ABSTRACT

YONEMOTO, DANIEL THOMAS. Modulating Excited State Dynamics with Quantum-
Dot/Molecule Composite Materials. (Under the direction of Prof. Felix N. Castellano).

The following is a compilation of research efforts focused in merging quantum confined materials
and surface bound molecular acceptors. The first two chapters discuss broadly the necessary
background information to understand the research works in the following chapters. The third
chapter and the subsequent chapters that follow discuss the findings of this work starting with
understanding the effects of chromophore surface number on the observed photophysics of a series
of thermally activated delayed photoluminescent cadmium(ll) selenide (CdSe) quantum dots with
varied surface concentrations of 1-pyrenecarboxylic acid in Chapter 3. Chapter 4 specifically
discusses preliminary attempts to extend the principles found in Chapter 3 to different
morphologies of CdSe and the initial findings therein. Lastly, Chapter 5 attempts to discuss the
potential of these materials in a more informal manner and details some initial findings and

potential avenues of new research efforts.
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Chapter 1: The Sun is Gone, But | Have a Light.

1.1: Relevant Background and Historical Anecdotes

1.1.1 Introduction to Photochemistry and Photophysics

Light and the subsequent reactions that occur through interaction with light have long been
a subject of wonder and amazement. Ancient civilizations often would generate lore centered
around their major source of light, the sun. These civilizations would regularly assign deities of
enormous power to the association of the sun. In modern times, society has largely left behind
belief of some mythical omniscient being controlling the power of the sun. Modern society instead
focuses on bettering their understanding of the true fundamentals of light and its interactions. This
is done via rigorous scientific efforts in physics, chemistry, and numerable other fields. These
studies have provided a plethora of information that are now at the disposal of photochemists. This
information includes the duality of light, the characteristic of light to act both as a wave and a
particle, the speed of light, 3 x 10® m/s, and the phenomena of characteristic light
absorption/emission. Using this information, researchers have made numerous advances in
spectroscopic characterization and furthered the understanding of how our world operates at a
fundamental level. A brief explanation of several of these characterization methods and

applications of photophysical processes follows.

1.1.2 Ultraviolet-visible absorbance spectroscopy

Ultraviolet-visible absorbance spectroscopy or UV-vis absorption measurements are one
of the most basic techniques available to a photochemist. Light, upon interaction with matter, will
be absorbed at select wavelengths following the Bohr equation, Eq. 1.1, where hv is the photon
energy and Ef and E; are the energies of the excited (W) and ground (Vi) state wavefunction

respectively, and the rest of the light will scatter.



This process of light absorption gives rise to the wonderous colors that make up our reality.
The principles of absorption play an important role in several applications in the fields of
renewable energy, remote detection, sensor technology, biological imaging, photocatalysis, energy
scavenging, and aerospace technology. Scientists utilize the principles of absorbance spectroscopy
to experimentally determine what wavelengths of light a compound absorbs. These experiments
take a compound, illuminate it with light and then measure the light that is transmitted via a
detector. By using Eq. 1.2 (Beer-Lambert law), the absorbance may be calculated.® 2

Iy

Here A is absorbance, lo is the initial intensity of light at the detector (reference light
intensity), and | is the intensity of light after a sample is measured (sample light intensity).
Absorbance is also known to be directly proportional to the concentration and the path length, as

such, Beer-Lambert law may be rewritten as Eq. 1.3:
A=¢lc Eq. 1.3

Here, A is represented by &, the extinction coefficient, 1, the path length, and c, the
concentration of the sample. For known substances, this is a particularly useful tool to determine
the concentration of an analyte in solution or the extinction coefficient of an analyte of known
concentration. In Addition, UV-vis absorbance spectroscopy provides valuable information about
the electronic transitions that occur in a molecule and is used to help resolve complex
photophysical mechanisms. This is the fundamental principle underlying absorbance. As a photon

of specific wavelength is absorbed, that energy is transferred to an electron that is promoted to an



excited state. Figure 1.1 contains a Jablonski diagram demonstrating absorption and other relevant
photophysical processes.® Once a photon is absorbed, an electron hole pair, or an exciton is
generated. Once formed, the electron hole pair will recombine, this may include several
mechanisms including radiative decay processes, or the pair will split often leading to what is
known as photolysis, radical generation or redox chemistry, these processes are discussed further
in section 1.2.1. This electron hole recombination step is the corollary process to absorption.

01-0L ~z1-0L "dA

60l =11-01 Dl

Absorption: 10-°

0l -0-01 4

z )

s )

0

I/
[

‘!’
Ground State

Figure 1.1. Jablonski diagram depicting available photophysical processes upon absorption.

1.1.3 Steady-state Photoluminescence Spectroscopy

Photoluminescence processes are the radiative processes that occur upon the recombination
of an electron-hole pair. These processes are used in a variety of applications including display
technology, lighting applications, bioimaging, sensor technology, photocatalysis and energy
scavenging. The energy of the emitted photon will correspond to the energy gap between the

electron and hole, Figure 1.1. Typical emission decay pathways include fluorescence and

phosphorescence.



Fluorescence is the emission of a photon due to a spin allowed recombination of an exciton.
As this process is allowed, fluorescent lifetimes are usually on the order of nanoseconds or less
and usually have higher quantum yields than phosphorescent processes. Phosphorescent decays
take place from a spin forbidden electron-hole recombination to the ground state. This decay, being
spin forbidden, usually takes place over time periods on the order of ps — ms and typically result
in lower PLQYs when compared to a fluorescent process. For both fluorescence and
phosphorescence, the emission of photons may be monitored experimentally via a fluorimeter. The
intensity, Ip., of these processes follow Eqg. 1.4.

