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Chemical manufacturing accounts for 10% of total global energy consumption and 7% of
greenhouse emissions. Thermodynamically uphill reactions may be driven by photoredox catalysts
under ambient conditions, converting solar to chemical energy. Semiconductor quantum dots
(QDs) are efficient photoredox catalysts due to their high absorptivity and easily tuneable redox
potentials. They are routinely used in the hydrogen evolution reaction, but there remains much to
be understood when applying QDs to organic synthesis. In this work, we present several strategies
to synthesise more active QD photocatalysts for organic reactions via modulation of the
semiconductor interface.

In the first chapter, we explore catalyst speciation under reaction conditions and elucidate a
mechanism for unwanted reactions happening at the catalyst surface that affect its stability. In the

second chapter, we make more stable and active catalysts via ligand shell engineering using charge



transfer mediators. In the third chapter, we use infrared (IR) spectroscopy to measure relative
binding energies of common aliphatic ligands on nanocluster surfaces, which appear to be more
labile than previously thought. Lastly in chapter four, we make anisotropic heterostructures with
long-lived excited states and study their optoelectronic properties and charge transfer rates to
molecular acceptors. This work increases our atomistic understanding of mechanisms involved in
QD organic photoredox catalysis and provides design principles for making stable and more active

catalysts.
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Chapter 1. Introduction

1.1 PHOTOREDOX CATALYSIS

The photocatalysis process is generally understood as the absorption of light by a catalyst to
form an excited state, interaction of the excited state with a reaction partner to form a high-energy
intermediate, the induction of a chemical transformation by the reaction intermediate, finally
followed by regeneration of the catalyst after each cycle of interaction. There are slight nuances
depending on the thermodynamics of the chemical transformation being catalysed — if the reaction
is thermodynamically uphill (AG > 0), the process is technically defined as “photosynthesis™ and
if the reaction is downhill (AG <0), the process is a “photocatalysis” (Figure 1.1), however the
term has come to be used interchangeably.® Examples of important thermodynamically uphill
reactions studied include water splitting, carbon dioxide reduction, and nitrogen fixation in solar

to chemical energy fuels conversion.?

(@) Uphill process (b) Downhill process

G reactants*

Thermodynamically unfavorable Thermodynamically favorable

Figure 1.1. Thermodynamics of uphill and downhill photocatalysis: (a) uphill process; (b) downbhill
process. Reprinted with permission from reference (1). Copyright 2018 American Chemical
Society.



When the interaction between the photo-excited state of a catalyst and a reaction partner is in
the form of a single electron transfer, the process is now specified as photoredox catalysis. Since
the absorption of light generates an excited electron-hole pair, photoredox catalysts can do
oxidation and reduction chemistry. Challenging reactivity can be accessed by tuning the redox
potentials of the catalyst. The most common photoredox catalysts can be grouped into three classes
of materials — organic dyes, transition metal complexes, and semiconductors. Work pioneered by
Macmillan, Knowles, and Yoon, to name a few, has led to rapid advancement of transition metal
complexes as photoredox catalysts for organic synthesis.® The most commonly used polypyridyl
complexes of ruthenium (11) or iridium (111) absorb visible light to generate a singlet excited state
that rapidly undergoes intersystem crossing to the triplet excited state. The triplet state is long-
lived, up to microseconds, allowing more efficient electron transfer with substrates to generate

high-energy radical intermediates.

1.2 QDsAND HYDROGEN EVOLUTION REACTION

This work has paved the way for the development of quantum dots (QDs) as photoredox
catalysts. QDs are semiconductor nanoparticles that are quantum-confined in three dimensions,
leading to discrete energy levels near the band edges. The general processes involved in charge
transfer are similar to transition metal complexes. The QD undergoes light absorption, charge
separation to generate the QD excited state, followed by charge transfer. Sometimes, sacrificial
guenchers may be used for charge balancing purposes, or sometimes a redox neutral reaction can
be catalysed. When a QD is photoexcited, there are a number of possible relaxation pathways — 1)
intraband relaxation (Auger recombination, exciton-phonon coupling, ligand vibronic coupling),

2) carrier trapping, and 3) electron-hole recombination (Figure 1.2).# Radiative and non-radiative



recombination pathways directly compete with charge transfer. QDs boast several properties that
make them good photoredox catalysts — 1) highly tuneable band edge potentials allowing for
difficult reactivity, 2) high extinction coefficients allowing low catalyst loading, and 3) broad

absorption profiles, allowing catalysis that spans visible to infrared light.>

Figure 1.2. Diagram of relaxation pathways for a photo-excited QD — 1) intraband relaxation, 2)
carrier trapping, 3) electron-hole recombination.

One of the most studied reactions using QDs as photoredox catalysts is the hydrogen evolution
reaction (HER), involving the 2-electron 2-proton reaction to form hydrogen gas. QDs are
commonly used as a photosensitiser to transfer electrons to molecular co-catalysts made of earth-
abundant transition metals that perform the proton reduction instead (Figure 1.3).%" A sacrificial
hole quencher is used to maintain charge balance. More complex architectures such as CdS
nanorods tipped with platinum or other metals have shown efficient charge separation with
electrons migrating to the metal tip.2° The tip acts as an electron sink and the active site for HER.
Ligand shell engineering has been shown to improve activity when QDs are ligated with hole-

quenching ligands, as this is commonly accepted as the rate-limiting step for HER.1%!
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Figure 1.3. Schematic of photocatalytic proton reduction with a QD, illustrating relevant
photoinduced charge transfer processes necessary to the photocatalytic process: electron transfer
(ET) to the catalyst and hole transfer to a molecular acceptor (A), to maintain charge balance in
the system following ET. Ligands typically coat the surface of the QD to maintain colloidal
stability, with a common ligand, mercaptopropionic acid, shown here. Reprinted from reference
12 with the permission of AIP Publishing.
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1.3 QDs AND ORGANIC PHOTOREDOX CATALYSIS

Beyond HER, QDs are gaining momentum as homogeneous photoredox catalysts for more
complex organic reactions (Figure 1.4). The field began with ZnS QD-catalysed reactions,*>*4 then
progressed to CdS as a more visible light-absorbing catalyst that still maintained very reducing
and oxidising band edges.*>!® The field really took off in the mid-2010s when Weiss and Weix
almost simultaneously demonstrated that cadmium chalcogenide QDs were capable of driving
carbon-carbon coupling reactions.'”8 Since then, QDs have also been shown to catalyse alcohol
oxidation,'®*?° dehalogenation,?*?? lignin depolymerisation,®>?* nitro reduction,>>% transfer
hydrogenation,?’” and various polymerisation reactions.?®?® There have also been examples using
more benign and lower energy-absorbing InP/ZnS* and CulnS23! as well as nanorods as

catalysts.3233
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Figure 1.4. Number of publications about QD photoredox catalysis for organic synthesis since
2000.

Compared to HER, much less is understood about what makes a good catalyst, what are the
mechanisms for charge transfer, and what is happening to the catalyst for QD organic photoredox
catalysis. There are many similar concepts to HER, but organic reactions are far more complex,
with bulkier reagents, more complicated reaction mechanisms, and consequently more unwanted
side products. We can also gain information from spectroscopic studies of QDs with molecular
acceptors, but often effects may be specific to the reaction being catalysed. Nevertheless, there are
some strategies for improving QD catalysts that are generally well accepted. For instance, several
studies indicate that the sterics of the ligand shell are important for substrate access to the QD
surface for charge transfer.1®243% Heterostructures such as core/shells and dot-in-rods have also
begun to be used because they have longer excited state lifetimes due to good charge separation of

electrons and holes.323°



1.4 THISWORK

In this dissertation, we catalyse a model reaction with the goal of understanding catalyst
evolution and elucidating a mechanism for reactions occurring to the surface of a quantum dot
with implications for stability. We also utilise a model reaction to improve the activity and stability
of a QD catalyst via a charge-shuttling ligand shell. We employ infrared (IR) spectroscopy to show
that the ligand shell is more labile than previously thought, which has implications for catalysis.
Finally, we design complex anisotropic heterostructures, probe their intrinsic optoelectronic

properties and compare charge transfer between two different morphologies.
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Chapter 2. Is Quantum Dot Photocatalysis Really Homogeneous?

2.1 INTRODUCTION

Cadmium chalcogenide quantum dots have been the material of choice for visible light
photoredox catalysis largely due to their wide band gaps, tuneable band edge potentials, and high
absorptivity, making them suitable for both reduction and oxidation reactions.! CdSe and CdS have
bulk band gaps of 1.7 eV and 2.4 eV respectively and may both be tuned across the visible
spectrum. However, CdS is the preferred photocatalyst when trying to access more difficult
reactivity or higher turnover frequency due to its greater driving force for charge transfer. In
addition, CdS nanocrystals of both dot and rod morphologies have been demonstrated as viable
catalysts of several organic reactions.?®

However, CdS catalysts are susceptible to photo-degradation, which significantly hinders
catalytic activity and the practical implementation of this system at scale. The photocorrosion of
CdS catalysts in aqueous conditions has been well documented.*® It is thought that there are two
main pathways of irreversible photo-oxidation — 1) accumulation of excess holes leading to
elemental sulphur formation and leached cadmium ions (equation 2), and 2) the reactivity of
surface sulphides with molecular water or oxygen to form sulphates (equation 3).* Strategies to
alleviate this decomposition focus on rapidly extracting photogenerated holes to prevent their
reactivity with S in the lattice, such as constructing heterojunctions with metal oxides or metal
catalysts.® These strategies have been shown to not only confer stability but also enhance activity.

CdS +hv — e +h* (eq. 1)
CdS + 2H,0 — Cd?*(aq) + S + Hz + 20H™ (eq. 2)

CdS + 20, — Cd?* + SO4% (eq. 3)
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In non-aqueous colloidal systems, photocorrosion has also been observed, however the
phenomenon is less understood and studied. Changes in QD colour and evidence of aggregation
have been observed that appear to be alleviated by the addition of excess capping ligand.” Increases
in QD absorbance scattering have also been observed after catalysis or under illumination with
common hole quenchers such is N,N-diisopropylethylamine (DIPEA).?8 In a study by Bartlett et
al, the photo-oxidation of benzylamine by CdS was studied and XPS measurements showed that
surface SO4% increased under inert conditions.® There remains a lack of understanding and
characterisation of QD degradation during organic photocatalysis, and likewise a lack of catalyst
recyclability studies. The problem is usually alleviated by using a high loading of catalyst, making
these systems inefficient and difficult to scale.

In this work, we use a simple dehalogenation model reaction catalysed by CdS QDs to
characterise the photo-decomposition product and propose a mechanism of QD degradation during
photocatalysis. We find that concurrent with the formation of product, there is ligand etching,
leading to loss of colloidal stability, and also cadmium reduction to form metal deposits
measurable by XRD. We also see evidence of surface sulphide oxidation to sulphates. We propose
that these are QD surface-localized reactions resulting from an imbalance of charge carriers during
the constant flux of catalysis. With this new understanding of catalyst speciation, we can design

more stable catalysts and gain a more atomistic understanding of QD photocatalysis.

2.2 CdS DEGRADATION DURING PHOTOCATALYSIS

We chose a reductive dehalogenation model reaction studied by the Koénig group.® The
proposed mechanism (Scheme 2.1) is photoexcitation, followed by reductive quenching of the hole

by DIPEA to generate a charged, anionic QD. Next, a single electron transfer to the aryl ring of
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the substrate 2-bromobenzonitrile occurs with C-X bond cleavage being triggered, forming
bromide as a leaving group. Finally, the radical abstracts an H atom from DIPEA or solvent to

form the product, benzonitrile.
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Scheme 2.1. Proposed mechanism of reductive dehalogenation of 2-bromobenzonitrile (blue) by
CdS QDs with DIPEA as a sacrificial hole quencher.
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Scheme 2.2 Optimised reaction conditions for photocatalysis.

We first attempted to recreate literature conditions using 5 nm oleate-capped CdS QDs as our
catalyst instead of ZnSe/CdS. We observed full conversion of 2-bromobenzonitrile to benzonitrile
after 24 hours but found that a large amount of grey-black precipitate accumulated after catalysis
(Figure 2.7). We lowered the catalyst loading from the reported number of 0.6 mol % (or 320
nmol) to 0.006 mol % under optimised conditions (Scheme 2.2). At this lower loading, we again

observed a large amount of precipitation accompanied by full depletion of the CdS absorbance
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during catalysis (Figure 2.1B). We monitored substrate conversion over time by H NMR
spectroscopy (Figure 2.8) and found that catalysis does not seem to slow down despite
precipitation (Figure 2.1A). We report an impressive TOF of 0.67 s, however this number
becomes less meaningful if the catalyst is evolving over time. We observed no product formation

in the absence of light or QD.
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Figure 2.1. Conversion of 2-bromobenzonitrile to benzonitrile over time. (A) Quantification by *H
NMR spectroscopy. (B) Image showing complete depletion of CdS absorbance accompanied by
black precipitate formation over time (left to right).

We next analysed the precipitate by powder X-ray diffraction (XRD). From Figure 2.2 (panel
A), we can still observe the broad features of zinc blende CdS nanocrystals with sharp features
growing in on top of the CdS signal. We can calculate the crystalline domain sizes of CdS using
the Scherrer equation and we find that the CdS domains are ~ 3 nm (Table 2.1). It appears that the

CdS remains nanocrystalline but may have been etched slightly from their original size of ~5 nm.

We corroborate this with evidence of ligand etching during catalysis by *H NMR spectroscopy
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(Figure 2.9). The persistence of nanocrystalline CdS is consistent with the observation of
continuous product formation. We analysed two later time points (panel B) and clearly observe
the formation of crystals of diisopropylammonium bromide (DIPAB). This confirms the
mechanism of H atom abstraction from DIPEA to form an iminium ion, followed by hydrolysis to
form the ammonium salt.?® By *H NMR spectroscopy, we see the ammonium protons as a wide

peak at later time points and acetone as a hydrolysis by-product (Figure 2.10).
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Figure 2.2. XRD patterns of precipitate over the course of the reaction. (A) Precipitate from 0-7
hours. (B) Precipitate showing formation of DIPAB salt. (C) Precipitate showing formation of
cadmium metal using DIPEA or tripropylamine as the hole quencher for the reaction.

Lastly, we observe a significant amount of cadmium metal in the precipitate (Panel C). If we
use a different quencher tripropylamine, as expected we no longer see the DIPAB salt, but we still
observe clear formation of cadmium metal. This tells us that the quencher is not solely responsible
for the formation of metallic cadmium. When we image the reaction mixture after catalysis by
transmission electron microscopy (TEM), we observe faceted microcrystals that primarily co-
localise with cadmium by energy dispersive X-ray spectroscopy (EDS) (Figure 2.3). We therefore
hypothesise that the surface passivating layer of Cd(oleate). etches off during catalysis and leads
to loss of CdS colloidal stability, with either surface cadmium atoms or Cd(oleate). being reduced

to Cd°.
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Figure 2.3. TEM images of reaction mixture after catalysis. (A) Bright field image of faceted
microcrystals formed during catalysis. (B) STEM image of microcrystals. (C) EDS elemental
mapping of microcrystals showing primarily Cd co-localisation.

