange are characterized with FTIR in Figure
5.5.1C where the symmetric and asymmetric stretches of the carboxylate are apparent in the 1350-
1650 cm™! region (highlighted in red) and the P=0 and P-O(M) phosphinate stretching frequencies
appear between 900 and 1250 cm™ (highlighted in yellow). The peak intensities across samples
match well, confirming similar degrees of exchange from the same procedure (Figure 5.5.2).
Finally, the characteristic P-H stretch of monosubstituted phosphinates is visible at 2330 cm™! upon

exchange (highlighted in purple).
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Figure 5.5.2. Overlaid FTIR spectra for all CdP>xAsx clusters after ligand exchange with

ODPiA.
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Photophysical characterization of the CdsP>xAsx clusters by time-resolved
photoluminescence spectroscopy (TRPL) revealed that the photoluminescence lifetime of the
clusters decreased with increasing As content (Figure 5.5.1D). Seeing as our structural
investigation suggested clusters of similar structure and size, it is likely that the degree of
confinement could be the cause for the difference in lifetime. It has been shown that higher degrees
of confinement lead to faster radiative and nonradiative recombination rates.’>*® While the Cd3P;-
450 and Cd3As2-525 have the same structure, the effective mass of the electron for bulk CdzAs; is
much lighter, which would cause stronger confinement in CdsAs»-525 than Cd3P»-450.%°1% This
would mean the intrinsic radiative rate of Cd3;Asz-525 is faster and As incorporation would
decrease the photoluminescence lifetime. Furthermore, increasing the As content leads to a more
monoexponential decay proving that the decrease in lifetime cannot simply be the result of a new
nonradiative state as this would lead to a more complex, multiexponential photoluminescence
decay profile. Not only is this trend observed in the TRPL, but we note that the PLQY of the Cd3P».
xAsx-ODPiA clusters does not monotonically decrease with As incorporation indicating the
decrease in photoluminescence lifetime isn’t simply a result of faster nonradiative decay.

Further investigation shows that after exchange the PLQY of the Cd3P2-450 reaches 24%.
Interestingly, the smallest As incorporations, 11% and 25% As, lead to an increase in the PLQY
reaching 25% and 33% respectively (Figure 5.5.1E). The PLQY then decreases to 28% and 27%
for As amounts of 52% and 67% before significantly dropping off at the highest levels of
incorporation (88% and Cd3As»-525, itself) reaching 10% and 13%. The initial increase in the
PLQY upon As incorporation can possibly be attributed to the decrease in the radiative rate with
higher As percentages. The Cds;P»-450 cluster clearly shows biexponential decay indicating a

nonradiative process that occurs on the nanosecond timescale. Upon incorporation of As, the PL
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decay becomes more monoexponential as the shortened radiative rate outcompetes this
nonradiative process. However, further incorporation provokes a new, faster nonradiative process
that causes the continuous decrease in PLQY with higher As percentages. It is likely that this
process is related to surface As due to the severe drop in PLQY at the highest As percentages.
With InAs MSCs, the structure is more prone to 3-coordinate pnictide compared to InP
clusters.?%*!3% This could be the case for II-V clusters as well where Cd3As»-525 is more prone to

undercoordinated surface atoms thereby opening avenues towards nonradiative recombination.

5.6  CONCLUSIONS

Using 4-tert-Butylphenylacetate, we have kinetically-trapped and isolated a new cluster,
CdsP»-390. This cluster maintains the impressive peak-to-trough ratio seen with the other II-V
clusters and also demonstrates band-edge photoluminescence with a small Stokes shift, albeit the
PLQY is significantly lower at <0.1%. Heating Cd3P2-390 to 110 °C results in the direct conversion
to Cd3P»-450 proving that it is an intermediate in the growth of the larger cluster.