Ip, = kl,®[1 — (1078€)] Eq. 1.4

Here, k is a proportionality constant dependent on the instrument, ® is the
photoluminescence quantum yield, lo is the excitation intensity, € is the extinction coefficient, 1 is
the path length and c is the concentration of the sample. By using dilute samples to measure the
PL (optical density (OD) < 0.1) Eqg. 1.4 is simplified to Egq. 1.5 via a Taylor expansion

approximation.
IPL = k]od)glc Eq 15

From these experiments, the photoluminescence quantum yield (PLQY), the full — width
at half maximum (FWHM) and other important characteristics about the emitted photons may be
extracted. When this technique is coupled with UV-vis absorbance spectroscopy, the energy gap
between the ground state and the emitting state is capable of being teased out. In both absorption
and photoluminescence under steady state conditions, the average processes that occur over time
are being monitored. To gain a more complete understanding of the processes occurring in the

excited state, time resolved experiments are necessary.



1.1.4 Transient Absorption Spectroscopy

Excited state dynamics often involve multiple steps that may be lost when monitoring
steady state processes. El Sayed’s rule, Energy Gap Law and Kasha’s rule inherently express the
complexities of the excited state dynamics that are difficult to identify from steady state
measurements. Analysis with transient absorption spectroscopy provides a means to analyze the
migration of excitons within the upper excited states by monitoring the change in absorbance as a
function of time. To execute experiments of this type, pump-probe techniques become
necessitated. Effectively, the initial spectrum is monitored following a pump beam pulse; then at
a specified delay time, a probe beam monitors the change in the spectrum. These changes are
tracked by changing the delay time between the pulses to give a difference spectrum following Eq.
1.6.

AA = Aps — Ags Eqg. 1.6

Here AA is the output signal generated in the TA spectrum, Ags is the excited state
absorbance and Agcs is the ground state absorbance. For suprananosecond time domains, time
delays to monitor these processes are electronically controlled, for femtosecond time domains, it
becomes necessary to use mechanical delays to control the output time delays. nsTA and fsTA
methods are powerful tools to corroborate other analysis techniques and to distinguish excited state

dynamics beyond the typical steady state techniques.

1.1.5 Time-Resolved Photoluminescence Spectroscopy

Resembling steady state methods, transient experiments monitoring absorption may be
coupled to time-resolved photoluminescence measurements. A typical methodology to monitor
photoluminescence decay over time is time gated emission (TGE). These experiments abide by

the same rules as steady state photoluminescence, however, instead of scanning the



photoluminescence across a wavelength range, typically a camera is used to monitor the entire
wavelength range all at once to give a shapshot of the PL at specific time delays. This is
accomplished using a shutter before the detector to optically gate the PL signal. Alternatively,
single wavelength time-resolved emission may be monitored with a PMT monitoring the output
signal as it decays over time. Time-correlated single photon couniting (TCSPC) is another
technique that is available. TCSPC uses statistical binning across time to place photons into a
histogram. The population in each bin is representative of the decay intensity at each time point.
These techniques provide information regarding the emitting state and may be coupled to TA data

to distinguish observed states.
1.2: Triplet Energy Transfer Reactions:

1.2.1 Photophysical Processes

In addition to absorption and photoluminescence processes, other excited state dynamics
exist that determine exciton decay. These are what are commonly referred to as the non-radiative
processes in excited state dynamics’ studies. Intersystem crossing (the process by which singlet
states are converted to triplet states), internal conversion (the decay from upper excited states to
lower excited states with the same spin), and vibrational relaxation (the decay from upper
vibrational levels to lower vibrational levels within a manifold) are all examples of these types of
processes in a molecule and are depicted in Figure 1.1.2 Using the aforementioned techniques,
excited state dynamics may be unveiled, researched and ultimately understood. It is by this
understanding that new technology is developed by photochemists and photophysicists. Furthering
our understanding has led scientists to exploit excited state dynamics in donor acceptor systems

using triplet energy transfer reactions.*4



1.2.2 Evolution and Utility

Triplet energy transfer reactions are a means to alter excited state dynamics for applications
in exciton scavenging, sensitization reactions, photocatalysis and other excited state processes.
Work on triplet energy transfer reactions around the turn of the millennia distinguished several
properties that may be manipulated to alter energy transfer reactions such as energy gaps between
interacting states, number of acceptor molecules used in the energy transfer reactions, the effects
of spin orbit coupling (SOC), and other important characteristics that are well documented in many
works from the turn of the millennia.* %7 131520 More recent works further manipulate the excited
state dynamics through complex pairing of donor acceptor systems to yield a variety of end
photophysical properties. These properties range from triplet—triplet annihilation for
photochemical upconverision,® 1% 2% singlet fission,?” 2 and thermally induced excited state
equilibriums.*® 2231 The origin of many of these complex excited state dynamics are built upon
early work by Parker and Hatchard, their discoveries of p—type and e-type delayed fluorescence,

Figure 1.2 provides a cartoon depiction of their seminal research discoveries.3>34
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Figure 1.2. Cartoon depiction of available photophysical processes in a. eosin and b. pyrene,
including complex processes such as TADF and P-Type DF, respectively.

1.2.3 Desired Characteristics for TADPL

Thermally activated delayed photoluminescence (TADPL) is a radiative energy transfer
process that occurs from a thermally induced equilibrium. Typically speaking, the observed PL is
generated from two interacting states, where the upper state acts as the radiative energy level that
is thermally accessible and the lower state acts as an energy “reservoir.”% 3 31 3541 Often times
this process is referred two as thermally activated delayed fluorescence (TADF) implying that the

upper emitting state is singlet in character. This type of work has been popularized by the advent



of OLED technology and follows similar dynamics to the e-type process depicted in Figure 1.2.3*
35,39, 4255 TADPL, however, allots for the inclusion of thermal equilibrium induced between two
interacting triplet states. The underlying characteristics that control TADPL have undergone
extensive study in attempts to identify the optimal TADPL complexes.” 8 10-12,16,18,31, 41, 56-59 \n/grk
by Schmehl et. Al has identified a number of these processes and some of the information is
pictorially encapsulated in Figure 1.2.%° To summarize, the ideal case for TADPL systems is a
highly tunable excited state design with a long lived lower lying triplet state. Systems with a strong
equilibrium toward the low—lying triplet result in long lived TADPL character, and systems where
the equilibrium is in favor of the nearly isoenergetic upper triplet result in rapid TADPL typically
used in lighting applications. Chapter 2 provides a more in-depth review of TADPL and the

components that dictate the end photophysical character.
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Figure 1.3. Depiction of rapid TADPL (left) and long-lived TADPL (right) between a donor (blue
letters) and an appended acceptor triplet (red letters). Red Xs denote processes that are considered
negligible relative to competing pathways.