This mechanism has previously been proposed to occur on the surfaces of QDs that were n-
doped by external reductants.** The authors doped CdSe QDs with excess electrons using a strong
chemical reductant sodium naphthalenide (Na[Ci0Hs]) and saw the dissociation of ligands by
NMR and FTIR spectroscopy. They propose that this occurred via reduction of surface Cd?* sites
to form Cd° deposits with dissociation of the anionic oleate ligands. Evidence of Cd® up to this
point has been invoked but not experimentally measured, other than by colour change.'?!3 Metal
deposits are commonly used as electron sinks for reduction reactions.* Therefore, it is possible
that as more metallic cadmium is formed, they can rapidly extract electrons and become the active
sites for reduction. This can also explain why we never see a decrease in the product formation
rate. In fact, looking at the shape of the curve in Figure 2.1, there may be two regimes — 1) catalysis
by colloidal CdS (up to ~3 hours) followed by 2) catalysis by Cd° and heterogeneous CdS. This
finding adds to our atomic level understanding of the processes occurring on QD surfaces during
catalysis.

We also observe mild sulphur oxidation by X-ray photoelectron spectroscopy (XPS) of our
precipitate after catalysis (Figure 2.4). Since XPS is a surface technique, we hypothesise that these

changes are also occurring on the QD surface. Since our experimental setup is under inert
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conditions, possible sources of oxidation could be accumulated photo-induced holes, the DIPAB

salt by-product, or the oxygen atoms of the ligand binding groups.
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Figure 2.4. Sulphur XPS measurements referenced to carbon. (A) CdS before catalysis and (B)
Precipitate after catalysis.

Notably, these degradation phenomena do not occur in the absence of product formation. If
CdS QDs are illuminated with any singular reagent (DIPEA, ammonium bromide salt, or 2-
bromobenzonitrile), there are slight changes in the absorption spectra that are reversible and the
QDs remain intact (Figure 2.5). We used tetrabutylammonium bromide (TBABTr) as a proxy for
bromide salts formed during the reaction. There are slight changes to the second and third optical
transitions in the presence of DIPEA and TBABTr with a slight increase in scattering (blue and
green). This has previously been seen with surface ligand etching.!® There is also a slight decrease
in absorption in the presence of 2-bromobenzonitrile. These results indicate that the reagents
themselves could react with the surface of the QDs during catalysis.

When CdS QDs are illuminated in the presence of DIPEA and a classic reversible electron

acceptor, methyl viologen MV?2*, complete degradation of the QDs is also observed (Figure 2.5).
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This tells us that a complete turnover cycle of hole quenching and electron extraction is necessary

to observe these effects, although this exact degradation product in this case was not characterised.
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Figure 2.5. lllumination of QDs with reagents. (A) UV-vis absorption of QDs after 2 hours of
illumination under catalytic conditions. (B) Image of reaction mixture of QDs, DIPEA and MV?*
after 2 hours of illumination.

We propose the degradation that we observe is due to the unbalanced accumulation of charge
carriers in the QD during catalysis.'® Specifically for our system, we see greater evidence for an
accumulation of electrons. When CdS is illuminated with DIPEA or 2-bromobenzonitrile alone,
the QD becomes doped,*’ but the system reaches an equilibrium and there is likely back electron
transfer or Auger recombination with minimal chemical change. However, when both DIPEA and
2-bromobenzonitrile are present and the cycle is complete, the generation of product shifts the
equilibrium toward a continuous flux of charges being transferred, leading to charge accumulation
and reactivity to the QD surface. It is also possible that reaction by-products such as DIPAB or
other transient radical species play a role in interacting with / degrading the QD.

Our results elucidate mechanisms by which CdS QDs evolve during photocatalysis. We

primarily see the effects of electron accumulation resulting in ligand etching and cadmium metal
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formation. We also see slight photo-oxidation effects as S becomes S and SO.4?" at the QD surface.
This also highlights that there are many chemical reactions that can occur on the surface of QDs
during catalysis, so charge carriers involved in charge transfer are not necessarily always excitonic
or band-edge in nature. There is a growing amount of evidence that shows that photo-excited
charges localise at surface states before being extracted.'®2° This is extremely plausible given the
poor luminescence of our material, the abundance of trap states, and the fast rates of charge
trapping observed in CdS QDs.?

We also highlight the need for more rigorous benchmarking of QD catalysts in this field and
show that QD photocatalysis is often a “black box” with many side reactions that are not well
understood. Given our results, it makes sense that adding in excess ligand to re-passivate the
surface can prevent degradation, but a more atom economic method is still desired. In terms of
designing better catalysts, a thin shell that does not impede extraction of either electron or hole
may be beneficial, but the shell may be subject to the same degradation pathways as a core-only
QD. One method of designing QDs that stands out as potentially beneficial for catalysis and
stability is the “ligand locking” method reported by several groups.?22 If the catalyst can withstand
the flux of charge transfer and maintain its structure, then we can achieve a system that is both

recyclable and scalable.

2.3 CONCLUSIONS

This work demonstrates QD photocatalyst degradation pathways that remain under-reported.
We show that a complete catalytic cycle leads to the etching of CdS QD surfaces, loss of colloidal
stability, and the formation of micro-crystalline cadmium metal that may serve as active sites for

substrate reduction. We also show surface sulphide oxidation to sulphur and sulphates. This work
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pushes the community toward a more atomistic understanding of the processes that can occur on
the QD surface during photocatalysis and can help us design more stable catalysts that are highly

active and scalable.

2.4 EXPERIMENTAL

241  Materials

All experiments, unless otherwise noted, were performed under an inert N2 atmosphere using
a glovebox or standard Schlenk techniques. All glassware was dried in a 160 °C oven overnight
prior to use. Oleic acid (90%), anhydrous hexadecane (>99%), tetramethylthiourea (98%),
biphenyl (99.5%), diphenyl ether (98%), anhydrous methanol (99.8%), 2-bromobenzonitrile
(99%), N,N-Diisopropylethylamine, tripropylamine (>98%), paraquat dichloride hydrate, were
purchased from MilliporeSigma and used as received. Tetrabutylammonium bromide (99+%) was
purchased from Fisher Scientific and used as received. Benzene-D6 (D, 99.5%) was purchased
from Cambridge Isotope Lab and purified by distillation and stored over activated 4 A molecular
sieves. Toluene (HPLC grade) was purchased from Fisher Scientific, purged with argon, and stored
over activated 4 A molecular sieves. Royal-Blue (448nm) Rebel LEDs were purchased from

Luxeon Star LEDs.

2.4.2  Synthesis of CdS QDs

The procedure was modified from Hamachi et al.?* In a 250 mL 3-neck flask, degas cadmium
oleate (1.215 g, 1.8 mmol), technical grade oleic acid (1.15 mL, 3.6 mmol) and hexadecane (60
mL) for ~1 hr under vacuum at 90 °C. Meanwhile, dissolve tetramethylthiourea (0.198 g, 1.5

mmol) in biphenyl/diphenyl ether (3 mL). Under N2, raise temperature of reaction flask to 230 °C.
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Swiftly inject sulphur precursor solution and monitor reaction by UV-vis absorption spectroscopy.
Quench reaction when absorbance profile stops changing by removing the flask from heat. This
reaction proceeded for 2.5 hr. To purify the particles, vacuum distill off hexadecane. Re-dissolve
particles in toluene and precipitate with methanol for a total of three rounds of purification.
Perform one final centrifuge spin in toluene and filter dissolved QDs through 0.45 um PTFE filter.
The QDs were quantified using a sizing curve established by Yu et al.?® The dots were 4.5 nm with
an absorbance maximum at 454 nm, an emission maximum at 470 nm and a broad trap emission
feature centred at 720 nm, and low/negligible photoluminescence quantum yield (~2 %) (Figure

2.6). The crystal phase was found to be zinc blende by XRD.
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Figure 2.6. Properties of oleate-capped CdS QDs. (A) Absorption and photoluminescence spectra.
(B) TEM image. (C) XRD pattern.
2.4.3  Photocatalysis

A scintillation vial was prepared with 0.56 nmol of CdS QDs (0.006% loading), 2-
bromobenzonitrile (0.00875 mmol, 1.59 mg), 700 uL CsDe and DIPEA (0.07 mmol, 9 mg). The
vial was sealed and entirely wrapped with electrical tape and illuminated with a 450 nm LED at
1W (700 mA). The solution was transferred to an NMR tube and quantified by the integral ratio

between product and starting material.
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Figure 2.7. *H NMR of reaction mixture after 24 hours at literature conditions. NMR shows full

conversion to product along with oleate signal between 5-6 ppm. Inset shows formation of black
precipitate after catalysis. CsDs, 500 MHz, d1=10s.
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Figure 2.8. 'H NMR of reaction progress at 0.006 mol% loading under optimised conditions

showing disappearance of starting material (blue) and growth of product (yellow) over time. CeDs,
500 MHz, d1=2s.
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Figure 2.9. 'H NMR before catalysis (blue) and after catalysis (red) showing increase in unbound
oleate peak concurrent with the formation of product. C¢De, 500 MHz, d1=10s.
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Figure 2.10. 'H NMR over the course of the reaction showing (A) DIPAB ammonium proton (blue)
and (B) acetone by-product (yellow). C6D6, 500 MHz, d1=2s.

2.4.4  XRD and Scherrer analysis

Crystallite sizes were estimated from powder XRD patterns using Scherrer equation below,

where K = 0.94, L = 1.5406 A, p = FWHM, 0 = Bragg angle, and 1 is the mean size of ordered

crystalline domains.

K2
t= BcosO
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Table 2.1. Crystallite sizes of CdS over the course of the reaction calculated by XRD Scherrer
equation.

Time (hour) Crystallite size (nm)
0 4.5
1.5 3.4
2 2.9
5 2.9
6 3.1
7 2.7
48 (tripropylamine) 2.1

2.45  Characterisation methods

UV-Vis spectra were collected on a Cary 5000 spectrophotometer from Agilent. Fluorescence
spectra were collected on a Horiba Jobin Yvon FluoroMax4 fluorescence spectrophotometer. H
NMR spectra were collected on a 500 MHz Bruker Avance spectrometer. TEM images were
collected on an FEI Tecnai G2 F20 microscope. Powder XRD diffraction patterns were collected
on solid films drop-cast onto a Si wafer by using a Bruker D8 Discover diffractometer. X-ray
photoelectron spectroscopy (XPS) was conducted on a Surface Science Instruments S-Probe. The
pass energy for high-resolution spectra was 50 eV, with a data point spacing of 0.065 eV. All

spectra were calibrated to align carbon peak intensities at 285 eV.

2.5 REFERENCES

1) Yuan, Y.; Jin, N.; Saghy, P.; Dube, L.; Zhu, H.; Chen, O. Quantum Dot Photocatalysts for
Organic  Transformations. J.  Phys. Chem. Lett. 2021, 12 (30), 7180-7193.
https://doi.org/10.1021/acs.jpclett.1c01717.

2 Widness, J. K.; Enny, D. G.; McFarlane-Connelly, K. S.; Miedenbauer, M. T.; Krauss, T.
D.; Weix, D. J. CdS Quantum Dots as Potent Photoreductants for Organic Chemistry Enabled by
Auger  Processes. J.  Am. Chem. Soc. 2022, 144 (27), 12229-12246.
https://doi.org/10.1021/jacs.2c03235.

23



3) Sha, Y.; Lin, X.-M.; Niklas, J.; Poluektov, O. G.; Diroll, B. T.; Lin, Y.; Wen, J.; Hood, Z.
D.; Lei, A.; Shevchenko, E. V. Insights into the Extraction of Photogenerated Holes from
CdSe/CdS Nanorods for Oxidative Organic Catalysis. J. Mater. Chem. A 2021, 9 (21), 12690—
12699. https://doi.org/10.1039/D1TA01124C.

4) Weng, B.; Qi, M.-Y.; Han, C.; Tang, Z.-R.; Xu, Y.-J. Photocorrosion Inhibition of
Semiconductor-Based Photocatalysts: Basic Principle, Current Development, and Future
Perspective. ACS Catal. 2019, 9 (5), 4642-4687. https://doi.org/10.1021/acscatal.9b00313.

5) Ning, X.; Lu, G. Photocorrosion Inhibition of CdS-Based Catalysts for Photocatalytic
Overall Water Splitting. Nanoscale 2020, 12 (3), 1213-1223.
https://doi.org/10.1039/CONR09183A.

(6) Cheng, L.; Xiang, Q.; Liao, Y.; Zhang, H. CdS-Based Photocatalysts. Energy Environ. Sci.
2018, 11 (6), 1362—1391. https://doi.org/10.1039/C7EE03640.J.

(7 Caputo, J. A.; Frenette, L. C.; Zhao, N.; Sowers, K. L.; Krauss, T. D.; Weix, D. J. General
and Efficient C—C Bond Forming Photoredox Catalysis with Semiconductor Quantum Dots. J. Am.
Chem. Soc. 2017, 139 (12), 4250-4253. https://doi.org/10.1021/jacs.6b13379.

(8) Pal, A.; Ghosh, I.; Sapra, S.; Konig, B. Quantum Dots in Visible-Light Photoredox
Catalysis: Reductive Dehalogenations and C—H Arylation Reactions Using Aryl Bromides. Chem.
Mater. 2017, 29 (12), 5225-5231. https://doi.org/10.1021/acs.chemmater.7b01109.

9) DiMeglio, J. L.; Bartlett, B. M. Interplay of Corrosion and Photocatalysis During
Nonaqueous Benzylamine Oxidation on Cadmium Sulfide. Chem. Mater. 2017, 29 (17), 7579-
7586. https://doi.org/10.1021/acs.chemmater.7b02899.

(10)  Yue, W.-J.; Day, C. S.; Brenes Rucinski, A. J.; Martin, R. Catalytic
Hydrodifluoroalkylation of Unactivated Olefins. Org. Lett. 2022, 24 (28), 5109-5114.
https://doi.org/10.1021/acs.orglett.2c01941.

(11) Hartley, C. L.; Dempsey, J. L. Electron-Promoted X-Type Ligand Displacement at CdSe
Quantum Dot Surfaces. Nano Lett. 2019, 19 (2), 1151-1157.
https://doi.org/10.1021/acs.nanolett.8b04544.

(12)  Zhao, J.; Holmes, M. A.; Osterloh, F. E. Quantum Confinement Controls Photocatalysis:
A Free Energy Analysis for Photocatalytic Proton Reduction at CdSe Nanocrystals. ACS Nano
2013, 7 (5), 4316-4325. https://doi.org/10.1021/nn400826h.

(13) McClelland, K. P.; Weiss, E. A. Selective Photocatalytic Oxidation of Benzyl Alcohol to
Benzaldehyde or C—C Coupled Products by Visible-Light-Absorbing Quantum Dots. ACS Appl.
Energy Mater. 2019, 2 (1), 92-96. https://doi.org/10.1021/acsaem.8b01652.

24



(14) Wu, K.; Chen, Z.; Lv, H.; Zhu, H.; Hill, C. L.; Lian, T. Hole Removal Rate Limits
Photodriven H2 Generation Efficiency in CdS-Pt and CdSe/CdS-Pt Semiconductor Nanorod—
Metal Tip Heterostructures. J. Am. Chem. Soc. 2014, 136 (21), 7708-7716.
https://doi.org/10.1021/ja5023893.