Due to the structural homology of Cd3P»-450 and Cd3As»-525, the simultaneous injection
of P(SiMes)s and As(SiMes); at different ratios result in alloyed CdsP2.xAsx clusters that retain the
magic-sized structure. This introduces a continuous tunability to the absorbance and emission
wavelengths of magic-sized clusters that has previously been inaccessible due to the discrete
growth mechanism that is characteristic of the material. A ligand exchange for
octadecylphosphinate improves the PLQY of all clusters reaching a peak brightness of 33% from
the alloy with 25% As. The photophysical behavior as measured by PLQY and TRPL before and
after ligand exchange suggests multiple, complex nonradiative processes that depend upon
composition.
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5.7 EXPERIMENTAL METHODS.

5.7.1 General Considerations.

All glassware was dried in a 160 °C oven overnight prior to use. All reactions, unless
otherwise noted, were run under an inert atmosphere of nitrogen using a glovebox or using standard
Schlenk techniques. Warning: dimethyl cadmium is a volatile and extremely toxic reactant and
was handled with care within a nitrogen glovebox. Oleic Acid (90%), cadmium acetate dihydrate
(98%), octadecene (90%), triethylborane (1.0 M in THF), sodium hypophosphite monohydrate
(299%), red phosphorus (=99.99%), calcium hydride (95%), chlorotrimethylsilane (>99%),
naphthalene (99%), sodium metal (ACS reagent, dry), hydrogen peroxide solution (>30%), and
OmniTrace® nitric acid (67-70%) were obtained from Sigma Aldrich. Naphthalene was
sublimated prior to use. 4-tert-Butylphenylacetic acid (>98%) and dimethoxyethane (>99%) were
obtained from TCI. Dimethoxyethane was distilled from sodium prior to use. Arsenic powder
(99%) and dimethylcadmium (>97%) as a 10 wt% solution in hexanes were obtained from Strem
Chemicals and used as received. Potassium hydrogen sulfate was obtained from VWR
international. Deuterated chloroform (CDCl3, 99.8% D) was obtained from Cambridge Isotope
Laboratories.  Tris(trimethylsilyl)arsine  (As(SiMes);) and  tris(trimethylsilyl)phosphine
(P(SiMes)s) were prepared according to a literature procedure using either metallic arsenic or red
phosphorus.!®" All manipulations were performed under an inert atmosphere of dry N, using
standard Schlenk line or glovebox techniques unless otherwise indicated. UV-Vis absorbance
spectroscopy was carried out using Cary 5000 and Cary 60 spectrophotometers from Agilent
Technologies. Steady-state photoluminescence spectroscopy was performed using a Horiba
Scientific Fluoromax-4 Spectrofluorometer. Time-resolved photoluminescence spectroscopy was

performed using an Edinburgh PLS 1000 Fluorimeter located in the University of Washington’s
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MEM-C shared user facility. Photoluminescence quantum yield was measured relative to
coumarin 500 in methanol.®* NMR spectra were acquired on 300 and 500 MHz Bruker Avance
spectrometers in CDCI3. All FT-IR measurements were acquired in the solid-state on a
PerkinElmer Frontier FT-IR spectrometer. ICP-OES was conducted on a Perkin Elmer Optima
8300 inductively coupled plasma-optical emission spectrophotometer. All ICP-OES samples were
prepared by digesting ~2 mg of solid sample in 500 pL of H>O> followed by 500 pL of 67% HNO;
for 24 hours. All Raman spectra were collected with a Renishaw InVia equipped with the Leica
DMIRBE inverted optical microscope, exciting at 785 nm, using samples drop cast from solution
onto Si wafer. Samples were prepared in a glovebox and remained air-free until mounting on the

sample stage of the Raman microscope.