1.3: Nanomaterials

1.3.1 Origin and Classes

Nanomaterial science has gained considerable interest in the last half century due
interesting phenomena that occur at the nanoscale. However, the use of nanomaterials has been
widespread for centuries. Early uses of nanomaterials admittedly were by accident in things such
as stained-glass windows and as composites in Damascus steel.5% 52 Modern uses are much more
intentional and include several classes of nanomaterials. Small scale transistors have propelled the

technology growth and have allotted for the continuation of Moore’s law.®®> Many nanoscale
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ceramics find use as filler materials to improve bulk material properties.®* % Nanomaterials have
also been implemented in responsive composites, conductive inks and other cutting-edge
technology.® 57 Of particular interest to this research group and the photophysical research field
are semiconductor nanocrystals or quantum dots (QDs). QDs enable the use of photophysical
studies via quantum confinement, and are uniquely poised to enable a variety of next generation

technologies.> 687

1.3.2 Semiconductor Nanocrystals and Quantum Confinement

QDs are unique in that they exhibit size tunable photophysical properties coupled with
large molar extinction coefficients and spin ambiguity. These properties coupled with their low
cost and relative abundance position them as a potential photophysical holy grail.”® These
characteristics are driven by what is known as quantum confinement. Quantum confinement is the
restriction of electron motion as a material’s size approaches its Bohr exciton radius.” % At this
size regime, distinct energy transitions begin to appear in the QDs mimicking traditional molecular
transitions. As a result, QDs have unique optical properties that separate them from bulk

semiconductors and make them an interesting research topic.”® 8183

1.3.3 Growing Pains of Nanomaterials

The past few decades have been marred by technological developments in nanomaterial
technology, however the implementation has arguably outpaced its fundamental development.®*
8 This is a particularly important problem for mass production of nanotechnology. Several
research thrusts focus on development of characterization tools, synthetic scale up and
fundamental understanding of nanomaterials.®* 8% As a result, nanomaterials are sometimes
viewed as more art than science and understandably so. To remedy this designation, creative use

of modern techniques needs to be coupled with advances in instrument technology to provide more
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details about particle surface chemistries and generate consistent synthetic results. Many research
labs have spent considerable effort in this area attempting to improve synthetic procedures in a
variety of ways. Several rely on post processing of the materials to yield desired properties such
as near unity photoluminescence quantum yields, minimal polydispersity, and other pertinent
application-based characteristics. 8- Still, these procedures rely primarily on the use of tailored
approaches and yield results that are often specific to the bespoke application space. Coupling
these approaches with more systematic, scalable, and modular flow systems provide a means to
yield procedures more cookbook in nature and standardize the synthetic pathways to obtain
deterministic end materials that are both precise and accurate in their material properties. %1% A
graphic representation of such a system is represented in Figure 1.4, demonstrating the potential
of merging an in-house flow system with a commercial product to perform high throughput

reaction condition screening which is easily modified to larger material production.

EnT Reactions Photochemical e Soft Material
& Sereent B Liquids/Outer B
reening eactions sphere EnT iscovery

In-situ Data
Verification/Al

Systematic Ligand Exchange
Increased Surface Coverage

<
£
2
[e]
4
(U]
@
<
»
L
=1
©
£
I3}
3
2
2

New
Acceptors

?
»

Step 3: Al Enabled High Throughput Screening

Step 2: Al Enabled Post Synthetic Optimization

Figure 1.4. Graphical representation of a potential high throughput flow system enhanced with
machine learning to develop reproducible and scalable reaction conditions.
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Chapter 2: Thermally Activated Delayed Photoluminescence: Deterministic

Control of Excited State Decay

This chapter has been previously published: J. Am. Chem. Soc. 2020, 142, 10883-10893. DOI:
10.1021/jacs.0c03331

Abstract: Thermally activated photophysical processes are ubiquitous in numerous organic and
metal-organic molecules, leading to chromophores with excited state properties that can be
considered an equilibrium mixture of the available low-lying states. Relative populations of the
equilibrated states are governed by temperature. Such molecules have been devised as high
quantum yield emitters in modern organic light-emitting diode technology and for deterministic
excited state lifetime control to enhance chemical reactivity in solar energy conversion and
photocatalytic schemes. The recent discovery of thermally activated photophysics at CdSe
nanocrystal-molecule interfaces enables a new paradigm wherein molecule-quantum dot
constructs are used to systematically generate material with predetermined photophysical response
and excited state properties. Semiconductor nanomaterials feature size-tunable energy level
engineering, which considerably expands the purview of thermally activated photophysics beyond
what is possible using only molecules. This Perspective is intended to provide a non-exhaustive
overview of the advances that led to the integration of semiconductor quantum dots in thermally
activated delayed photoluminescence (TADPL) schemes and to identify important challenges
moving into the future. The initial establishment of excited state lifetime extension utilizing triplet-
triplet excited-state equilibria is detailed. Next, advances involving the rational design of
molecules composed of both metal-containing and organic-based chromophores that produce the
desired TADPL are described. Finally, the recent introduction of semiconductor nanomaterials

into hybrid TADPL constructs is discussed, paving the way towards the realization of fine-tuned
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deterministic control of excited state decay. It is envisioned that libraries of synthetically facile
composites will be broadly deployed as photosensitizers and light emitters for numerous synthetic

and optoelectronic applications in the near future.