(15) Anderson, N. C.; Hendricks, M. P.; Choi, J. J.; Owen, J. S. Ligand Exchange and the
Stoichiometry of Metal Chalcogenide Nanocrystals: Spectroscopic Observation of Facile Metal-
Carboxylate Displacement and Binding. J. Am. Chem. Soc. 2013, 135 (49), 18536-18548.
https://doi.org/10.1021/ja4086758.

(16) Wang, J.; Ding, T.; Wu, K. Electron Transfer into Electron-Accumulated Nanocrystals:
Mimicking Intermediate Events in Multielectron Photocatalysis Il. J. Am. Chem. Soc. 2018, 140
(32), 10117-10120. https://doi.org/10.1021/jacs.8005942.

(17)  Shulenberger, K. E.; Keller, H. R.; Pellows, L. M.; Brown, N. L.; Dukovic, G.
Photocharging of Colloidal CdS Nanocrystals. J.  Phys. Chem. C 2021.
https://doi.org/10.1021/acs.jpcc.1c06491.

(18)  Prather, K. V.; Stoffel, J. T.; Tsui, E. Y. Redox Reactions at Colloidal Semiconductor
Nanocrystal Surfaces. Chem. Mater. 2023, 35 (9), 3386—-3403.
https://doi.org/10.1021/acs.chemmater.3c00481.

(19) Wu, K.; Du, Y.; Tang, H.; Chen, Z.; Lian, T. Efficient Extraction of Trapped Holes from
Colloidal CdS Nanorods. J. Am. Chem. Soc. 2015, 137 (32), 10224-10230.
https://doi.org/10.1021/jacs.5b04564.

(20) Olshansky, J. H.; Balan, A. D.; Ding, T. X.; Fu, X.; Lee, Y. V.; Alivisatos, A. P.
Temperature-Dependent Hole Transfer from Photoexcited Quantum Dots to Molecular Species:
Evidence for Trap-Mediated Transfer. ACS Nano 2017, 11 (8), 8346-8355.
https://doi.org/10.1021/acsnano.7b03580.

(21)  Shulenberger, K. E.; Jilek, M. R.; Sherman, S. J.; Hohman, B. T.; Dukovic, G. Electronic
Structure and Excited State Dynamics of Cadmium Chalcogenide Nanorods. Chem. Rev. 2023,
123 (7), 3852-3903. https://doi.org/10.1021/acs.chemrev.2c00676.

(22) Loiudice, A.; Segura Lecina, O.; Bornet, A.; Luther, J. M.; Buonsanti, R. Ligand Locking
on Quantum Dot Surfaces via a Mild Reactive Surface Treatment. J. Am. Chem. Soc. 2021, 143
(33), 13418-13427. https://doi.org/10.1021/jacs.1c06777.

(23) Wang, D.; Sheridan, M. V.; Shan, B.; Farnum, B. H.; Marquard, S. L.; Sherman, B. D.;
Eberhart, M. S.; Nayak, A.; Dares, C. J.; Das, A. K.; Bullock, R. M.; Meyer, T. J. Layer-by-Layer
Molecular Assemblies for Dye-Sensitized Photoelectrosynthesis Cells Prepared by Atomic Layer
Deposition. J. Am. Chem. Soc. 2017, 139 (41), 14518-14525.
https://doi.org/10.1021/jacs.7b07216.

25



(24) Hamachi, L. S.; Jen-La Plante, I.; Coryell, A. C.; De Roo, J.; Owen, J. S. Kinetic Control
over CdS Nanocrystal Nucleation Using a Library of Thiocarbonates, Thiocarbamates, and
Thioureas. Chem. Mater. 2017, 29 (20), 8711-8719.
https://doi.org/10.1021/acs.chemmater.7b02861.

(25  Yu, W. W.; Qu, L.; Guo, W.; Peng, X. Experimental Determination of the Extinction
Coefficient of CdTe, CdSe, and CdS Nanocrystals. Chem. Mater. 2003, 15 (14), 2854-2860.
https://doi.org/10.1021/cm034081k.

26



Chapter 3. Effect of a redox-mediating ligand shell on photocatalysis by

CdS quantum dots

Significant portions of the following chapter have previously been published.?

3.1 INTRODUCTION

As discussed in Chapter 1, upon photo-excitation, QDs can undergo 1) intraband relaxation,
2) rapid charge carrier trapping, or 3) electron-hole recombination. Radiative and non-radiative
recombination directly compete with charge transfer. As-synthesised CdS QDs typically have low
photoluminescence quantum vyields (PLQY) and a large trap emission feature due to under-
passivated surface atoms.? With this high density of trap states, holes (< 10 ps) and electrons (<
100 ps) trap rapidly.® It is still possible to extract these trapped holes and electrons before they
recombine (< 100 ns).* In fact, trap-mediated transfer is often observed and can occur on the order
of < 5 ns.>® Charge transfer rates have also been found to be proportional to driving force. For
both electrons and holes, the Marcus-inverted regime has not been observed. An Auger-assisted
mechanism has been proposed to explain this observation.>"8

The ligand shell may be engineered to improve catalysis. It is known that ligand shell sterics
play a large role in charge transfer kinetics — Kuwubata et al showed that with decreasing ligand
chain length, the rate of electron transfer to benzoquinone increased, as measured by
photoluminescence quenching.® The authors rationalised that the ligand shell contained “voids”
where acceptors could adsorb onto the particle and decrease the distance to the QD core. A patchier

ligand shell with more “voids” or sites for adsorption lead to increased rates of electron transfer.
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This has been demonstrated in catalysis where it is generally accepted that shorter ligands can
increase the rate of the reaction due to a decreased physical and energetic barrier (tunnelling).® In
addition, permeable ligand shells that are either comprised of mixed ligands or have lower ligand
density have been shown to improve catalysis by facilitating better substrate access to the QD
surface.'>2 However, when approaching the limit of short ligands, a balance must be maintained
between transferring charges and maintaining colloidal stability.

The electronic properties of the ligand shell can also be engineered to increase the rate of
charge extraction. Hou et al showed that in InP/ZnS QDs, shorter chain thiol ligands better
passivate electron traps.'® With a lower density of trap states, hot electrons in the conduction band
are longer lived, and the rate of electron transfer to acceptor molecule anthraquinone was doubled.
In HER, it has been extensively shown that using electron-donating (hole-quenching) ligands such
as thiols or chalcogenide anions can dramatically increase the rate of hydrogen production®+1
because hole-quenching is commonly regarded to be the rate-limiting step.t”® This concept has
yet to be demonstrated in organic systems.

Charge-shuttling ligands could therefore rapidly trap charge carriers, minimise the overlap of
electron and hole wavefunctions, extend the excited state lifetime, and increase the probability of
charge transfer.!® We hypothesise that these charge shuttles, which are commonly used in fuel cells
and electrocatalysis,?® could lower the kinetic barrier for charge extraction via two fast steps
instead of one slow step. As demonstrated in Chapter 2, if electrons or holes are allowed to
accumulate in CdS QDs, the surface can degrade to form Cd° and SO+, with ligand etching and
loss of colloidal stability. We also hypothesise that QD stability can be improved with redox

mediator ligands. Having the catalytic reaction happen at the ligand instead of at the inorganic
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surface could prevent the QD degradation. Lastly, since the ligands accept charge reversibly, they
would not undergo any chemical change that also causes loss of colloidal stability.

In this work, we ligated the surface of CdS QDs with a series of hole-accepting ligands
(ferrocene carboxylic acid derivatives) and electron-accepting ligands (phenazine derivative) and
evaluated their effects on photocatalysis and QD stability. We find that the hole-accepting ligands
hinder catalysis but are good for stability, except in a low coverage regime where a dynamic ligand
shell modestly improves catalysis. We find that trapping the electron on a ligand generates a long-

lived, charge separated state that improves the rate of hole transfer and overall rate of reaction.

3.2  LIGAND EXCHANGES ON CdS QUANTUM DOTS

3.2.1  Ferrocene carboxylic acids
We chose a series of ferrocene carboxylic acid derivatives — 1,1-ferrocenedicarboxylic acid
(Fc-(COOH),), ferrocenecarboxylic acid (Fc-COOH) and ferroceneacetic acid (Fc-CH,COOH) —
to construct a general hole-shuttling ligand shell. Ferrocenes have long been established as
effective hole acceptors on photoexcited QDs.>?%2® Ferrocenes have also been demonstrated as
viable redox mediators or catalysts in various systems due to their clean redox reversibility.?+?°
Even though thiols are commonly used as strongly-binding hole quenchers, we chose not to use
thiol derivatives because they can easily undergo irreversible oxidation to form disulphides.
We verified the binding of our Fc ligands using cyclic voltammetry (CV). Our group has
previously demonstrated that this technique is a viable tool for calculating equilibrium binding
constants of redox-active ligands to QD surfaces.?® We see from titrating in QDs that all three

ligands exchange with native oleate ligands. This is demonstrated by the lower current as more
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CdS QDs are added, indicating a decreased diffusion coefficient for Fc as it goes from a freely

diffusing molecule to a bound ligand on a much heavier QD (Figure 3.1).
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Figure 3.1. CVs of 1 mM (A) Fc-(COOH)z, (B) Fc-COOH, and (C) Fc-CH>COOH titrated with
0.024 equivalents of CdS QDs (black arrow); 0.15 M [NBu4][PF6], THF, glassy carbon working,
Pt auxiliary, and Ag pseudo reference electrodes, 10 mV/s.

We can fit equilibrium binding constants for both the reduced and oxidised forms of Fc
and we find that both forms bind to the surface (Table 3.1). This is critical to our hypothesis of
redox-mediating ligands conferring stability to QD photocatalysts. We also note that the three
ligands have very different binding strengths in the order of Fc-(COOH)2 > Fc-CH.COOH > Fc-
COOH. Intuitively, Fc-(COOH): is the strongest binder with two carboxylic acid groups. Lastly,
we observe that the redox potentials of the ligands do not change when bound. The redox potentials
for Fc-(COOH)2, Fc-COOH and Fc-CH2COOH are found to be 0.4 V, 0.29 V, and 0 V vs Fc

respectively.

Table 3.1. Equilibrium binding constants for reduced and oxidised forms of Fc ligands to CdS.

Fc-(COOH), | Fe-COOH | Fe-CH,COOH
4 2 3
K, (Fe/CdS) 3.99x 10 328 x 10 1.7x 10
+ 4 2 3
K, (Fc /CdS) 1.3x10 7.94x 10 1.16x 10
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Since carboxylic acids can bind to the surface in both protonated and deprotonated forms, it
could undergo X-type exchange or L-type assisted Z-type exchange.?’?® This could have
implications on the size of the inorganic core of the nanocrystal and therefore the QD’s absorptive
properties. We exchanged 100 equivalents of Fc ligands onto the surface and saw no changes in

the absorption profile of the QDs (Figure 3.2), thus precluding the possibility of an etched surface.
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Figure 3.2. Absorbance profiles of CdS QDs exchanged with 100 equivalents of Fc ligand and
purified by column chromatography.
3.2.2  Phenazine-1-carboxylic acid

We also ligated our QDs with an electron-accepting ligand, phenazine-1-carboxylic acid, to
test the effect of an electron-shuttling ligand on catalysis. Phenazine-1-carboxylic acid can undergo
two reduction events at -0.88 V and -1.64 V versus ferrocene respectively (Figure 3.3C). We can
confirm binding to the surface by *H NMR spectroscopy by monitoring the evolution of unbound

oleate ligands when titrating in increasing amounts of phenazine (Figure 3.3B).
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Figure 3.3. (A) Molecular structure of phenazine-1-carboxylic acid. (B) *H NMR of titration of
CdS QDs with increasing amounts of ligand showing decreasing bound oleate and increasing
unbound oleate ligands. C6D6, 500 MHz, d1=10s. (C) CV of phenazine-1-carboxylic acid; 0.15
M [NBus][PFs], MeCN, glassy carbon working, Pt auxiliary, and Pt reference electrodes, 100
mV/s.
3.2.3  2-(3,5-di-tert-butylphenyl)acetic acid

Since changing the ligands inherently changes the steric profile of the ligand shell, we also
used a control of a redox-innocent carboxylic acid ligand — 2-(3,5-di-tert-butylphenyl)acetic acid

—to attempt to isolate steric and charge-shuttling effects. We also confirm the binding of this ligand

by *H NMR spectroscopy (Figure 3.4).

OH

O 6.4 6.2 6.0 58 56 54 52 5.0
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Figure 3.4. (A) Molecular structure of 2-(3,5-di-tert-butylphenyl)acetic acid. (B) *H NMR of
tsitration of CdS QDs with increasing amounts of ligand showing decreasing bound oleate and
increasing unbound oleate ligands. C6D6, 500 MHz, d1=10s.
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3.3 CATALYSIS USING REDOX-ACTIVE AND REDOX-INNOCENT LIGANDS

3.3.1  Photocatalytic model reaction

We chose a simple model reaction wherein a photoredox-generated a-amino radical is coupled
to a vinyl sulfone to afford an allylic amine. This reaction was first demonstrated by Macmillan et
al. using a molecular iridium (111) catalyst.?° In 2017, the Weiss group showed that 3.7 nm CdS
QDs were able to catalyse this reaction, with a more “disordered” ligand shell improving
catalysis.* In this reaction, the rate-limiting step has been shown by these groups to be hole
transfer from catalyst to 1-phenylpyrrolidine (PhPyr). This enables us to elucidate the effect of
charge-mediating ligand shells on the rate of hole transfer from QD to substrate and subsequently,
catalytic activity. To form the product, the PhPyr radical loses a proton and attacks at the double
bond position of phenyl trans-beta-styryl sulfone. This radical adduct then accepts an electron from
the QD to regenerate the catalyst and eliminates a phenyl sulfonyl anion to complete the catalytic
cycle (Scheme 3.1). Our catalytic conditions were optimised from Weiss et al (Scheme 3.2), and
we monitored product formation by *H NMR spectroscopy. We observed no product formation in

the absence of QDs.
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Ph\/\so Ph — N Ph
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Scheme 3.1. Proposed reaction mechanism for carbon—carbon coupling of 1-phenylpyrrolidine to
phenyl trans-beta-styryl sulfone based on reports from Noble and Macmillan?® and Zhang et al.**
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Scheme 3.2. Optimised reaction conditions for this study.