5.7.2 Synthesis of CdP2.xAsx-oleate Nanoclusters.

Cadmium acetate dihydrate (53.3 mg, 0.2 mmol, 4 eq) is added to an oven-dried 3-neck
round bottom flask under positive nitrogen after which it is heated to 40 °C under vacuum to
remove water. Oleic acid (107 mg, 0.38 mmol, 7.6 eq) in 1-octadecene (5 mL) is then injected into
the flask under positive nitrogen. With stirring at 350 rpm, the temperature is increased to 90 °C
under full vacuum to form the cadmium oleate precursor. Note: During this formation step, it is
important to ensure that the cadmium acetate does not agglomerate on the side of the flask thereby
hindering its reactivity. After reacting at 90 °C for 2 hours, the reaction is cooled to 50 °C and
placed under positive nitrogen. After the temperature has stabilized, a solution of P(SiMes)s and
As(SiMes); (0.05 mmol total, 1 eq) in 1 mL of toluene is promptly injected into the flask.
Immediately after injection, the temperature is set to 110 °C. The reaction is removed from the

heat when consecutive aliquots have identical absorbance spectra. The resulting clusters are
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precipitated with 12 mL methyl acetate followed by centrifugation at 7830 rpm for 6 minutes. The
supernatant is discarded, and the pellet is resuspended in 10 mL of toluene before a second

precipitation with methyl acetate. The pellet is dried under vacuum and stored as a solid.

5.7.3 Ligand Exchange of CdP-oleate for Octadecylphosphinate.

Purified CdP».xAsx-oleate clusters (5 mg) are dissolved in 5 mL of toluene and placed under
stirring at 800 rpm. Separately, 15 mg of octadecylphosphinic acid is dissolved in 3 mL of
tetrachloroethylene. A 500 puL portion of the phosphinic acid solution is injected into the CdP-.
xAsx-oleate cluster solution followed by 30 minutes of stirring at room temperature. The partially
exchanged clusters are precipitated with 7.5 mL of acetonitrile followed by centrifugation at 7830
rpm for 6 minutes. The clear supernatant is discarded, and the resulting pellet is resuspended in 5
mL of toluene. This process of phosphinic acid addition, precipitation and resuspension is repeated

once more to yield CdP2xAsx-phosphinate clusters.

5.7.4 Synthesis of Octadecylphosphinic Acid.

Octadecylphosphinic acid was synthesized according to previous literature reports.'??

5.7.5 Synthesis of CdP399 Nanoclusters.

4-tert-Butylphenylacetic acid (77 mg, 0.4 mmol, 8 eq) is dissolved in 2 mL of toluene and
to this solution is added a 10 wt% solution of dimethylcadmium in hexanes (570 mg, 0.2 mmol, 4
eq) dropwise. This solution is allowed to stir for 2 hours and then is diluted to a total volume of 6

mL with toluene before being transferred to an oven-dried 3-neck round bottom flask under
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positive nitrogen. The solution is heated to 50 °C and P(SiMe3)3 (15 pL, 0.05 mmol, 1 eq) in I mL
of toluene is promptly injected into the flask. Immediately after injection, the temperature is set to
75 °C. The reaction is removed from the heat when consecutive aliquots have identical absorbance
spectra. The crude reaction is immediately centrifuged at 7830 rpm for 6 minutes to remove any
insoluble material. The supernatant is then decanted off and combined with 8 mL of acetonitrile
followed by centrifugation at 7830 rpm for 6 minutes. The resulting supernatant is discarded and

the white pellet is dried under vacuum and stored as a solid.

5.7.6  CdP399 to CdP4s50 Conversion Reaction.

CdP390 clusters are prepared as described above. Once two consecutive aliquots have
identical absorbance spectra, the temperature is increased to 110 °C. Aliquots are continuously

measured until the reaction is complete.
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Chapter 6. CONCLUSIONS AND FINAL OUTLOOK

6.1 KEY FINDINGS

There are two main conclusions to be drawn from the work presented in this dissertation.
The first is focused on the relation between conversion and the structure of magic-sized clusters.
The second is focused on cluster functionalization pathways that can adapt to the metastability of
these materials to preserve atomic precision.