2.1 Introduction

At its very core, luminescence has been a research topic of extensive scientific interest for
centuries. As noted in Cecil Parker’s book, Photoluminescence of Solutions, topics of light
emission phenomena encompass electroluminescence, radioluminescence, chemiluminescence,
bioluminescence, triboluminescence, sonoluminescence, and photoluminescence (PL).! In each
instance, light is emitted from excited states generated by a variety of excitation stimuli. As most
organic molecules possess closed-shell (singlet) ground states, the study of molecular light
emission pathways primarily focuses on the relative populations of the lowest energy singlet and
triplet excited states.? In organic molecular photochemistry, triplet excited states are typically
accessed by initial spin-allowed population of a singlet excited state, followed by intersystem
crossing (ISC) to a lower energy triplet excited state. As one would expect from Hund’s rules, this
triplet excited state is generally lower in energy with respect to the initially populated singlet
excited state due to the exchange interaction. Exchange is a quantum-mechanical phenomenon,
with no classical analogue, that arises as a consequence of electron indistinguishability and the
Pauli exclusion principle. The aligned electron spins of the triplet state provide an energetic
stabilization relative to the opposite spins of the singlet state. Spin-allowed photon emission is
typically referred to as fluorescence, whereas formally spin-forbidden light emission processes are
termed phosphorescence.

The dominant process of ISC in molecular photophysics occurs through spin-orbit coupling

(SOC). The ISC transition can occur by direct SOC of the lowest singlet to higher vibrational
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levels of the lowest triplet, or by SOC to an upper triplet excited state, followed by rapid internal
conversion to the lowest triplet. Spin-orbit coupling is induced in part by conservation of the total
angular momentum of the electrons in the molecule. The two most common manifestations of SOC
in molecular photophysics are perturbation by a magnetic field, as seen in the heavy atom effect®
or the presence of paramagnetic molecules, and El-Sayed’s rules.* From a molecular design
perspective, proximal effects are eschewed in favor of direct integration of functionalities that can
directly induce SOC. For El-Sayed considerations, this requires molecules with energetically
proximate (n,n*) and (m,n*) excited states. The heavy atom effect entails including atoms of high
atomic number (Z), including halogens such as iodine or 2" and 3™ row transition metals.
Increasing SOC can increase the rates of ISC into spin-forbidden triplet states. By the same
token, increased proclivity toward ISC will also enhance the phosphorescence efficiency by
increasing the “allowed-ness” of radiative relaxation to the ground state. Combining discrete
molecular subunits with vastly dissimilar rates of ISC can fuse these disparate excited state
behaviors into new functionalities. Research along this seam of innovation has progressed steadily
over the past two decades.® Equilibria between excited states can be established by meeting certain
energetic and electronic coupling requirements, which will be detailed below. These equilibrated
photo-processes offer a route to systematic control of excited state properties, particularly lifetime
tuning, that are not accessible by simply adjusting non-radiative decay rates using established
structure-property relationships. With the continued development of this technology, it should be
possible to optimize combined constructs with applications in sensing,®*° photoredox catalysis, -
18 and photochemical upconversion.'® In any case, investigation of these photophysical phenomena
has already yielded fundamental insights, and further knowledge gains can be expected to increase

the parameter space for specific applications.
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Exerting control over the excited state energetics, lifetime, and spin characteristics in
molecules is essential for guiding light emission processes and exploiting chemical reactivity
following light activation. Work dating back to the origins of quantum mechanics has led to
comprehensive understanding of molecular excited states and the factors influencing their decay
kinetics. However, it was not until the 1990’s when researchers realized that combinations of two
different chromophores, covalently linked together, gave rise to “cooperative” behavior wherein
each entity imparted new photophysical properties to the other. This ultimately led to the design
of numerous molecules featuring thermally equilibrated excited states, which were later harnessed
for efficient triplet sensitization of both electron and energy transfer reactions, including
photoredox catalysis.® More recently, this concept has been expanded to include delayed PL from
semiconductor nanocrystal-molecule constructs, thermally activated in nature, whose space for
research exploration appears limitless. Interested in capturing all possible electrically-generated
spin states, modern organic light emitting diode (OLED) technology has turned to classic thermally
activated delayed fluorescence (TADF) processes to generate light in these devices with promising
results.?>-?! Given the continuously expanding scope of TADF, lifetime engineering, and related
processes, a detailed appreciation of these topics is deemed timely and appropriate. It is the purpose
of this Perspective to recognize numerous important contributions focused on thermally activated
excited state processes while providing insight into the design criteria utilized and their intended

(and sometimes unintentional) photophysical consequences.
2.2 Excited-State Equilibria

When multiple excited states of interest are not completely isoenergetic with each other,
the repopulation of the higher-energy state is referred to as thermal activation. The best known of

the thermally activated excited state processes is TADF. The first quantitative experimental
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characterization of TADF dates back to 1941, when G.N. Lewis (of the eponymous dot structures)
and coworkers reported long-lifetime and temperature dependent fluorescence and
phosphorescence emanating from fluorescein molecules encapsulated in boric acid glasses.? It
was not until 20 years later when Parker and Hatchard successfully measured the delayed emission
properties of eosin in solution, termed E-type delayed fluorescence.r ® 22 In classic work by
Parker and Hatchard,?® the E-type process consists of excitation to S; followed by ISC to T; and
reverse intersystem crossing (rISC) back to Si. With rISC dependent on drawing energy from a
thermal bath, more delayed emission events are observed from Sz at higher temperatures. This is
displayed schematically in Figure 2.1. As long as the two states are nearly isoenergetic, (typically
AE < 0.15 eV), the equilibrium between the two states should be thermally accessible at non-
cryogenic temperatures. Following the demonstration of their utility in organic light emitting
diodes near the beginning of the decade, research on TADF molecules has exploded over the past
8 years.?% 2830 The temperature dependence of repopulation to the S; state is modeled well using
an Arrhenius expression of the form in Eq. 2.1,%! where AE represents the energy gap between the
S1 and T states.
krisc = Ae~AE/keT (2.1)