3.3.2 Effect of redox-innocent ligand exchange on catalysis

We used 2-(3,5-di-tert-butylphenyl)acetic acid as a control to probe the effect of making
changes to the ligand shell without imparting charge-accepting properties. Since the geometries of
Fc and phenazine are significantly different from oleic acid, we chose a redox-innocent ligand
whose geometry would also significantly perturb the ligand shell. Measuring product formation at
the same time point with increasing coverage of 2-(3,5-di-tert-butylphenyl)acetic acid, we found

that increased coverage improved catalysis (Figure 3.5).
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Figure 3.5. Product quantification after 30 minutes under photocatalytic conditions of CdS QDs
exchanged with increasing equivalents of 2-(3,5-di-tert-butylphenyl)acetic acid.
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3.3.3  Effect of hole-mediating ligands on catalysis

We performed ligand exchanges with 10 equivalents of each Fc ligand and monitored the
progress of the reaction. We observed the slowest reaction rate with Fc-(COOH)2, and mildly
improved catalysis with Fc-COOH and Fc-CH>COOH compared to native CdS (Figure 3.6A). We
also increased the number of Fc’s on the surface and measured product formation at 30 minutes.
We found that as more Fc¢’s are bound in the cases of Fc-COOH and Fc-CH2COOH, product
formation decreased significantly, whereas with increasing Fc-(COOH). coverage, product

formation remained roughly constant (Figure 3.6B).
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Figure 3.6. Catalytic results as a function of ligand identity and surface coverage. (A) Catalysis
results of CdS QDs ligated with ten equivalents of Fc ligands. (B) Catalysis results at 30-min
timepoint of CdS QDs ligated with increasing equivalents of Fc ligands.

3.3.4  Effect of electron-mediating ligands on catalysis

We also ligated our QDs with an electron-accepting ligand, phenazine-1-carboxylic acid. We

observed ~ 4-fold increase in rate of reaction at ten equivalents, with a marginal increase with

35



increasing phenazine coverage (Figure 3.7). Taking the results of all of our ligands together, we

can begin to paint a picture of what factors are affecting catalysis.
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Figure 3.7. Catalytic results using phenazine-1-carboxylic acid (phenazine-COOH) ligand. (A)
Catalysis using CdS dots ligated with ten equivalents of phenazine-COOH. (B) Catalysis results
at 30-min timepoints of CdS dots ligated with increasing equivalents of phenazine ligand.

3.4 RATIONALISING DIFFERENCES IN CATALYSIS

3.4.1  Ligand steric profiles

When you consider the geometry of all ligands used in this study, oleic acid is significantly
the longest (~ 20 A). On the other end of the spectrum, a ferrocene molecule bound on its side is
about one tenth that length (~ 2 A). This means that whenever a molecule of oleic acid is displaced,
a considerable “valley” forms in the ligand shell where substrates can be buried, decreasing the
distance to the inorganic core for charge transfer.® This disorder is generally thought to improve
catalysis and should be increased for all our ligands. Further, ligand exchange typically occurs on

the most reactive facets of the nanocrystal, so a particle’s surface is inhomogeneous and some

regions could have wider valleys.3%32
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We see increased activity for 2-(3,5-di-tert-butylphenyl)acetic acid. This tells us that bulky
ligands displace more native oleate, creating disorder in the shell. We also see major improvements
in catalysis with phenazine-1-carboxylic acid. Since this molecule is a planar aromatic compound,
we would expect some stacking in the ligand shell. For this molecule, the large enhancement in
catalysis could simply be a result of sterics — it remains to be seen whether the ligand’s electron-
accepting properties are also at play.

For the ferrocene ligands, we should see the most improvement in catalysis if we only
considered the sterics argument, since ferrocenes should create the most disordered ligand shell
for substrates to adsorb. However, in the cases of Fc-COOH and Fc-CH2COOH, we only see a
mild improvement at 10 equivalents of coverage, followed by a sharp decrease in activity as
coverage goes up to 50 equivalents. For Fc-(COOH)., the rate of catalysis is slowed at 10
equivalents and remains steady with increasing coverage. This tells us that sterics cannot be the

dominant factor for this series of ligands.

3.4.2  Charge transfer from QD to Fc

We performed transient absorption spectroscopy (TA) to probe the first charge transfer step
of the shuttle from QD to Fc ligand. We collected spectra of CdS, CdS + Fc-(COOH),, CdS + Fc-
COOH and CdS + Fc-CH2COOH in the fs - us regime (Figure 3.8). The TA spectra are consistent
with other reports of QDs. The spectra are composed of ground state bleach (GSB) signatures and
derivative line shapes due to Stark shift. Given the large absorption cross section of CdS compared
to the ferrocene derivatives, no signal is observed relating to any molecular radical cation.
However, the increased rate of recovery of the GSB is indicative of charge extraction from the

QDs.
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Figure 3.8. TA spectra of (A-B) CdS, (C-D) CdS + Fc-(COOH)z, (E-F) CdS + Fc-COOH, (G-H)
CdS + Fc-CH2COOH in the fs - ns regime (left column) and ns - ps regime (right column).
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Table 3.2. Fitted lifetimes from TA spectra.

t, (ps) t, (ps) t, (ns) t, (ns) t; (us)
CdS 3.5+0.1 143 +3 22.2+0.6 172 +4 2.09 +0.08
CdS + Fe-(COOH), 46+0.1 144 £2 4.2+0.1 72 +1 0.81 +£0.02
CdS + Fc-COOH 55+0.1 21143 2.9+0.08 53.4+09 0.44 +0.01
CdS + Fc-CH,COOH 5.7+0.1 187+3 2.1+£0.05 29.3+£0.7 0.232 £0.006
CdS + PhPyr 5.1£0.2 171+ 4 59.7+0.2 290 £ 20 4.0+0.6

All TA data was fit using a decay associated model wherein five wavelengths are fit
simultaneously (375 nm, 396 nm, 415 nm, 430 nm, 468 nm) to produce decay associated spectra
and time constants. The nanoTA data (ns - ps regime) was fit to three exponentials. The femtoTA
data (fs - ns regime) were fit using three (or four) exponentials with the longest (or two longest)
lifetimes fixed from the nanoTA fits. The need for five exponentials is due to distributed kinetics
(e.g. due to particle size inhomogeneity, trap state distribution), which is common throughout QD
literature. The first two lifetimes were approximately the same in all samples and we attribute these
to intrinsic processes such as intraband relaxation and Auger recombination that occur before
charge transfer (Table 3.2). The remaining three lifetimes differed based on the inclusion of Fc
ligand, suggesting that charge extraction is occurring. The lifetimes were converted to rates and
then a weighted average was calculated using the fitted amplitudes as weighting factors. The
lifetimes extracted in the presence of PhPyr did not strongly indicate charge transfer.

In general, the rates extracted for the Fc ligands were on the order of 108 s (Figure 3.9). This
is slower than the hole transfer rate measured by Macdonald et al to a Fe(ll)-dithiocarbamate
ligand,®® but faster than those measured by Olshansky et al to a library of ferrocene thiols.>?® In

our experiments, the rates extracted from TA also increase with more driving force. This is
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consistent with prior reports that do not observe the Marcus-inverted regime for hole (or electron)
transfer from QDs.>3* The TA rates demonstrate that charge is efficiently being transferred from
QD to Fc ligand. To the best of our knowledge, carboxylic acid ferrocene derivatives have not
been previously established as hole quenchers of QDs and may be advantageous compared to

typical Fc-thiols for reasons mentioned previously.
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Figure 3.9. Weighted average charge transfer rates of Fc-(COOH)2 (green), Fc-COOH (blue), and
Fc-CH2COOH (red) fit from TA spectra.

We also utilise photoluminescence quenching to measure charge transfer from QD to Fc. We
found that both excitonic and trap emission were quenched for all three ligands (Figure 3.21).
When Stern-Volmer quenching constants were extracted, we found that the rate constants for all
three Fc ligands were on the same order of magnitude (10°) for both excitonic and trap quenching
(Table 3.3), but with opposing trends (Figure 3.10). There was not significant quenching in the

presence of PhPyr.
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Figure 3.10. Charge transfer from CdS QD to Fc ligands probed via fluorescence quenching. (A)
Stern—Volmer plot for quenching of CdS QD fluorescence by successive addition of Fc-(COOH).
(green), Fc-COOH (blue), and Fc-CH2COOH (red) (0-20 equivalents relative to CdS) monitored
at 470 nm. (b) Stern—Volmer plot for quenching of CdS QD fluorescence monitored at 720 nm.

Table 3.3. Stern-Volmer quenching constants from CdS QDs titrated with Fc ligands and PhPyr.

Vvs Fe /Fe | Log(Kg,)at470 nm | Log(K,) at 720 nm
Fe-(COOH), 0.4045 5.97 5.38
Fc-COOH 0.2615 5.90 5.45
Fe-CH,COOH 0.004 5.73 5.67
PhPyr 3.83 4.11

From the CVs of the Fc ligands, we know that the driving force for hole transfer from QD to
Fc increases in the order of Fc-(COOH)2 < Fc-COOH < Fc-CH2COOH. This is the trend observed
for quenching of the trap feature, which has previously been attributed to the recombination of
both trapped electrons? (to VB hole) and holes® (to CB electron). Given the low quantum yield of
our material, it is likely that the majority of holes being extracted are trapped holes. Since it is well
known that holes trap rapidly onto the surface of CdS,® our interpretation is that trapped holes are
extracted at rates that increase with more driving force (Figure 3.10B), which is in good agreement

with results from other groups mentioned previously.®> A minority population of valence band holes
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are also extracted. The trend is reversed, and we propose that these holes are transferred via a
unimolecular process that is more affected by Fc binding strength (Figure 3.10A).° We also probed
the rate of hole transfer from as-synthesised QDs to the substrate PhPyr. The rates of both band
edge and trapped hole transfer to PhPyr were two orders of magnitude lower compared to Fc. The
rates calculated from both the TA and PL quenching data show that hole extraction by Fc is

competitive to direct hole transfer from QD to PhPyr and validates the choice of hole mediators.

3.4.3  Charge transfer from Fc to PhPyr
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Figure 3.11. Driving force and charge transfer measurements from Fc ligands to PhPyr. (A) CVs
of 0.5 mM Fc ligands and PhPyr; 0.15 M [NBu4][PF6], THF, glassy carbon working, Pt auxiliary,
and Pt reference electrodes, 100 mV/s. (B) Estimated driving force of hole transfer from Fc* to
PhPyr calculated from CVs. (C) Stern—Volmer plot for fluorescence quenching of CdS QDs ligated
with oleate (black), Fc-(COOH)2 (green), Fc-COOH (blue), and Fc-CH2COOH (red) by successive
addition of PhPyr (0-2500 equivalents relative to CdS) monitored at 470 nm.

We next focused on the second hole transfer step of the shuttle from Fc to the substrate, PhPyr.
Typically, the energy levels of the band edges and trap states of QDs are difficult to define without
involved spectroscopic or experimental techniques and many assumptions.®>* An advantage of

our system is that since holes are localising to molecules with well-defined and easily measurable

redox potentials, we can say with certainty what energy level the hole is sitting at.>” We estimated
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the potential of PhPyr to be 0.29 V vs Fc*/Fc from the inflexion point of a CV measured at 100
mV/s.%® According to the CVs, hole transfer from Fc*-(COOH), to PhPyr is ~115 meV downhill,
from Fc*™-COOH is roughly thermoneutral, and from Fc*™-CH2COOQOH is ~285 meV uphill (Figure
3.11B). Therefore, only Fc-(COOH). may be able to function as a true hole shuttle.

We again performed PL quenching to probe the second hole transfer step of the shuttle (Figure
3.11C). We first ligated our CdS QDs with 10 equivalents of each Fc ligand to mimic catalytic
conditions and used PhPyr as the quencher. For as-synthesised QDs, we observe direct transfer
from QD to PhPyr and a deviation from linear quenching at higher concentrations, indicating
adsorption of PhPyr to the QD.® Since we know that knt () >> Knt pheyr), We also know that the
initial PL intensity lo of QDs ligated with Fc already accounts for some population of holes being
localised on Fc. We see no quenching with Fc-CH.COOH, demonstrating that neither direct
transfer nor hole shuttling is occurring. We see weak quenching with Fc-COOH and Fc-(COOH)z,
which could be via direct or hole shuttling pathways. We hypothesise that the holes are weakly
shuttling through Fc for these two ligands since the direct pathway was completely shut down for
Fc-CH2COOH, and it appears that the shuttle pathway is slower than the direct pathway.

We also performed TA on QDs pre-ligated with and added in PhPyr (Figure 3.19). We
performed the same fitting procedures discussed in Section 3.4.2 and again extracted rates of
charge transfer (Figure 3.12). The rates not significantly increased in the presence of PhPyr. By
driving force arguments combined with the TA and PL quenching data, we see weak evidence for
the shuttling pathway in the cases of Fc-(COOH)2 and Fc-COOH, which appears to be very slow

with minimal improvements on the rates of charge transfer.
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Figure 3.12. Weighted average charge transfer rates of QDs ligated with 10 eq of Fc ligands in the
absence (filled triangle) and presence (empty triangle) or PhPyr.

Taking the catalytic and spectroscopic results together, we propose the following mechanism
and an interplay between surface binding and hole shuttling. For Fc-(COOH)., we propose that the
hole shuttle is operative but that it is bad for catalysis. Since the hole is localised on a specific
location on the QD rather than delocalised, there is effectively lower probability of collision with
a substrate molecule for transfer. Increasing coverage does not change the rate of reaction, so the
barrier for the second step of the shuttle must still be too high. On the other end of the spectrum,
the hole shuttle cannot operate for Fc-CH2COOH. Therefore, the improved catalysis at 10
equivalents of coverage must be due to other factors. Since it is the weakest binder, we propose
that in the 10 eq concentration regime, the ligands are dynamically exchanging and allowing
substrates access to the QD. When the coverage is increased to 50 eq, more ligands are bound on
the surface, and they are trapping holes but not shuttling them on to PhPyr to do productive
catalysis. Since Fc-COOH is such a weak shuttle, we likely are only seeing minimal effects of this

pathway, but rather surface binding effects are dominating as in the case of Fc-CH.COOH.
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3.4.4  Effect of electron-trapping on hole transfer

We performed TA on CdS QDs with phenazine-1-carboxylic acid and observed rapid charge

transfer. When we monitor the ground state bleach at 434 nm, we can see that in the presence of

phenazine, the bleach recovers much more quickly than CdS alone, indicative of charge transfer

(Figure 3.13). We can fit the decay to five exponentials again and observe that the later time

constants are much shorter in the presence of phenazine (Table 3.4). In addition, there is a sixth

exponential that is 18 ps long in the presence of phenazine, indicating a long-lived charge-

separated state. At this time, it is unclear whether this is the phenazine radical or triplet.
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Figure 3.13. Decay kinetics of ground state bleach at 434 nm of CdS (blue) and CdS in the presence
of phenazine (red) in the (A) fs - ns and (B) ns - ps regime.

Table 3.4. Fitted lifetimes from TA spectra.

t, (ps) t, (ps) t, (ns) t, (ns) t, (ns) ts (us)
Cds 51+0.1 146 £ 4 2.46 £ 0.03 83.7+£0.6 551+3
CdS + 4.42 +0.08 422+04 0.376 £ 0.004 15604 248 £9 18+1
phenazine
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We also observe a broad photoinduced absorption feature from 500 — 700 nm in the presence
of phenazine that we assign as the anionic radical (Figure 3.20).3**! We can monitor the decay of
this feature and see a larger amplitude that lives longer compared to CdS (Figure 3.14). This long-
lived charge separated state shows that phenazine is able to trap the electron and spatially separate
it from the hole in the QD, prevent recombination, and increase the probability of hole transfer to
PhPyr for catalysis. Since the hole wavefunction is still delocalised through the nanocrystal, the

probability of collision with substrate is not affected as in the case of localisation on Fc.
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Figure 3.14. Decay kinetics of photoinduced absorption at 540 nm of CdS (blue) and CdS in the
presence of phenazine (red) in the (A) fs —ns and (B) ns - s regime.