Firstly, we have demonstrated the ligand sphere as a synthetic handle for controlling the
reactivity of MSCs. Altering the steric pressure significantly changes the reactivity with external
precursors. This knowledge was leveraged to synthesize and isolate a new cluster compound,
Inz6P23(02CR)39, which was characterized by SCXRD. This structure provides insight into the
growth of InP and related MSCs, showing that growth can be stepwise and involve other
intermediates that can be stabilized and isolated. Furthermore, the new structure is homologous to
a previously characterized Cd4Ses cluster;! both exhibit an M14Ei3 cage structure built upon an
icosahedral anion sublattice. The structural similarities here show that nanoscale stability can
follow the same rules across materials from different families.

Secondly, the ubiquitous InAs cluster present as an intermediate in InAs QD reactions has
been fully structurally characterized as InasAsis(O2CR)28(PR’3)3. The anisotropic, distorted
wurtzite stack is a stable crystalline motif that explains the cluster's higher thermal stability. We
find that the same icosahedral symmetry and M14E 13 cage structure are present in this cluster as
well.

These studies have suggested that nanoscale atomic precision in binary semiconductors
with 4-coordinate crystal structures is based on an icosahedral anion sublattice, which results in an

MisE13 cage. The presence of this motif could potentially be due to the low SA:V of an
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icosahedron, but can also simply arise from the 4-coordinate geometry, causing 12 vertices during
cluster growth. The structural perturbations upon the growth of this underlying cage, seen through
the different metal-anion stoichiometries, can be rationalized through differences in cation-
richness requirements and reactivity differences. The atomic precision of InP requires 4-coordinate
P likely dictated by the X-type ligand sphere. As seen with CdSe, the structure is nearly identical,
but the stoichiometry is different due to the ligation by L-type TMEDA. With InAs, the
substantially lower electronegativity of As relaxes the 4-coordinate requirement in the face of X-
type ligation, allowing for a more pnictide-rich stoichiometry. Beyond the differences in
stoichiometry, the InysAsig structure is much more anisotropic when compared to InP and CdSe
structures, which is likely due to the increased reactivity of the As(SiMes)s. This more pronounced
reactivity leads to complete precursor consumption upon injection, and the subsequent growth is
therefore more controlled, resulting in a structure with clearer crystalline motifs. While a full rubric
cannot be developed from these examples, they provide the basis of how bonding, surface
chemistry, and reactivity synergistically combine to result in molecular structures.

Along with these structural investigations, new routes for the functionalization of MSCs
have been developed that can enhance properties without compromising metastability. In the first
case, CdsP> clusters can be ligated with monoalkylphosphinates through ligand exchange, and the
increased binding affinity greatly enhances the PLQY. This method can also be applied to the
related Cd;As: clusters to increase brightness. This work was continued by leveraging the
structural similarities of the II-V clusters to generate alloyed Cd3P2As».x clusters with continuously
tunable emission. These two routes circumvent the two biggest challenges facing cluster optical
properties: dim and discrete emission. The combination of these two routes of functionalization

improves the behavior, potentially enabling the use of clusters as classical or quantum emitters.
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6.2 FINAL OUTLOOK

In general, the structural work presented here has offered a route towards understanding
how and why MSCs form in particular structures. One of the characteristics of these materials that
has been mostly left uninvestigated is the lattice chirality. The cage structure generates two
enantiomers, but crystallization always yields a racemic mixture. Developing a procedure to isolate
a specific enantiomer, whether through synthetic design or purification, could open impactful
avenues for chiral nanomaterials. While this has been investigated for a long time with metallic
clusters, there exists only one example of enantiomer separation in semiconductor MSCs with
CdysS17.2

This analysis has also led to questions about the CdsP> cluster structure. When so many
MSCs show the emission that is consistent with self-trapping, why does this particular structure
have strong, narrow emission? It is likely that these unique emission characteristics require some
amount of lattice periodicity to add rigidity and avoid structural distortions. It is then highly likely
that the structure is a subunit of the Hausmannite-like lattice of the bulk material. The size of the
subunit is approximately 1.5 nm based on PDF analysis, but the surface structure remains
unknown. While complete refinement by SCXRD is still possible, creative solutions must be
developed to address the strong aggregation that occurs if long-chain oleate ligands are not used.
The structural characterization of this cluster could provide deep insight into the emissive
behaviors of MSCs.