In this treatment, krisc is the rate of rISC, kg is Boltzmann’s constant, T is temperature and
A is a pre-exponential factor. In a process analogous to TADF, excited-state equilibrium can also
be established between two nearly isoenergetic electronic states, now featuring identical spin
multiplicity, and the higher energy state will produce delayed emission at elevated temperatures.
With the PL no longer necessarily being spin allowed, we will refer to it as thermally activated
delayed photoluminescence (TADPL). Unlike TADF, TADPL expands the scope of chromophores

beyond singlet emitters to include triplet emitters that require donor and acceptor triplet states,
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displayed schematically in Figure 2.1. In specific contexts, which will be expanded below, these
donor-acceptor pairs undergo Dexter triplet energy transfer (TTET) in the forward and reverse
direction to establish an excited-state equilibrium. The behavior of these constructs is still modeled
by an Arrhenius expression, but the two interacting excited states are triplet in nature and Krrret
becomes the rate constant for reverse triplet-triplet energy transfer (\'TTET) in Eq. 2.1.3! The
conceptual framework for TADPL is subtly different from that for TADF due to the matched or
mismatched spin multiplicities at play. In TADF, the S state is likely to have a significantly larger
radiative rate constant than the T state due to the spin-allowed nature of the transition. Combined
with the exchange interaction that stabilizes the lowest triplet with respect to the singlet leads to a
situation where the lower state is necessarily triplet and therefore longer lived. In TADPL, these
conditions still need to be operative. First, the radiative rate constant for the upper state needs to
be competitive with the rate constant for forward TTET to the lower state. If TTET outcompetes
light emission from the upper state, populating that state will mostly lead to nonradiative TTET.
Second, the rate constant for rTTET to the upper state needs to be competitive with the overall rate
constant for relaxation of the lower excited state. If rTTET becomes noncompetitive with
relaxation from the lower state, it will simply relax before it has a chance to repopulate the upper
state. Considering that this process leverages the photophysical properties of two partner
chromophores, any apparent increases in lifetime of the shorter-lived species (upper lying state)
does not increase the PL quantum yield. Rather, the quantum yield will echo that inherent of the
shorter-lived species as long as no additional deactivation processes are accessed. Moreover, the
“extended” lifetime achieved in TADPL will always fall between those independently exhibited
by the two partner chromophores and is determined by the energy gap and the rates of both TTET

and rITTET, akin to TADF.
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Figure 2.1. Qualitative energy level diagrams of fluorescence and phosphorescence (left), TADF

(center), and triplet mediated TADPL (right).
2.3 Excited-State Lifetime Extension

Several publications in the 1990s and early 2000s demonstrated the effects of TADPL by
using metal-organic Ru(ll) metal-to-ligand charge transfer (MLCT) derivatives decorated with
pyrene moities.3>8 In these works, PL lifetimes of the compounds were greatly enhanced, in some
cases by over 100-fold with respect to the “naked” MLCT chromophore.®® This research, most
notably by Tyson,33% 3%-40 Simon,3" Guerzo,*®® Goze,*® ' McClenaghan®? and their respective
coworkers, was inspired by the original findings of Ford and Rodgers.®? Manipulating the

photophysical characteristics through alteration of the appended acceptor ligand, lifetimes were
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extended through triplet-triplet equilibrium established between the triplet charge transfer state,
SMLCT", and the triplet excited state of the acceptor, A”. The organic acceptor triplet excited
states function as lower energy, longer-lived triplet reservoirs that thermally repopulates the
emitting 3SMLCT" state with lifetimes extended relative to the bare MLCT chromophore. These
early works established that the triplet-triplet equilibrium obeys Eq. 2.2, where krrer is the forward

TTET rate constant and krrrer is the reverse TTET rate constant occurring between the two states. >

34-35, 42

Koq = —ITEL 2.2)

krTTET

Tyson’s work was the first to suggest a linear lifetime dependence based on the number of
pyrenyl groups appended to the Ru(ll) core which was later confirmed by McClenaghan and
colleagues.®*2> 42 The combined results provided a foundation for manipulating the TADPL
process to yield desired photophysical characteristics. This demonstrated that modification of
energy transfer rates, 343 42 spatial separation of localized states,®? energetic matching of excited
states (4E < 0.15 eV),*? changing temperature,®® % and manipulation of Keq in Eq. 2343 42 g
conspire to control the TADPL dynamics. With careful design of the appended chromophores,
researchers can theoretically engineer excited states to match desired applications in a
deterministic manner.> 1% 43-44

Recently, excited state engineering of this type has been documented using several
different metal complexes as the fast ISC, higher energy triplet.***® In 2011, utilizing a
naphthalimide-bearing phenanthroline derivative called PNI-phen, Yarnell et al. were able to
develop a three-order-of-magnitude lifetime enhancement in a Re(l) carbonyl complex outfitted
with this particular ligand.*® To see an illustrated example of PNI-phen, please refer to the moiety

highlighted in blue in Figure 2.2. In that study, the TADPL process ensues subsequent to an initial
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Forster resonance energy transfer from the PNI moiety to the Re(l) complex. A representative
energy level diagram is shown in the TADPL section of Figure 2.1, where the red S;” and T1’
represent the PNI ligand centered (LC) states and the blue S1 and T1 represent the MLCT states.
This is also schematically analogous to the process illustrated in Figure 2.2 for a structurally related
molecule. The closely matched triplet state energies generate a thermal equilibrium between the
emissive SMLCT" and the long-lived 3LC" states, resulting in an observed lifetime of 651 ps at
room temperature. This is the longest reported lifetime from a Re(l) MLCT luminophore measured
at room temperature.*® Using the same PNI-phen derivative, McCusker et. al. developed a
dinuclear Pt complex with a lifetime of 65 ps.*® Here, the authors employed dz? overlap of the two
Pt(I1) metal centers to generate a triplet metal-metal-to-ligand charge transfer (MMLCT") state in
close energetic proximity to the 3LC” state resident on the PNI moiety. It is from this *MMLCT"
state that TADPL was observed.