This interpretation is complementary to HER systems, where for the 2-electron transfer
reaction, trapping or quenching the hole promotes electron transfer for hydrogen production.>16:42-
4 This concept has also been demonstrated by Eagle et al, who showed that localising holes at a
dopant increases the rate of electron transfer to acceptor molecules.*® Therefore for our particular

system, it is possible that electron quenching is rate-limiting for hole transfer.
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Figure 3.15. *H NMR of vinyl proton region of CdS QDs with native oleate ligands during
catalysis, showing etching behaviour over time as product is formed. C¢Ds, 500 MHz, d1=10s.
While monitoring our reaction by *H NMR spectroscopy, we observe similar effects seen in
Chapter 2 of ligand etching during catalysis (Figure 3.15). If we monitor the vinyl region, we find
that as product is formed, oleate ligands are also becoming unbound from the surface.*6-*® Control
experiments of QDs in solvent under illumination show that this does not happen in the absence

of catalysis and is distinct from the intrinsic photocharging behaviour observed by other groups.*®
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Figure 3.16. Stability and surface chemistry characterization during and after catalysis. (A) DLS
measurements of CdS with different ligands before and after catalysis. (B) Ratio of bound vs
unbound oleate ligands fit from H NMR of QDs during catalysis and in solvent under
illumination.
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While our hole-accepting ligands do not appear to improve catalysis, we see a very
encouraging result with regards to the stability of the catalyst. At the same product formation, we
took an aliquot from the reaction solution and measured the size of the particles by dynamic light
scattering (DLS). We found evidence of large aggregates up to ~ 400 nm in size for native CdS
after catalysis, and over 1 um in size for CdS ligated in Fc-COOH and Fc-CH>COOH (Figure
3.16A). This was also reflected in visible precipitation observed in these samples. We saw no
aggregation in CdS ligated with Fc-(COOH)>, as in the control case of native CdS before catalysis
(baseline of Figure 3.16A). We propose that the Fc-(COOH): acting as a hole shuttle slows down
the rate of catalysis, but also prevents the degradation of the catalyst by inhibiting the buildup of

holes on the inorganic surface that leads to sulphur oxidation as seen in Chapter 2.

3.6 CONCLUSIONS

Scenario 2: non-shuttling Fc traps h+ and prevents
Scenario 1: h+ shuttling is slow, transfer to substrate.

catalystis stable

Scenario 3: e- quenching is rate-limiting
for h+ transfer
Less Fc promotes catalysis via dynamic ligand shell

Fec

dense permeable

Scheme 3.3. Different charge transfer pathways explored in this study and effects on catalysis.

We have demonstrated the utility of three Fc carboxylic acid derivatives as hole-accepting
ligands on the surface of CdS QDs. From our catalytic results, we observe three scenarios
illustrated in Scheme 3.3. Firstly, a hole-shuttling system exhibits the worst catalytic activity but

confers greater protection from aggregation, presumably by preventing a build-up of destructive
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holes (Scenario 1). For non-shuttling Fc’s, a dynamic ligand shell increases the rate of reaction via
surface access (low equivalents regime) but at higher Fc concentrations, charge transfer to
substrate is inhibited (Scenario 2). In contrast, trapping the opposite charge carrier (electron)
increases the rate of reaction ~ 4-fold. Drawing parallels with HER systems, where hole quenching
is rate-limiting for a 2-electron transfer reaction, it appears that electron quenching is rate-limiting
for hole transfer in our system (Scenario 3).

Our work adds to the current understanding of the mechanisms that control charge transfer in
organic photoredox transformations and should be explored further to improve QD catalysts. In
addition, our strategy is a viable approach for protecting nanostructures that are very susceptible
to degradation, such as anisotropic heterostructures that have been shown to improve catalysis in

aqueous systems®® but have scarcely been realised as photocatalysts for organic reactions.

3.7 EXPERIMENTAL

3.7.1  Materials

All experiments, unless otherwise noted, were performed under an inert N2 atmosphere using
a glovebox or standard Schlenk techniques. All glassware was dried in a 160 °C oven overnight
prior to use. Oleic acid (90%), anhydrous hexadecane (>99%), tetramethylthiourea (98%),
biphenyl (99.5%), diphenyl ether (98%), anhydrous methanol (99.8%), anhydrous benzene
(99.8%), 1,1'-ferrocenedicarboxylic acid (96%), ferrocenecarboxylic acid (97%), cesium acetate
(99.99% trace metals basis), 1,3,5-trimethoxybenzene (>99%) were purchased from
MilliporeSigma and used as received. Phenazine-1-carboxylic acid (>98%), phenyl trans-beta-
styryl sulfone (98%), 1-phenylpyrrolidine (>98%) were purchased from Fisher Scientific and used

as received. Ferroceneacetic acid (97%) was purchased from TCIl America and used as received.
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Benzene-D6 (D, 99.5%) was purchased from Cambridge Isotope Lab and purified by distillation
and stored over activated 4 A molecular sieves. Toluene (HPLC grade) and tetrahydrofuran THF
(HPLC grade) were purchased from Fisher Scientific, purged with argon, and stored over activated
4 A molecular sieves. Tetrabutylammonium hexafluorophosphate ([TBA][PF6], 98%) was
purchased from VWR Scientific and recrystallised twice from ethanol. Royal-Blue (448nm) Rebel

LEDs were purchased from Luxeon Star LEDs.

3.7.2  Synthesis of cadmium oleate

Cadmium oxide (5.14 g, 40 mmol) was stirred with 55 mL acetonitrile. Trifluoroacetic acid
(0.86mL, 11.2 mmol) then trifluoroacetic anhydride (6.12 mL, 44 mmol) were added dropwise.
This mixture was stirred for an hour and turned from heterogeneous with red CdO to clear. In a
separate flask, oleic acid (22.6g, 80 mmol), dichloromethane (400 mL) and triethylamine (13.9
mL, 100 mmol) were combined. The cadmium solution was added dropwise with stirring and then
heated to 60 °C. The now clear solution was allowed to slowly cool to room temperature, then put
in a freezer. The white powder precipitate was isolated with vacuum filtration and washed with

acetonitrile.

3.7.3  Synthesis of CdS QDs

The procedure was modified from Hamachi et al.>* In a 250 mL 3-neck flask, degas cadmium
oleate (1.215 g, 1.8 mmol), technical grade oleic acid (1.15 mL, 3.6 mmol) and hexadecane (60
mL) for ~1 hr under vacuum at 90 °C. Meanwhile, dissolve tetramethylthiourea (0.198 g, 1.5
mmol) in biphenyl/diphenyl ether (3 mL). Under N2, raise temperature of reaction flask to 230 °C.

Swiftly inject sulphur precursor solution and monitor reaction by UV-vis absorption spectroscopy.
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Quench reaction when absorbance profile stops changing by removing the flask from heat. This
reaction proceeded for 2.5 hr. To purify the particles, vacuum distill off hexadecane. Re-dissolve
particles in toluene and precipitate with methanol for a total of three rounds of purification.
Perform one final centrifuge spin in toluene and filter dissolved QDs through 0.45 um PTFE filter.
The QDs were quantified using a sizing curve established by Yu et al.>® The dots were ~ 5 nm with
an absorbance maximum at 454 nm, an emission maximum at 470 nm and a broad trap emission
feature centred at 720 nm, and low/negligible photoluminescence quantum yield (~2 %) (Figure

3.17).
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Figure 3.17. Properties of oleate-capped CdS QDs. (A) Absorption and photoluminescence
spectra. (B) TEM image.
3.7.4  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.
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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 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).

3.7.5  Photocatalysis
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Figure 3.18. Representative *H NMR spectrum in CsDs (red) used for quantification of product
using 1,3,5-trimethoxybenzene as an internal standard. Starting material shown in blue (1-
phenylpyrrolidine) and green (phenyl trans-styryl sulfone), red spectrum was taken after
photocatalysis. A 500 MHz instrument with d1=10 s was used.
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A scintillation vial was prepared with a stir bar, 8.33 nmol of CdS QDs (0.1% loading) and
10 equivalents of each ligand (from stock solutions) and stirred overnight for ligand exchange.
Solvent was removed in vacuo and cesium acetate (4.7 mg, 25 umol) was added. Phenyl trans-
styryl sulfone (2 mg, 8.2 umol) and 1,3,5-trimethoxybenzene were added via a stock solution in
C6D6 (1 mL). Lastly, 1-phenylpyrrolidine (3 mg, 20 umol) was added. The vial was sealed and
entirely wrapped with electrical tape and illuminated with a 450 nm LED at 1W (700mA). The
solution was transferred to a J-Young tube for NMR quantification with 1,3,5-trimethoxybenzene

as the internal standard.

3.7.6  Electrochemical titrations

The working electrode was a glassy carbon disc with a diameter of 3.0 mm (BASI) which was
polished with 5, 1, and 0.05 pum polishing compound, with 5 minutes sonication in ultrahigh purity
water (R = 18 M Q) between polishing steps. The auxiliary electrode was platinum wire (BASI)
and the pseudo-reference electrode was a silver wire in a fritted tube (BASI) filled with 0.15 M
electrolyte solution. In a typical titration experiment, oleate-capped CdS QDs were suspended in
THF (0.05 mM). With stirring, enough electrolyte to bring the solution to 0.15 M [NBu4][PF6]
was added dropwise to prevent precipitation of QDs. Separately, a solution of the ligand to be
measured was prepared (1 mM, 5 mL total volume) in 0.15 M [NBu4][PF6]/THF. CV
measurements were taken at a relatively slow scan rate of 10 mV/s to minimize effects of ohmic
current in the modestly resistive THF solution. For each step of the titration, 0.0025 equivalents
of QD were added to the Fc solution. The solution was stirred for 10 seconds and after stirring had
completely stopped, a CV measurement was taken and more QDs were added. This was repeated

until 0.024 equivalents of QD were added.
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3.7.7  Electrochemical simulations

All electrochemical simulations were performed in DigiElch v.8. First, the initial
voltammogram was fit to determine the diffusion coefficient and the standard heterogeneous rate
constant. These values were then retained for the subsequent titration voltammograms. We
assumed that the standard heterogeneous rate constant was the same for Fc bound and not bound
to QDs and that the diffusion coefficient of the QDs (and therefore the diffusion coefficient of Fc
bound to QD) was 1.72*10-6 cm2/s as determined by the Randles-Sevcik equation. Dilution of the
Fc during titration was accounted for in the simulation software. Utilizing these known and
assumed parameters, the remaining values to be fit were the equilibrium constants of binding (K1
and K2). DigiElch’s global minimum finder was used to fit all CVs in a titration series to a single

model of these equilibrium constants.

3.7.8  Transient absorption

The transient absorption (TA) setup has been described in a previous publication. CdS QDs
were exchanged overnight with 10 equivalents of each Fc ligand. The solvent was removed in
vacuo and the QDs were redissolved in benzene. An approximately 0.3 OD sample of exchanged
QDs in a1 mm cuvette was pumped with a ~250 uW, 450 nm pulse and probed with a broadband
white light probe generated using CaF. Samples were stirred to avoid Auger ionization and provide

illumination of the entire sample. Data was collected over the femtosecond to microsecond regime.
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Figure 3.19. TA spectra of (A-B) CdS + PhPyr, (C-D) CdS + Fc-(COOH). + PhPyr, (E-F) CdS +
Fc-COOH + PhPyr, (G-H) CdS + Fc-CH2COOH + PhPyr in the fs - ns regime (left column) and
ns - Ws regime (right column).
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Figure 3.20. TA spectra of (A-B) CdS and (C-D) CdS + phenazine-1-carboxylic acid in the fs - ns
regime (left column) and ns - ps regime (right column).
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3.7.9  Photoluminescence quenching
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Figure 3.21. Raw PL quenching spectra of CdS QDs titrated with (A) Fc-(COOH), (B) Fc-COOH,
(C) Fc-CH2COOQH, (D) PhPyr.

A 0.45 pM solution of CdS QDs was prepared in benzene and 2.5 mL (1.125 nmol) were
loaded into a quartz cuvette. Stock solutions of 1.13 mM Fc quencher were prepared and titrated
into the cuvette. The QD solution was allowed to equilibrate for at least 15 minutes before
collecting photoluminescence spectra. For PL quenching with PhPyr, CdS QDs were first
exchanged with 10 equivalents of Fc ligands overnight. Next, 0.45 uM solutions of exchanged
QDs were prepared in benzene and 2.5 mL (1.125 nmol) were loaded into a quartz cuvette. A stock
solution of 56.6 mM PhPyr was prepared and titrated into the cuvettes. The QD solutions were
allowed to equilibrate for at least 15 minutes before collecting photoluminescence spectra.

Cuvettes were sealed with electrical tape during scans to maintain inert atmosphere.
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3.7.10 Characterisation methods

UV-Vis spectra were collected on a Cary 5000 spectrophotometer from Agilent. Fluorescence
spectra were collected on a Horiba Jobin Yvon FluoroMax4 fluorescence spectrophotometer. 1H
NMR spectra were collected on a 500 MHz Bruker Avance spectrometer. TEM images were
collected on an FEI Tecnai G2 F20 microscope. DLS measurements were taken on a Malvern

Zetasizer Nano ZS.
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Chapter 4. Probing Ligand Binding on Nanocrystal Surfaces using

Temperature-Dependent FTIR and Ultrafast IR Spectroscopy

Significant portions of the following chapter have previously been published.! The work in

sections 4.2.2 and 4.2.3 was carried out by Megan D. Klein and Casey H. Bisted.

4.1 INTRODUCTION

In recent years, semiconductor nanocrystal (NC) materials have demonstrated their utility
across a range of optoelectronic applications. The emissive properties of these NCs have proven
advantageous in the areas of light emitting diodes and lasing,? while their absorptive behaviour
has led to their use in luminescent solar concentrators and numerous other photovoltaic and
photocatalytic applications.®* In particular, the size tunability, narrow emission linewidths, strong
absorption, and high quantum yield of NCs are desirable properties for numerous types of devices.
Recent work has even begun investigating the potential for colloidally synthesised NCs to be
utilised as photon sources in quantum information applications.® In order to ensure these materials
can be utilised to their fullest extent, it is crucially important to have a fundamental understanding
of the properties that dictate NC photophysics.