The monoalkylphosphinate ligand class has proven to be a very useful tool due to its
mimicry of carboxylate binding behavior. However, it is unlikely to be a fully generalizable route
for enhancing cluster emission. The diversity in stoichiometry and structure of clusters manifests

as a wide range of emission profiles, driven by very complex photophysical mechanisms. This
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means not every cluster radiatively recombines or nonradiatively recombines through the same
route as the II-V clusters. For example, In37P20 shows self-trapping characteristics, and ligation
with phosphinate likely will not improve the rate of self-trapping, a mechanism that is dependent
upon structural distortions. In many cases, the surface chemistry of clusters must be tailored to
radiative mechanisms to dramatically enhance the emission.

Furthermore, despite complete ligation of the CdsP> cluster, which leads to 26% PLQY,
the majority of recombination remains nonradiative. The lack of trap emission suggests that this
loss occurs through vibrations. The idea of encapsulating these clusters (and others) in an inorganic
matrix to minimize vibrational losses is a possible route to truly achieving high emission
efficiency. This would also protect pnictide atoms from oxidation, which is most likely the basis
for quenching when exposed to air. The challenge here would be to complete the encapsulation
without disturbing the structure, as the added rigidity of the matrix would force a stringent
framework for atomic arrangements. While a sincere challenge to synthesis and fabrication, this

encapsulation could result in impressive emission characteristics without degradation.
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APPENDIX A: CRYSTALLOGRAPHY DETAILS

Full crystallographic data for the In2sP13(02CCH>CsHsC(CH3)3)39 cluster.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

Completeness to theta = 25.027°

C480 H595 F4 In26 O79 P13
11092.45

100(2) K

0.71073 A

Monoclinic

P21/n

a=44.699(3) A a=90°,
b=124.8681(14) A b= 107.109(3)°.
c=49.437(3) A g = 90°.
52521(5) A3

4

1.403 Mg/m3

1.221 mm-1

22448

0.320 x 0.130 x 0.100 mm3

0.947 to 25.027°.

-53<=h<=53, -29<=k<=29, -58<=1<=58
181658

92324 [R(int) = 0.0559]

99.5 %
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Refinement method

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

Final R indices [[>2sigma(I)]

R indices (all data)

Largest diff. peak and hole

Full-matrix least-squares on F2

92324 /49441 / 6275

1.162
R1=0.1391, wR2 =0.2798

R1=0.1749, wR2 = 0.2963

2.337 and -1.440 e.A-3

Full crystallographic data for the In2sAs1s(O2CCH>CsHs)24(P(CH>CH3)2CsHs)s cluster.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z
Density (calculated)

Absorption coefficient
F(000)

Crystal size

C222 H213 As18 In26 048 P3
8075.70

100(2) K

0.71073 A

Monoclinic

P 2i/c

a=36.9693) A a=90°.
b=20.6296(18) A b=103.421(4)°.
c=36.014(4) A g=90°.
26716(4) A3

4

2.008 Mg/m3

4.489 mm-1
15368
0.070 x 0.060 x 0.050 mm3
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Theta range for data collection 1.133 to 24.407°.

Index ranges -44<=h<=44, -24<=k<=24, -43<=]<=43
Reflections collected 43904

Independent reflections 43904 [R(int) = 0.2442]

Completeness to theta = 24.407° 99.9 %

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 43904 /10248 /2775

Goodness-of-fit on F2 1.091

Final R indices [I>2sigma(])] R1=10.1409, wR2 = 0.2368

R indices (all data) R1=0.3388, wR2 =0.2802

Largest diff. peak and hole 2.610 and -1.360 e¢.A-3
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