Ir(111) complexes have also been shown to exhibit TADPL via triplet-triplet equilibrated
excited states. In 2014, Denisov et al. reported that separating the Ir(111) MLCT core from the
appended organic chromophore by using aliphatic groups induced a ca. 30 fold excited state
lifetime extension without lessening the PL quantum yield.*® This separation effectively prevents
quenching of the MLCT chromophore. Two years later, Yarnell et al. published an Ir(lll)
bichromophore, again using PNI-phen, with an excited state lifetime of 8.8 ms, a four-order-of-
magnitude increase with respect to the model chromophore.® The TADPL process in this record-
setting bichromophore follows the excited state dynamics observed in Figure 2.1. To aid in the
visualization of this process, the dynamics are represented schematically by the illustration in
Figure 2.2. Undoubtedly, each of these individual studies produced substantial lifetime

improvements by utilizing TADPL, thereby expanding the library of molecules poised for

29



integration in the development of new photonic applications. However, increased consumer-driven
demand in light-emitting technologies, such as is used in displays, continues to motivate the search
for alternative chromophores for integration in these applications. Concurrently, it may be feasible
to develop a more cost-effective approach to achieve these desirable photophysical properties than

is possible with coordination compounds composed from rare and expensive metals.
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Figure 2.2. Schematic illustration of TADPL process observed in [Ir(ppy)2(PNI-phen)]™ as

reported by Yarnell et al. (ref. 50).

2.4 Controlling TADPL

As noted previously, the major parameters that control TADPL are AE between the relevant
excited states, krrer and krrrer, temperature, molecular geometry, and Keq, Some of which cannot
be fully deconvoluted from one another. While all these parameters are necessary to observe
TADPL, the manipulation of Keq plays a significant role in determining the resultant TADPL
characteristics. By shifting the equilibrium concentrations of the two excited states, the PL lifetime

can be dramatically altered. In Schmehl’s contribution in The Spectrum, a former publication of
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the Center for Photochemical Sciences at Bowling Green State University, he discusses these
details in depth.5! Briefly, the relevant states in equilibrium must have rate constants significantly
larger than the requisite radiative rate constants in order to establish the equilibrium in the first
place. For this to occur, the krrer and kerrer values must be large relative to the radiative rate of
the lower energy chromophore, which is denoted as ke in Figure 2.3. With an equilibrium
established, the relative concentrations of the two excited states can then be shifted toward either
state to control the overall excited state lifetime. Under the assumptions outlined in Figure 2.3,
when krrer is significantly greater than kerrer, long TADPL lifetimes are observed. As Kerrer
approaches krrer in magnitude, progressively shorter TADPL lifetimes will be observed. It is
necessary that the equilibrated states be closely matched for TADPL to be detectable near room
temperature. However, it becomes evident that, once within a suitable energetic regime, the
efficiency of the TADPL is determined by the relative rate constants krrer and kyrrer, while the

observed lifetime is largely dominated by the inherent lifetime of the lower state.
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Figure 2.3. Qualitative energy level diagram depicting the effects of altering specific excited-state

parameters and their influence on the decay characteristics of TADPL.

2.5 TADPL From Nanomaterials

Semiconductor nanocrystals (NCs) or quantum dots (QDs) can serve as the emissive higher
energy excited state in concert with organic triplets because of their strong band-edge spin orbit
coupling and excited state spin ambiguity.>>>® NCs have been extensively studied due to their
unique size-dependent, quantum confined optical properties.>*>® Within the specific context of
photochemistry, QDs have been regarded as having outstanding potential.>® In fact, many recent
studies have demonstrated the benefit of these nanomaterials being paired with traditional organic
chromophores to achieve exceptional triplet-triplet energy transfer efficiencies; however their
utility as TADPL materials was still undiscovered. Tabachnyk et al. and Thompson et al.
independently demonstrated TTET from organic molecules (as thin films) to PbS and PbSe QDs
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in 2014.5951 These reports were followed in 2016 by the first direct observation of the reverse
process, TTET from selectively excited CdSe NCs to surface-appended molecules.®? In addition
to observing TTET from CdSe to various organic molecules,®3%* the types of QDs that have
successfully served as energized donors in TTET to surface anchored chromophores has recently
expanded to include PbS,%>%° CsPbBrs,’%"® Si,’ and CulnS,.”

In 2018, for the first time, rTTET from appended molecules to CdSe NCs of variable size
was demonstrated by Mongin et al.,> yielding photon emission characteristic of the QDs, thereby
mimicking the molecular systems described earlier. It was the first instance of rTTET because in
this report, hybrids of CdSe QDs and 1-pyrenecarboxylic acid (PCA) were shown to initially
undergo TTET from the NC to the surface anchored molecule as previously demonstrated.®? This
suggested the broad applicability of NCs in TADPL constructs. As the decay kinetics in these and
related nanomaterials generally follow complex rate distribution models,’®"® using a singular
“lifetime” characteristic of molecular species is not readily applicable so average lifetime or
average time constant are used. As a result, these materials demonstrated PL average lifetimes
ranging from microseconds to tens of milliseconds through simple size-dependent tuning of the
CdSe NC band gap energy. The QD with the energy nearest to the PCA triplet exhibited the most
rapidly decaying TADPL while the larger energy gaps between the NC exciton and the molecular
triplet bore longer-lived species. The full suite of differently sized NCs spanned to both extremes
of the possible TADPL regime. Figure 2.4 provides an illustration of the effect of NC size on the
resultant TADPL. Nearly concurrently, McClenaghan et al. reported analogous results using
similarly PCA-functionalized CdSe NCs suspended in hexanes.>® These two studies paved the way
for designer nanomaterials with systematically varied excited state average lifetimes, tunable

through both particle size and temperature. In both reports, the tunable nature of the NC first
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exciton band (Eg) was crucial to control the repopulation of the NC bright state through rTTET.
This tunability of the rTTET allows for the design of materials with different TADPL
characteristics tailored to targeted functionalities.