While the core of a NC determines many of its characteristic photophysical properties, these
properties are often highly sensitive to disruption by defects at the surface of the NC. It has been
shown that undercoordinated surface anions are a predominant cause of mid-band gap trap states
that localise charges and dominate exciton recombination.®’ Due to this effect of surface anions,
many NC syntheses are performed with an excess of cation precursors or post-synthetically

modified to ensure a cation-rich surface.® In addition, capping ligands are typically incorporated
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on the nanomaterial surface, playing a multifaceted role of passivating dangling surface bonds,
ensuring charge balance, and promoting particle stability. Given the critical impact these ligands
have on preserving NC properties, they are a subject of significant and continued study in the
field.%13

Numerous classes of both organic and inorganic ligands are used to functionalise NC surfaces.
Organic ligands with long alkyl tails are a common example as they ensure surface passivation,
prevent particle agglomeration, and enable NC suspension in organic solvents. These alkyl tails
are frequently used in conjunction with carboxylate head groups, which act as X-type ligands:
covalently bonding to surface cations while also ensuring charge balance at the nonstoichiometric
surface.®'*% Despite the covalent ligand—NC bond, the ligand shell has been shown to be dynamic
with frequent self-exchange aided by solvent, excess ligand, or elevated temperatures.'®-8

To probe the dynamic nature and energetics of NC-bound ligands, previous studies have often
relied on ligand exchange reactions. By monitoring the displacement of one ligand species
following the addition of a second, information can be obtained on the difference in free energies
between the types of ligands.t®® While these experiments are indisputably valuable in
understanding binding differences between ligand species, they are unable to give insights into
differences between binding motifs of a single species. In the case of carboxylate-capped InP NCs,
previous work by Gary et al. has shown that four different binding geometries can be observed via
single-crystal X-ray diffraction, with a fifth monodentate geometry observed in NMR studies.!>?
There is much motivation to understand differences in binding motifs since they may also affect
the surface reactivity and kinetics of NC growth, ultimately impacting factors such as shape and

size dispersity for high-quality NCs.?>?3 However, unlike ligand displacement reactions, there is
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no easy handle by which to titrate between these binding motifs, making it very difficult to gain
information about energetics between these configurations.

Several studies have used computational methods to calculate binding energies of ligand head
groups on NC surfaces.?*2" Work by Xie et al. calculated the relative energies involved in
rearrangement of carboxylate ligands in clusters of indium acetate complexes and found values
ranging from 0 to 3 kcal/mol for converting between chelating and bridging conformations, and
around 15-20 kcal/mol for converting between chelating and monodentate.?® However, both of
these values were strongly dependent on the surrounding environment of In atoms and ligand
molecules, and we would expect them to change drastically when going from an indium acetate
cluster to the surface of an InP magic-sized cluster (MSC). A study by Zhang et al. looked to
calculate the binding energy of carboxylate moieties on facets of CdSe NCs and found a
significantly larger difference of 50-80 kcal/mol between chelating and bridging conformations.?®
In the limit of low ligand density, this relative energy difference decreased to 3 kcal/mol, which is
much closer to the results calculated for the indium acetate clusters. While these computational
results have generated some insight into the surface energetics of these binding motifs, there
remains an urgent need for experimental measurements.

In this work, we present a temperature-dependent Fourier transform infrared (FTIR)
spectroscopy method to study evolving populations of binding configurations for myristate-capped
InP MSCs and extract relative energy differences between them. By utilising the variation in the
asymmetric COO™ stretching frequencies between binding motifs, we globally fit the series of
spectra to a set of five Gaussian peaks across all temperatures via a Markov chain Monte Carlo
(MCMC) process. We then used the changes in peak areas to find the relative energy differences

between the binding configurations of carboxylate groups, as well as the free carboxylic acid
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species. From these results, we observe that the energetic separation between a monodentate ligand
and a free ligand is approximately equal to the vibrational stretching frequency of the carboxylate
group. This strongly suggests a connection between vibrational excitation of the ligand and its
dissociation from the surface. Additionally, we observe that the difference between bidentate and
monodentate can be far smaller, and for some bidentate configurations, the additional bond may
not provide any increased stability at all. This experimental approach enables measuring energy
differences between binding motifs, offers unique insight into NC surface energetics, and further

suggests that the ligand shell may be even more dynamic than previously thought.

4.2 InP MAGIC-SIZzED CLUSTERS

4.2.1  Temperature dependent FTIR

To study the energetics of carboxylate ligand binding modes on nanocrystal surfaces, we used
InP MSCs as our model system — their atomic precision allows for more rigorous analysis than
their larger, more heterogeneous QD counterparts. InP MSCs were previously crystallised with
phenylacetate ligands, and the crystal structure showed that the cluster consists of a charged non-
stoichiometric core [In21P20]3*, with a cation rich surface of 16 extra indium atoms coordinated to
51 phenylacetate ligands, resulting in an overall stoichiometry of In37P2(02CR)s1.2! The crystal
structure also showed a distribution of carboxylate coordination modes — of the 51 ligands, 12
were chelating (24%), 33 were asymmetric (syn-anti) bridging (65%), 5 were symmetric (Syn-syn)
bridging (10%), and 1 was bidentate + dative (2%).

In solution, the ligand shell of InP MSCs becomes more dynamic and labile. Using FTIR
spectroscopy, the carboxylate stretching region can be monitored to identify carboxylate binding

motifs. Previous work on oleate-capped InP MSCs also identified four binding populations — 22%
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chelating, 45% syn—anti bridging, 16% syn-syn bridging, and 17% monodentate.>® The shift in
populations from syn-anti bridging to monodentate as we go from solid to liquid phase illustrates
the increase in mobility of the ligands. The bidentate/dative mode seen in the crystal structure was
not assigned in solution by FTIR. Likewise, the monodentate motif was not observed in the crystal
structure.

In this work, we used InP clusters capped with myristate ligands. Myristic acid has a shorter
alkyl chain compared to oleic acid and no double bond, which allows us to probe whether slight
perturbations in the sterics of the ligand shell have an effect on the carboxylate binding
populations. We collected temperature-dependent FTIR spectra of the clusters from 25 °C to 100
°C (Figure 4.2). As seen previously, each binding conformation results in a symmetric and
asymmetric carboxylate stretching vibration. The CH2 bending mode from the alky! tail overlaps
the symmetric region, so our analysis is focused on the asymmetric region.

We assigned a fifth population of dative (L-type) binding, centred at 1608 cm™. This dative
motif is difficult to assign to an exact geometry, but studies on ruthenium dimer complexes with
carboxylic acid ligands have shown similar stretching frequencies for datively bound carboxylic
acids that formed hydrogen bonds to neighbouring carboxylates.3! The vibrational energy we
observe for this dative binding conformation also agrees with general understanding on the
decreased stability of dative L-type binding compared to covalent X-type binding on a cationic
surface. This peak was also observed in the FTIR of oleate-capped clusters but not assigned at the
time. Overall, from lowest to highest frequency, the order of the binding modes is found to be

chelating < syn-anti < syn—syn < monodentate < dative.
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Figure 4.1. Temperature dependent FTIR spectra of (A) myristic acid and (B) indium myristate.

Lastly, in addition to bound carboxylate peaks from 1400 to 1600 cm2, we have assigned the
peaks at 1710 and 1760 cm as the C=0 stretch of H-bonded dimer and monomer respectively of
unbound, protonated myristic acid CH3(CH2)12COOH.?> We confirmed these assignments via
temperature-dependent FTIR of myristic acid (Figure 4.1). As we increase the temperature, we see
a clear isosbestic point between the two species and a shift from dimer to monomer, which is
consistent with increasing the energy of the system and breaking apart dimer species. The peaks
are also present in complexed indium myristate In(myr)s, along with adventitious water molecules
as evidenced by the increased absorption of the O-H stretch. These peaks can offer valuable
insights on surface binding equilibrium.

At 25 °C, we fit the asymmetric stretching region of the FTIR spectrum to five Gaussians
corresponding to the five binding modes discussed previously (Figure 4.2). We note the absence
of any unbound myristic acid or In(myr)s at this temperature. We find the distribution of
populations to be 19% chelating, 25% syn-anti bridging, 21% syn-syn bridging, 27% monodentate,
and 7% dative. Comparing to the oleate-capped InP clusters (and not considering the dative
population), we observe an even more pronounced shift of the binding modes from syn-anti

bridging to monodentate. This demonstrates that even a small change in the ligand sterics can lead
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to a significant change in how the ligands bind to the surface. It is possible that ligand surface
coverage is different from the 51 ligands measured via single-crystal diffraction. Myristic acid is
more crystalline and less bulky than oleic acid — if more myristic acids can fit on the surface of the
cluster, that can lead to a preference for monodentate binding in order to accommodate all the

ligands.
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Figure 4.2. Representative FTIR spectra from the temperature-dependent measurement of
myristate-capped InP MSCs spanning from 25 °C (bottom) to 100 °C (top) in increments of 15 °C,
demonstrating changes that occur with increasing temperature along with peak assignment of the
asymmetric carboxylate stretching region. From left to right, binding groups shown include
chelating (yellow), bridging syn-anti (green), bridging syn-syn (light blue), monodentate (dark
blue), and dative (pink).
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While at lower temperatures there is sufficient resolution of the peaks for the spectra to be fit
to five Gaussians, at higher temperatures, peak broadening increases uncertainty of typical fitting
algorithms and the spectra cannot be accurately fit. This broadening could be explained in part by
the work of Friedfeld et al.>* who observed by **C NMR that heating InP clusters up to 80 °C
resulted in broadening and coalescence of carboxylate resonances, indicating intraparticle ligand
exchange. Differential scanning calorimetry data also showed a small endothermic event at 66 °C
attributed to the same ligand rearrangement, and a strong endothermic change at 115-130 °C
attributed to crystal melting.

As the crystal nears the melting temperature at the high end of our temperature range, we
would expect higher phonon occupancy and increased geometric disorder that would lead to
vibrational linewidth broadening like we observe. Lastly, as we heat the clusters, the populations
of unbound acid monomer and dimer also increase, indicating that not only is there intraparticle
ligand exchange, but also that ligands are becoming completely unbound from the surface. As
such, a more rigorous method is needed to perform a global fitting and analyse the full temperature

FTIR series concurrently.

4.2.2  Markov chain Monte Carlo Global Fitting

Extracting quantitative information from complicated spectra often necessitates peak fitting
to determine the frequency, width, and amplitude of each component in the spectra. For a single
spectrum consisting of only a few peaks, this is relatively straightforward to do with a simple
nonlinear least squares algorithm. In cases where a series of spectra are measured, and certain
parameters are not expected to vary across the series, a global fit across the whole series can be

performed at the cost of significantly increased complexity. To perform a global fit on the
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temperature-dependent FTIR spectra, we utilised a Bayesian approach with an MCMC algorithm
to sample the parameter space and fit the spectra to a sum of five peaks across all temperatures.
Briefly, the use of a Monte Carlo approach allows stochastic sampling of the parameter space,
rather than relying on gradient-based methods, which may get stuck in local minima.3* Meanwhile,
the use of a constructed Markov chain satisfying ergodicity and detailed balance ensures the
existence of a single stable solution. To quantify how likely a specific set of parameters is, we turn
to Bayes’ theorem to calculate the posterior probability for a particular stochastically sampled fit

(equation 1)

— __P(®)xP(x|6)
P(6lx) = J P(8)xP(x|0)d® (eq. 1)

where the posterior probability P(x), represents the probability that a set of parameters 6, are
correct given the observed data x. This is proportional to the product of the prior probability P(0),
which describes the chance of a particular set of parameters occurring using some prior knowledge
of the system, multiplied with the likelihood P(x|0), which describes the probability of observing
the data given a specific value for the parameters. This product is then normalised to give a
probability distribution that integrates to one across the space. Because we are only concerned with
finding the maximum posterior probability, we only need to utilise relative changes in probability
and can therefore neglect the computationally expensive integral.

To fit the FTIR spectra reported here, we constructed a model consisting of five Gaussian
peaks, each with a mean frequency pi and a room-temperature width of oi. While we assume that
the mean vibrational frequencies will not change significantly over the temperature range we
probe, as mentioned above, some broadening is observed at elevated temperatures. The exact form

of this broadening is too complex to readily model, as it would require a detailed knowledge of the
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phonon density of states as well as the nature of how the phonon modes affect the ligand binding
geometry. Furthermore, trying to account for those behaviours in detail would result in a vastly
overparameterised fit. As such, we rely on a simplified power law broadening term that captures
the general behaviour of the sum width, with each peak following the same broadening parameter

B. The oi parameters are treated as constants across temperatures, and the width of peak i is then

given by m-(Tl)ﬁ, with To taken to be 298 K. The full equation for the fit is therefore as follows in
0

equation 2, where v represents the frequency and ci(T) is the temperature-dependent amplitude for

peak i, as discussed in more detail below.

~ (V-1 2T B
fOT)= B5 (1) COWTCACIT) (gq. )

With the basis of our fit established, we determined appropriate prior distributions through
nonlinear least squares fit of the initial room temperature spectrum (Figure 4.2). The MCMC
scheme is depicted in Figure 4.3 (a). An ensemble of Monte Carlo walkers is distributed in
parameter space, and in each MCMC iteration, a subset of the walkers is selected and random
moves are generated to new proposed positions. The spectral peaks corresponding to these
proposed parameters are then constructed, and the temperature-dependent amplitudes are
determined by least squares fitting at each temperature point. The fit residuals are evaluated and
used to estimate the likelihood function of the parameters. Based on the resulting posterior
probability, the moves are then stochastically accepted or rejected and the ensemble positions are
updated accordingly. The algorithm iterates through the remaining subsets of walkers and then
repeats the process until a preset number of steps have been evaluated. The results of this global

fitting process are shown in Figure 4.3 (b), where the data is shown in orange and the average fits
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are shown by the blue lines with standard deviations at each point given by the shaded blue region.
Because we expect the best fit to occur at the maximum posterior probability, we performed
statistical analyses on the set of 15,000 sampled points with the highest posterior probabilities. The
obtained parameters and their associated uncertainties are shown in Table 4.1. We note that for

our room temperature spectrum, these values agree closely with those found previously for oleate-

capped InP clusters. 3032
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Figure 4.3. (a) Depiction of the MCMC global fit process. For a given subset of walkers, stretch
moves are randomly generated to propose new positions in parameter space. These new walker
positions are used to generate the Gaussian peaks corresponding to those parameters of means i
and widths oi, with a temperature-dependent broadening factor . These peaks are then fit by least
squares to the measured FTIR spectra at each temperature point. The log likelihood of this fit is
taken as the negative sum of squared residuals; combined with the prior probabilities of the
parameters, the resulting posterior probability is used to stochastically decide whether to accept or
reject the new walker positions. The walker ensemble is then updated, and the algorithm iterates
to the next subset of walkers and repeats the process. (b) Global MCMC fit results (blue lines) for
the temperature-dependent InP MSC FTIR spectra (orange lines). The standard deviation across
the top 15,000 fits is depicted by the blue shaded area.
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Table 4.1. Extracted parameters from the MCMC global fit on a temperature series of FTIR spectra
from an InP MSC sample.

u 1515.0£2.1 | 1537.1+13 | 1553.9+1.9 | 1577.0£0.28 | 1609.0 % 0.28
G 108+1.0 | 11.2£19 9.1+038 122 +0.27 10.0+0.18
B 0.62 £0.10

4.2.3 Interpretation of Fitted FTIR Parameters

From the global fitting results, we can extract amplitude information without needing to
enforce any assumptions on the temperature-dependent behaviour of the underlying populations.
This allows a more unbiased approach to see how binding motif populations change with
temperature. In particular, we can look at the differences of the logs of peak areas to determine
whether these populations follow a Boltzmann distribution at any point. This is shown in Figure
4.4 (a) as the log area difference with respect to the monodentate binding mode peak, plotted
against inverse thermal energy. Above 40 °C (to the left of the black dashed line in the figure), we
observe a linear trend to the log area differences, suggesting that a Boltzmann distribution
accurately describes the population, as shown in equation 3. The change in behaviour at 40 °C
suggests that once there is sufficient thermal energy, the system can fully equilibrate between
various binding motifs and dissociated free ligand.