It should be noted that the surface environment of semiconductor nanomaterials inherently
changes with NC size, and that could affect the observable photophysical characteristics through
concentration dependent effects on Keq. The surface environment can also significantly impact the
PL efficiency of these materials through the presence or absence of surface passivation.’”®8? The
need for increased control over the surface concentration and reactivity of these materials is
emerging as a nontrivial piece of this research puzzle. Additionally, systematic control and refined
experimental design become necessary elements when dealing with QD-molecule systems because
of the subtle complexities they can exhibit. Discussion of pump fluence, material synthetic
reproducibility, surface quality control, thermodynamic constraints, molecule-nanocrystal
interfacial binding, and methodologies to standardize all of these characteristics, would greatly
enhance the impact of research in this field.®® Technological advances for executing facile and
systematic variable temperature transient absorption measurements would be particularly useful
to distinguish thermally activated dynamics and other excited state processes.

While the mechanism responsible for TTET from QDs to molecules can vary, numerous
studies have identified signals indicative of a direct TTET mechanism.52-64 66-67.70-71, 74-75 By the
principle of microscopic reversibility, one can expect direct TTET to allow for direct rTTET. Any
QD-molecule system that satisfies the twin requirements of a direct TTET mechanism and a
sufficiently small energy gap (4E < 0.15 eV) should display thermally activated photophysics.
Following similar logic, complete absence of thermal activation, regardless of energy gap, may be

considered characteristic of an indirect triplet sensitization mechanism being operative. It is
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incumbent upon the field to recognize the potential for this phenomenon and to carefully evaluate

for it when interrogating new synthetic constructs.
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2.6 Modeling TADPL Decay Kinetics

A pragmatic equation for modeling TADF lifetimes was first derived by McMillin and
coworkers to describe the TADF behavior in Cu(l) MLCT excited states.* That equation is
presented here as Eq. 2.3,2% 84 where kos is the observed decay rate (1/z0bs) While ks and kr are the

decay rates of the singlet and triplet states, respectively.

k __ 3kr+ ksexp (-AE/kgT)
0bs ™ 34 exp (~AE/kgT)

(2.3)

The 3:1 ratio in the coefficients for kr and ks Acc. for the presence of three triplet sublevels
(triply degenerate) compared to one singlet (singly degenerate) level. Eq. 2.3 is only valid at

temperatures high enough that the zero-field splitting of the triplet sub-levels is negligible.?
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Accounting for the different spin statistics when both states are triplets, the TADPL equivalent
expression can be written as Eq. 2.4. Here, kur is the observed rate constant for the emissive upper

triplet and ki is for the longer-lived lower triplet.

kpr+ kyrexp (—AE/kgT) (2.4)
1+ exp (-AE/kpT) '

kobs =
Applying this fitting procedure to the TADPL decay kinetics from Mongin et al.>? yields

the results summarized in Table 2.1. This fitting generates parameters that well model the
experimentally determined values for 4E° and zcase.?? The kot value for PCA is held constant
throughout fitting as a result of the kobs value for the smallest AE constructs being positioned
intermediately between kit and kur. At larger values of A4E, krrer from CdSe to PCA starts to
outcompete the prompt CdSe PL, and this can be seen in the increased value of kyr for CdSe with
PL at shorter wavelengths. To generate the data in Table 2.1, the k.t values were fixed to 14.3 s,
the average value of k.t for CdSe-488 below 273 K, when TADPL is assumed to be inoperative.*
Likewise, the kur values for CdSe-520, CdSe-510, and CdSe-488 were fixed to 4.5 x 108 s, the
value reported for krrer from CdSe-505 to PCA.%2 There are still discrepancies in the fitting results
for AE at experimental gaps greater than 0.25 eV. These could be due to the model failing to
account for temperature-dependence of the nonradiative rates of decay,? a plausibly operative

condition due to potential thermal activation of low-lying CdSe surface traps.”® 8
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Table 2.1. Parameters Derived from Fitting TADPL Data in ref. 52 Using Eq. 2.4

CdSe-600 | CdSe-570 | CdSe-553 | CdSe-520 | CdSe-510 | CdSe-488
?eﬁ\l/g;;’ 0.069 0.177 0.244 0.387 0.433 0.543
o 0.072 0.186 0.248 0.330 0.348 0.463
(‘;_gb 14.3 14.3 14.3 14.3 14.3 14.3
(x o sy | 116 3.05 3.94 45° 45° 45°

aExperimental values from ref. 52. PParameter fixed to experimental value from ref. 52. ‘Parameter
fixed to experimental value from ref. 62.

While matching the energy gaps and observed PL lifetimes is useful as an academic
exercise, the fitting is also worthwhile because it demonstrates the broad applicability of TADPL
principles. These principles illuminate the possibility of dialing in precise excited state average
lifetimes by selecting from the panoply of highly tunable semiconductor nanomaterials and organic
(and inorganic) molecular chromophores available to researchers. The semiconductor
composition, nanomaterial size, and choice of surface-appended molecule(s) can be
conceptualized as coarse-tuning knobs. One can imagine selecting a class of semiconductor
capable of producing PL at a specific desired energy, which would also provide the lower limit of
the excited state average decay rate as kur. Controlling the size of the nanometer-regime
semiconductor material would further target the desired photon energy/desired wavelength. A
molecular chromophore, which would also dictate the upper limit of the observed excited state
average time constant, could then be selected on the basis of its T1 level and AE considerations. It
is important to note that temperature is clearly feasible as a final fine-tuning knob for precise
lifetimes, but this is likely impractical. However, we foresee the ability to compensate by instead

varying the concentration of the molecular chromophore bound on the nanomaterial surface. This
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would function in an analogous sense to the impact of the precise number of appended 3LC"-
bearing moieties in equilibrium with the emissive triplet states observed in the molecular TADPL

literature.
2.7 Outlook and Potential Research Directions

One goal in composing this Perspective was to challenge the field to correctly model
chromophore surface coverage on specific QDs such as CdSe, resulting in predictable PL time
constants as has been done with triplet equilibria in molecules.343 37-38. 42 \ijth the correct
framework in hand, it should be possible to model a priori the observed TADPL decay kinetics.
As discussed above, this task comprises serious complexity featuring numerous considerations;
this includes the nature of the QD and its size, the density of QD surface defects that may have
been incorporated during functionalization, the nature of the molecular chromophore(s) used, and
the surface linker used that can dramatically affect the electronic coupling, just to name a few.