We proceeded to perform linear regressions on the temperature-dependent log area
differences in the high-temperature regime. Taking the data above 40 °C for the fits corresponding
to the top 15,000 posterior probabilities sampled by the model, we found the averages and standard
deviations of the slopes obtained from those regressions. These values are plotted in Figure 4.4
(b). Through application of the Boltzmann equation, we see that the resulting slopes correspond to
the relative energy differences between these binding motifs with respect to the monodentate

motif, shown by equation 3,
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IN(Amono) — In(4:) = In(aele/*8T) = In(a) + AngLT (eq. 3)

where A denotes the peak area of component i, Ae = &i — emono IS the change in energy between the

two motifs, T is the temperature, kg is the Boltzmann constant, and a is a proportionality constant.
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Figure 4.4. (a) Differences of the log of peak areas with respect to the monodentate binding motif,
plotted against inverse thermal energy with units of inverse wavenumbers. Markers and error bars
represent mean and standard deviation at each temperature point across sampled global fits
comprising the top 15,000 posterior probabilities. Lighter lines depict log area differences from
the fits corresponding to the 100 highest posterior probabilities. Note the highly correlated error
between temperature points, which is not conveyed from the error bars alone. While log area
differences might vary in magnitude between fits, the temperature trends stay rather consistent.
Arrow denotes data points above 40 °C (black dashed line), which demonstrate near linear
behavior and were fit using linear regression. (b) Extracted slopes from linear regressions of the
45-110 °C regime in (a). These values correspond to energy differences relative to the
monodentate binding motif, assuming an equilibrated system following Boltzmann statistics.
Markers and error bars respectively denote mean and standard deviation of slopes taken from
sampled global fits comprising the top 15,000 posterior probabilities.
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From Figure 4.4 (b), we can clearly see a varied energy landscape between different binding
conformations. While the chelating and syn-syn bridging conformations are lower in energy
compared to the monodentate motif, the difference is not as large as might be expected from the
formation of an additional ligand—metal bond. The energy difference we observe is on the order of
200-400 cm™, or 0.57—1.14 kcal/mol, far lower than the 15-20 kcal/mol predicted by theory.?82°
Notably, the syn—anti bridging conformation is not significantly different in energy from the
monodentate motif, suggesting that the energetic bonus of an additional ligand—metal bond is
offset by a confounding factor, such as geometric strain.3>3

Meanwhile, the dative binding conformation we observe has a higher energy relative to the
monodentate. As L-type ligands do not contribute to charge balance on the surface, we would
expect them to be able to convert or dissociate more readily like we see here. Finally, we observed
a relative energy difference of 1582 + 19 cm™, around 4.5 kcal/mol, between the monodentate
binding motif and the free ligand. This is of particular note, as this energy is not significantly
different from the vibrational frequency we extract for the monodentate asymmetric stretching

mode, 1577.0 £ 0.28 cm L. These results are also summarised in Table 4.2.

Table 4.2. Summary of relative binding energies extracted from slopes of temperature-dependent
log area differences.

Binding motif Relative energy (w.r.t. monodentate)
chelating —236+120cm?
bridging (s,a) —35+57¢cmt
bridging (s,s) —400 + 184 cm!
dative 591 + 34 cm?
free ligand 1582 + 19 cm™?
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While these energies do not provide information on the activation barriers between these
conformations, they do inform on the relative stability of binding motifs compared to one another.
These results suggest that the excitation of this vibrational stretching mode is enough to offset the
energy loss associated with ligand dissociation. This is critically relevant for semiconductor NCs
where numerous processes, including thermalisation to the band edge and Auger—Meitner
recombination of trions or multiexcitons, result in energy loss as phonon emission."3 This heat
could easily dissipate through the ligand shell, resulting in dissociation of the binding group, an
increase in adsorption sites for substrate molecules, and an increase in photocatalytic performance,
as demonstrated in Chapter 3.

MSCs are metastable, kinetic products with high energy surfaces that can grow into larger
clusters or quantum dots.>***4° Large quantum dots are the thermodynamic product because as
size increases, QD surface energies decrease, as illustrated by Ostwald ripening mechanisms.*42
Compared to MSCs, we would expect different ligand binding motifs to be more stable and the
energy difference between bound and unbound ligand populations to be larger on the surface of
QDs. We would also expect a broader distribution of binding populations given sample
polydispersity. However, as we move toward atomic precision in QD synthesis using techniques
such as colloidal atomic layer deposition (c-ALD),* we should be able to adopt the methods in

this study to larger QD systems and precisely calculate the energies of different binding modes.

4.3 CONCLUSIONS

In this work, we have demonstrated that a temperature series of vibrational spectra can be
used to measure relative energies of carboxylate binding conformations on the surface of InP

MSCs. An MCMC process can be used to optimise a global fit across all spectra and estimate fit
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uncertainty. We further show that the relative energies between these binding motifs is much lower
than previously thought. A ligand with one bond to the surface is not significantly different in
energy from a bidentate ligand bridging two In atoms in a syn—anti geometry. Last, we demonstrate
that the energy difference between a monodentate binding motif and a free ligand is equal to the
energy of the monodentate carboxylate asymmetric stretching mode. This suggests that the ligand-
functionalised surface of an NC is far more dynamic and labile than previously thought and that

ligand vibrational excitation has the potential to impact surface coverage.

4.4 EXPERIMENTAL

44.1 InP MSC Synthesis and Characterisation
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Figure 4.5. UV-vis absorption of InP MSC after purification.

All glassware was dried in a 160 °C oven overnight prior to use. InP MSCs were prepared
following a previously reported procedure.?* A 100 mL three-neck round-bottom flask was loaded
with 0.936 g of indium acetate (3.2 mmol, 1 eq) and 2.66 g of myristic acid (11.5 mmol, 3.6 eq)
and heated at 105 °C overnight with stirring under vacuum to pull off acetic acid as a byproduct.

The resulting indium myristate complex was then dissolved in 20 mL of anhydrous toluene under

78



nitrogen. In a nitrogen-filled glovebox, 500 uL of P(SiMes)z (1.72 mmol, 0.54 eq) was added to
10 mL of anhydrous toluene and the solution transferred to a syringe. The contents were rapidly
injected into the reaction flask. The reaction then proceeded at 105 °C until no further changes
were observed by UV-vis (Cary Agilent 5000), about 50 min. The MSCs were then cooled and
the toluene removed by vacuum distillation. The clusters were brought into the glovebox and
redissolved in toluene and precipitated with acetonitrile. This was repeated for a minimum of three
rounds of precipitation. One final spin was done in toluene alone to remove any undissolved
species. The clusters were purified by size exclusion chromatography over 40-80 um Bio-Beads

S-X1 Support from Bio-Rad and stored dry as a waxy solid.

4.4.2 FTIR Measurements

FTIR measurements were conducted in a Jasco 4100 FTIR spectrophotometer under a positive
pressure of No. An 8 mg/mL solution of MSCs was flowed through a liquid cell with a 300 pm
Teflon spacer. Heated measurements were conducted with a temperature-controlled demountable
liquid cell (Harrick) paired with a Peltier heater at 1 °C/min. The sample was left to equilibrate for
10 min at each temperature point. Flowing was stopped when recording spectra and then resumed

to ensure thermal equilibrium.

443  MCMC Sampling

A homebuilt sampling algorithm was constructed in Python 3.8 following the parallelisable
walker update scheme laid out by Foreman-Mackey et al.*® Affine invariant sampling was used in
the form of the stretch move described by Goodman and Weare.*® A prior distribution was

constructed based off a room temperature fit of the InP MSC FTIR spectrum, with standard
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deviations equal to those of the fit parameters. Following a proposed step, the predicted spectrum
was generated by least squares fitting the amplitude of the five Gaussian peaks, corresponding to
the proposed point in parameter space, to the FTIR spectrum at each temperature point. The log
likelihood was then calculated as the negative sum of squared residuals. In order to ensure that the
assumption of normally distributed error was met, the fits and data were converted to transmission
prior to calculating the residuals. Chains were thinned down to every 10 steps, and runs were
typically performed with 200 walkers and a total of ~300,000 proposed moves. The acceptance
proportion was kept between 0.2 and 0.4 by adjusting the step size of the stretch move prior to a
run if needed. The elliptical distributions of all of the peak parameter correlations demonstrate
adequate parameterisation of the model. Additionally, the results with the given prior distribution
were validated by performing the MCMC global fitting again using wider prior distributions, as
well as once more with uninformed priors. Importantly, while we observe an increase in the
uncertainty moving to wider and then uninformed prior distributions, we do not see a significant

change in the extracted parameters or relative energies.
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Chapter 5. Seeded Growth of Nanoscale Semiconductor Tetrapods:

Generality and Cation Exchange

Significant portions of the following chapter have previously been published.*

5.1 INTRODUCTION

The synthesis of nanomaterials of various shapes and sizes is well established, and the
importance of size and structure tunability is comprehensively understood.® However,
methodologies for assembling multicomponent heterostructures with independently tuneable
components are less ubiquitous.*® Heterostructure design is an ideal strategy to tune charge carrier
localisation for optoelectronic or charge separation applications. Choosing the appropriate material
combinations allows Type-I, Type-1l or Quasi Type-II band alignments.” Despite this, synthetic
techniques to access a broad spectrum of material combinations with independently customisable
dimensions are currently underdeveloped.

The simplest and most well-studied heterostructure is the spherical core/shell motif. These
systems have an outer shell that serves as a protective layer capable of passivating surface traps
and defects to enhance luminescence.® However, while the core/shell motif is a leading architecture
for enhancing emission, this structure presents several disadvantages for applications where charge
separation and extraction is necessary, such as photocatalysis. In a type-Il core/shell
heterostructure, one charge carrier localises to the shell and the other remains confined to the core.
The carrier in the shell may be easily extracted but there is a physical and energetic barrier that
impedes quenching of the carrier in the core. This may lead to deleterious effects on the stability
of the nanocrystal and cause degradation.®
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Dot-in-rod (DIR) heterostructures begin to address these challenges by having exposed or
nominally shelled faces to enable more efficient quenching of charge carriers after separation.®!
The excited state lifetimes of DIRs are also typically longer than core/shells, due to better charge
carrier separation, which increases the probability of quenching of both charge carriers. Within
these motifs, the rod dimensions, dot dimensions, and dot location within the rod can be
controlled.*? However, DIRs require a wurtzite-phase QD to serve as a seed for rod growth, and
many nanomaterials do not have easily accessible wurtzite crystal phases.’**'* Composition
variation in nanorods achieved via cation exchange broadens the number of accessible products,
however wurtzite crystal structures are still necessary.’® Thus, the spectrum of material
combinations and the tunability of heterostructure rod architectures are limited to materials with
accessible wurtzite crystal phases.

Tetrapod heterostructures represent a potentially versatile system capable of addressing the
shortcomings of 0-D and 1-D structures. One major advantage of the tetrapod architecture is the
customisability of the zinc blende phase QD seed. A wide variety of QDs can be straightforwardly
synthesised in the zinc blende phase with tuneable sizes to serve as seeds.’® In addition to
controlling the composition and size of the seed, the arm length and width can also be modified
independently.*®> Tetrapod heterostructures have been shown to have even longer excited state
lifetimes than DIRs of comparable dimensions, due to four points of branching instead of two,
leading to even better charge carrier separation.’ However, it remains to be seen if this results in
enhanced charge carrier extraction or improved photocatalytic activity.

Initial tetrapod syntheses were products of polytypism in which the small energy difference
between zinc blende and wurtzite phases (>10 meV) enabled initial nucleation of spherical zinc

blende seeds followed by elongation of wurtzite arms on the (111) facets of the seed.'”*® Seeded
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growth approaches have since received a significant amount of attention due to the ability to
separate nucleation and growth steps, leading to higher monodispersity, yield, and control over
optoelectronic properties.*!® In theory, seeded tetrapod architectures should be accessible from
any QD with accessible (111) faces for (0001) wurtzite arm elongation. However, most tetrapod
studies focus exclusively on materials from the 11-V1 family. It is also known that cation exchange
between cadmium and zinc, copper, or indium in chalcogenide lattices is readily facilitated under
typical nanomaterial growth conditions.**?* In this work, we expand the library of QDs that can
seed tetrapod growth and we also re-examine the structures of known tetrapod systems in the
context of cation exchange.??2*

First, we present a versatile synthetic approach to obtain tetrapod nanostructures with tuneable
arm dimensions from a series of QD seeds (ZnTe, CulnSz, and InP) and find that many cores are
susceptible to cation migration and exchange. We next explored cation diffusion within a model
tetrapod system formed from InP/ZnS core/shell seeds. Despite retaining the core’s phosphide
lattice, cation exchange could not be fully mitigated. Finally, we have demonstrated the first near-
IR emissive tetrapod synthesised from 11-V seeds while tuning the dimensions of the arms and

core independently of one another.

5.2 GENERAL SYNTHESIS OF CORE/CdS TETRAPODS WITH TwO DISTINCT ARM

MORPHOLOGIES

A library of tetrapods was synthesised using eight different starting QD seeds and the two
reaction pathways depicted in Scheme 5.1 (16 unique tetrapod systems). We first synthesised and
purified ZnTe, two sizes of CulnS; (3 nm and 6 nm), two morphologies of InP (spherical and

tetrahedron), InP/ZnSeS, InP/ZnS, and CdsP. QDs as our starting library of seeds. We then
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performed the two tetrapod syntheses in Scheme 5.1, varying the ratio of octadecylphosphonic
acid (ODPA) to oleic acid. Higher amounts of more strongly binding ODPA yielded thinner CdS
arms, as has been previously demonstrated in the literature.> We summarise the resulting
dimensions of the tetrapods in Table 5.1. Images of the resulting tetrapods are shown in Figure 5.1
and 5.2. We hypothesise that the different arm lengths resulting from the same reaction conditions
may be a result of inconsistent QD concentrations measured by sizing curves (less QDs grow
longer arms), or reflective of lattice mismatch and ease of growth of CdS arms on QD facets (less

mismatch yields shorter arms and higher yield).

4.0 x 104 mmol
Octadecylphosphonic Acid

0.4 mmol CdO

1.6 mmol Oleic Acid 350 °C, 10 min

TOPO, TOP

0.22 mmol TOP=8

2.5 x 10 mmol 1.6 x 10° mmol
Octadecylphosphonic Acid

Scheme 5.1. General reaction conditions for the synthesis of thick and thin arm tetrapods. TEM of
example thick and thin arm tetrapods grown from ZnTe seeds.

Table 5.1. Arm dimensions of library of 16 tetrapod heterostructures.

Seed Thin arms Thick arms
Length (nm) | Width (nm) | Length (nm) | Width (nm)

ZnTe 47+5 59+0.7 264 9.1+£12
CulnSz (3 nm) 59 +17 55+0.7 18+2 92+1.2
CulnSz (6 nm) 81+15 46+0.6 20+ 4 9.6+£1.8

InP (sphere) 88 £ 10 55+0.6 23+4 10+2

InP (tetrahedron) 49+ 6 4.7+0.6 22 +3 8§+1
InP/ZnSeS (thin shell) 16+2 40+0.6 12+1 6.4+0.9
InP/ZnS (thick shell) 12+1 43+05 10+1 6.5+0.9
CdsP2 42+5 5207 152 7.7+0.9
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50 nm

Figure 5.1. TEM images of thick (left column) and thin (right column) tetrapods grown from (A-
B) ZnTe, (C-D) 3 nm CulnS, (E-F) 6 nm CulnS; and (G-H) spherical InP QD seeds.
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100 nm 200 -nm

Figure 5.2. TEM images of thick (left column) and thin (right column) tetrapods grown from (A-
B) tetrahedron InP, (C-D) InP/ZnSeS, (E-F) InP/ZnS and (G-H) CdsPa.
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Given the large volume taken up by the CdS arms compared to the QD cores, the optical
properties of the tetrapods are dominated by CdS signal. Representative absorption and emission
spectra of CdS arms are shown in Figure 5.3. The thin CdS arms appear to still be quantum-
confined based on the visible higher energy transitions in the absorption spectrum, however the
absorbance of the thick arms appear to be closer to bulk CdS. This makes sense as the Bohr radius

of CdS is ~ 5.7 nm and all of the thick CdS arms are > 6 nm.
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Figure 5.3. Absorbance and emission spectra of (A) thick and (B) thin CdS arms.

5.3 EVIDENCE FOR CATION EXCHANGE
We analysed our ZnTe/CdS architecture by ICP-OES and observed partial cation exchange in
the final tetrapod products. Starting from 1.1:1 Zn:Te cores, this ratio diminished to 1:5 and 1:3 in
the thick and thin arm morphologies, respectively. Elemental analysis of CulnS2/CdS tetrapods by
ICP-OES showed no detectable levels of indium, suggesting that all indium from the core was
extruded during arm growth. The remaining copper content in both the thin and thick arm tetrapods

assembled from both 3 and 6 nm CIS was 0.1%. Cation exchange between cadmium and zinc for
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copper is known to occur in sulphide lattices.?° Surprisingly, however, indium also appears to be

mobile under our synthesis conditions.
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Figure 5.4. ICP-OES of indium and zinc over the course of tetrapod growth.

Our InP cores also did not retain their initial structure in the final tetrapods. Starting from 2:1
In:P cores, indium was not observed by ICP-OES within detectable limits, which may point to
cation exchange whereby indium is removed and replaced with cadmium as seen previously.*®
Phosphorous was still detected at 3% of the structure. These observations suggest the core of the
final tetrapod is primarily cadmium phosphide in character. The same outcome was observed when
starting from thinly shelled (~1 monolayer) InP/ZnSeS QDs with a 69% quantum yield.
Evaluation by ICP-OES reveals < 0.02% indium, indicating cation exchange is unimpeded by the
presence of a thin shell. InP cores with ~8 monolayers of ZnS were next examined. We measured
the composition of indium and zinc by ICP-OES over the course of tetrapod growth and found that
by the end of the reaction, almost all of the indium is gone in thin tetrapods (Figure 5.4). The

indium content is also decreased in the thick morphology.
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Figure 5.5. Emission of CdsP2 nanocrystals, CdsP2/CdS tetrapods, and CdS arms with thick and
thin arm morphologies. Strong emission features from the CdsP2 core are observed at 1100 nm
(1.13 eV) prior to tetrapod assembly. This emission shifts up to 82 meV when incorporated into
tetrapods.

One system where this general approach to heterostructure development was successful in
retaining clean interfaces between the core and arm components is CdsP2/CdS tetrapods.
Evaluation of the optical properties of CdsP2/CdS tetrapods confirms electronic communication
between the arm and core components. In Figure 5.5, we show type-1 emission in the case of thick
CdsP2/CdS that is distinct from arm emission. However, the emission from the thin arm tetrapods
undergoes a hypsochromic shift. This may be due to etching of the seed’s surface prior to arm
growth, or increased asymmetrical strain induced by the thin arms relative to their thick arm

counterparts. In any case, this emission is still distinct from arm emission and demonstrates

electronic communication.

5.4 CONCLUSIONS

A seeded growth approach was used to obtain tetrapod nanostructures. Essentially almost any

seed with accessible (111) planes could be used as a scaffold for tetrapod arm growth. This
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approach extends beyond cubic cores to those with tetragonal lattices that have distorted (111)
planes, such as CulnS,. However, cation exchange accompanies the process of arm growth in many
systems, precluding access to clean interfaces and desirable heterostructure band alignments. This
work demonstrates that cation migration should always be a consideration when designing and
characterising heterostructures since both processes are often favourable under the same reaction
conditions as crystal growth. Ultimately, we use our general principles of arm growth to synthesise
NIR emissive CdsP2/CdS tetrapod heterostructures. ldentifying conditions to suppress ion
migration while still enabling wurtzite structure arm growth would be a productive next step in the

synthesis of anisotropic nanoscale heterostructures.

5.5 EXPERIMENTAL

55.1 Materials

All glassware was dried in an oven overnight at 160 °C before use. All manipulations were
performed by using standard Schlenk or glovebox techniques under dry N2. Zinc acetate (99.99%),
zinc chloride (99.99%), zinc stearate (technical grade), cadmium oxide (CdO, 99.9%), cadmium
chloride (99.99%), cadmium acetate (Cd(OAc)2, 98%), indium acetate (99.99%), indium chloride
(98%), copper iodide (>99.5%), metallic tellurium (Te, 99.997%), selenium (Se, 99.999%),
sulphur (S, 99.5%), superhydride (LiBH(CH.CHz)3) solution in THF (1 M),
tris(diethylamino)phosphine (97%), trioctylphosphine (TOP, 97%), octylamine (99%), oleic acid
(OA, 90%), myristic acid (>99%), dodecanethiol (98%), and oleylamine (70%) were purchased
from Sigma-Aldrich and used as received without further purification. Octadecylphosphonic acid
(ODPA, 99%) was purchased from PCI Synthesis and used as received. 1-Octadecene (ODE, 90%)

was purchased from Sigma-Aldrich and distilled prior to use. Trioctylphosphine oxide (TOPO,
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90%) was purchased from Sigma-Aldrich and twice recrystallized from acetonitrile until no
impurities remained by P and *H NMR spectroscopy. Methanol, ethanol, 2-propanol, acetonitrile,
ethyl acetate, toluene, and pentane were purchased anhydrous and/or dried over CaH> and stored

over 4 A molecular sieves prior to use.

5.5.2  Synthesis of ZnTe QDs

ZnTe QDs (8 nm) were synthesized by using a modified literature procedure.?’ In a 50 mL
three-neck flask, 0.26 g (1.4 mmol) of zinc acetate was mixed with 4 mL (12.7 mmol) of OA and
20 mL of 1-ODE. The mixture was degassed for at least 30 min before being heated to 200 °C
under No. After 1 h a clear solution formed, and the temperature was dropped to 160 °C. The Te
precursor was prepared by adding 1.6 mL of superhydride solution (1 M in THF) and 2 mL of
oleylamine to 1.0 mL of TOP=Te (1.0 M Te in TOP). This tellurium precursor was stirred for 1 h
at room temperature until the solution became homogeneous and subsequently injected rapidly
into the zinc solution at 160 °C. The temperature was increased to 190 °C and maintained for 60
min before quenching the reaction by cooling to room temperature. Excess solvent and volatile
organics were removed by vacuum distillation at 180 °C. The ZnTe nanorods were purified by
repeated precipitation/resuspension in EtOH and pentane five times. The resulting ZnTe QDs have
an aspect ratio of 2. Note of comparison to other procedures: similar procedures have been used to
give ZnTe nanorods with aspect ratios of >3. The present synthesis stirred the tellurium precursor
for longer times (1 h as opposed to 20 min), and vacuum distillation was performed at a higher

temperature (180 °C vs 150 °C).
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5.5.3  Synthesis of Copper Indium Sulphide QDs

CulnS; QDs were synthesized by using a literature procedure.?® First, 73 mg (0.25 mmol) of
indium acetate, 47.5 mg (0.25 mmol) of copper iodide, and 4 mL of dodecanethiol were added to
a 50 mL three-neck flask. The flask was purged with N> for 30 min and subsequently heated while
stirring to 120 °C over 20 min. The solution was maintained at 120 °C for an additional 10 min,
until a clear yellow solution was formed. The solution was then heated to 230 °C and gradually
changed colour from yellow to dark red. After refluxing for a set time (1-30 min), the reaction was

guenched by removing the flask from heat.

5.5.4  Synthesis of Spherical InP QDs

Indium phosphide QDs were synthesized via a two-step synthetic procedure reported
previously.?® Briefly, 0.93 g (3.20 mmol) of indium acetate and 2.65 g (11.6 mmol) of myristic
acid were heated under vacuum at 100 °C in a 100 mL three-neck flask for 12 h to generate indium
myristate. After indium myristate was formed, the apparatus was placed under N, and 20 mL of
toluene was added. This solution was heated to 110 °C, and a mixture of 465 pL of
tris(trimethylsilyl)phosphine (P(SiMes)z) and 10 mL of toluene was quickly injected to form InP
magic size clusters (MSCs). InP MSC formation was monitored by UV-vis absorbance until no
changes were observed. Purification of MSCs was achieved by repeated precipitation with
acetonitrile and resuspension in toluene.

To obtain 3.0 nm InP QDs, 200 mg of MSCs was dissolved in 2 mL of ODE and injected into
a 100 mL three-neck flask with 38 mL of additional ODE at 270 °C. Growth for 20 min yielded
3.0 nm InP nanoparticles. Excess ODE was removed by vacuum distillation at 150 °C, and QDs

were purified by multiple resuspensions in toluene and precipitation with ethanol.
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5.5.5  Synthesis of Tetrahedron InP and InP/ZnS QDs

InP/ZnS core/shell QDs were prepared by following a procedure by Tessier et al.?” Briefly,
100 mg (0.45 mmol) of indium (I11) chloride and 300 mg (2.2 mmol) of zinc (I1) chloride were
mixed in 5.0 mL (15 mmol) of technical grade oleylamine in a 50 mL three-neck flask. The
reaction mixture was degassed at 120 °C for an hour and then heated to 180 °C under N.. At 180
°C, 0.45 mL (1.6 mmol) of tris(diethylamino)phosphine was swiftly injected. For tetrahedral InP
QDs, quench reaction after 30 min.

For core/shell InP/ZnS, at 20 min, 1 mL of TOP-S (2.2 M) was dropwise injected. At 60 min,
the temperature was increased from 180 to 200 °C. At 120 min, 1 g of Zn(stearate), in 4 mL of
octadecene (ODE) was dropwise injected, and the temperature was increased from 200 to 220 °C.
At 150 min, 0.7 mL of TOP=S (2.2 M) was dropwise injected, and the temperature was increased
from 220 to 240 °C. At 180 min, 0.5 g of Zn(stearate). in 2 mL of ODE was dropwise injected,
and the temperature was increased from 240 to 260 °C. At 210 min, the reaction was arrested and
cooled to room temperature. Both InP and InP/ZnS were purified by repeated precipitation and
resuspension in 2-propanol and toluene, respectively, four times. Indium phosphide tetrahedron-
shaped quantum dots were obtained by quenching the reaction after 20 min of InP growth instead

of adding TOP-S.

5.5.6  Synthesis of InNP/ZnSeS QDs

InP/ZnSeS core/shell QDs were prepared according to a previous report.? Briefly, 50 mg
(0.003 mmol) of myristate-ligated InP MSCs was dissolved in 1 mL of ODE and injected into a
25 mL three-neck flask with 5 mL of additional ODE at 290 °C. Growth for 15 min yielded InP

cores as determined by UV-vis spectroscopy. The reaction temperature was reduced to 220 °C,
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and a solution of zinc stearate prepared by suspending 0.171 g (1.124 mmol) in 5 mL of ODE was
injected into the reaction. After 15 min after temperature equilibration, TOP=Se (0.112 mL, 0.112
mmol) was added slowly over the course of 1 min, and the reaction equilibrated for 20 min. Next,
TOP=S (1.011 mL, 1.011 mmol) was added slowly over the course of 5 min, and the reaction
equilibrated for 15 min. The temperature was then set to 300 °C, and the photoluminescence was
monitored until no further increases were measured (40 min following TOP=S injection). The
reaction was cooled to room temperature, and the ODE was removed under vacuum distillation.
The solid was suspended in toluene and centrifuged (7000 rpm for 10 min) to isolate the
supernatant, which was then precipitated with acetonitrile. The precipitate was then resuspended

in minimal toluene and purified by gel permeation chromatography.

5.5.7  Synthesis of CdsP2 QDs

The 3.5 nm CdsP, cores were synthesized based on a prior report.2° Briefly, 0.692 g (3.0
mmol) of Cd(OAc)2 and 0.910 g (7.05 mmol) of octylamine were added to 8 mL of toluene in a
50 mL three-neck flask. This solution was heated 30 °C, and 2 mL of (P(SiMes)s) solution (0.5 M
in toluene) was injected rapidly. The reaction temperature was maintained at 30 °C for 24 h before
the solution was removed from heat, precipitated with ethanol, and resuspended in toluene five

times.

5.5.8  Synthesis of Tetrapods with CdS Arms
Core/CdS tetrapod heterostructures were synthesized by using modifications of existing
literature procedures.® Briefly, 2.65 g of TOPO (99%), 0.05175 g of CdO, 0.5 mL OA, and either

135 mg of ODPA (for thin arms) or 54 mg of ODPA (for thick arms) were degassed at 150 °C for
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1.5 hin a 50 mL three-neck flask. The reaction mixture was heated to 350 °C under N2, and the
reddish-brown solution turned colourless. Separately, a stock solution of TOP=S was made from
70 mg of sulphur with 6 mL of TOP (0.364 M). 0.6 mL of TOP=S was mixed with 2.5 nmol of
QDs as determined by the optical absorbance of the QD solution. Upon reaching the desired
injection temperature of 350 °C, 1.8 mL of TOP was added, and the temperature was allowed to
recover to 350 °C before the mixture of TOP=S and QDs was swiftly injected. Anisotropic CdS
arms were grown at this temperature for 10 min. The heating mantle was removed, and the solution
was cooled to room temperature. The core/CdS tetrapods were purified by repeated precipitation

in methanol and redispersion in toluene five times.

559 Characterisation methods

UV-Vis spectra were collected on a Cary 5000 spectrophotometer from Agilent. Fluorescence
spectra were collected on a Horiba Jobin Yvon FluoroMax4 fluorescence spectrophotometer.
Near-infrared photoluminescence was acquired on a home-built spectrometer by using amplitude-
modulated excitation and phase-sensitive detection. Emission was separated with a
monochromator and then detected by using a dual-band Si/InGaAs photodetector, and all traces
were corrected for detector response. Samples were irradiated with a modulated (200 Hz) 365 nm
LED or 550 nm LED by using appropriate long pass filters to remove scattered pump light prior
to entrance into the monochromator. A PerkinElmer Optima 8300 inductively coupled plasma-—
optical emission spectrophotometer was used for elemental analysis. TEM images were collected

on an FEI Tecnai G2 F20 microscope.
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