This Perspective also calls to attention that newly conceived CdSe-based QD-molecular
constructs will likely feature thermally activated processes and we encourage all researchers
studying TTET across these interfaces to test for this phenomenon. Such observations of TADPL
emanating from the QD itself immediately suggests Dexter-like TTET processes are indeed
operative and ultrafast transient absorption spectroscopy will no longer be explicitly required for
making this assignment. Rather, simple temperature-dependent static PL measurements accessible
in most laboratories would enable the direct observation of the rTTET process, which in itself
confirms the nature of forward TTET reaction (microscopic reversibility). As there has been
growing evidence for “indirect” triplet sensitization mechanisms in select nanomaterials such as
PbS,® 8869 the lack of TADPL may confirm that the forward Dexter process is inoperative and

other phenomena are likely responsible.®® 7> While bimolecular TTET has been clearly
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demonstrated from energized surface anchored molecular acceptors to freely diffusing
molecules,®? 64 66. 7475, 8691 jt remains unproven whether QDs can directly engage in collisional
TTET. This would represent a significant advance as it would eliminate the need for complex and
time-consuming post-synthetic modification of the QDs.

It should be noted that QDs can also sensitize phosphorescence emission from surface
appended molecular chromophores.>? %2 While this phenomenon appears to be general for aromatic
hydrocarbons appended to QD surfaces, it remains largely unexplored for all other classes of
tethered organic and inorganic molecules as well as whether TTET can be observed between
different QDs themselves. Due to their large extinction coefficients, QDs can readily serve as light-
harvesting species enabling low concentrations to be used in PL-based detection schemes. This
was originally recognized in FRET-based experiments using QD donors and molecular fluorescent
acceptors.®*-% Interestingly, CdSe exhibits characteristics of being an exceptional singlet or triplet
energy donor, depending upon the molecular species in which it is partnered. This is akin to metal-
to-ligand charge transfer (MLCT) based photosensitizers such as [Ru(bpy)s]?*.9"1% The admixture
of singlet/triplet character enable observations of both efficient FRET and TTET from the MLCT
excited state,34-35 39-41,98,101-105 Thjs syggests that the photophysical processes occurring in QDs
echo those in molecular based photosensitizers and they can be envisioned in the same manner.
For example, it was recently shown that CdSe QDs were able to triplet sensitize [2+2]
cycloaddition chemistry in a variety of surface-bound organic substrates.' This illustrates how
QDs can be reimagined for applications in photochemistry by using their molecular-like
photophysical properties to sensitize reactions, such as photoredox processes.¢*8 107-10% Finally,

the size-dependent absorption and PL properties inherent in QDs could be exploited for evaluating
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the tenet of spin conservation (conservation of angular momentum) in dipolar (Foérster) energy

transfer reactions of QDs with molecular acceptors.*t®

2.8 Conclusions

Blending chromophores with vastly different excited state properties into a single molecule
can yield equilibrium-controlled excited state processes that can be conceptualized as a
superposition of their individual properties. Continued development of these multi-chromophores
led to numerous molecular designs targeted at a suite of both fundamental and applied topical areas
including light emission, photoredox catalysis, PL sensing, solar energy conversion, and excited
state decay engineering. Building on these advances, the introduction of semiconductor QDs as a
class of chromophores poised for integration into thermally activated excited state composites has
opened a vast parameter space for future investigation. The dream of an expansive assembly of

synthetically
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Chapter 3: Controlling Thermally Activated Delayed Photoluminescence in

CdSe Quantum Dots through Triplet Acceptor Surface Coverage

This chapter has been previously published: J. Phys. Chem. Lett. 2021, 12, 3718-3723. DOI:
10.1021/acs.jpclett.1c00746

Abstract: Quantum—dot/molecule composites (QD/mol) have demonstrated useful photochemical
properties for many photonic and optoelectronic applications, however, a comprehensive
understanding of these materials remains elusive. This work introduces a series of cadmium(Il)
selenide/1-pyrenecarboxylic acid (CdSe/PCA) nanomaterials featuring bespoke PCA surface
coverage on CdSe585 (coded by the peak of the first exciton absorption band) to glean insight into
the QD/mol photophysical behavior. Tailoring the energy gap between the CdSe585 first exciton
band (2.1 ¢V) and the lowest PCA triplet level (T = 2.0 eV) to be nearly isoenergetic, strong
thermally activated delayed photoluminescence (TADPL) is observed resulting from reverse
triplet-triplet energy transfer. The resultant average decay time constant (Tops) of the
photoluminescence emanating from CdSe585 is deterministically controlled with surface-bound
PCA. chromophores (n = average number of adsorbed PCA molecules) by shifting the triplet
excited state equilibrium from the CdSe585 to the PCA molecular triplet reservoir as a function of

n.
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3.1 Introduction

The scientific community has invested considerable recent effort into the development of
quantum dot-molecule composites (QD/mol) that leverage valuable properties engendered within
each component.''* These constructs merge highly tunable, strongly absorbing, and easy to
synthesize semiconducting QDs with well-established molecular chromophores to exploit
interfacial photo-induced energy transfer (EnT) reactions through the bespoke characteristics of
both the molecule and the QD. Several examples of these molecularly modified nanomaterials
have been reported for executing triplet sensitization chemistry, excited state lifetime extension,
photochemical upconversion, as well as photocatalysis.> >%!1:1319 [n each instance, the EnT
reactions occurring between the QDs and appended molecules enable their photo-functionality.
QD/mol cooperativity therefore represents a means to preparing highly modular photochemically-
active systems poised to meet numerous application-specific demands.?®*! Despite the potential
utility of these materials, detailed understanding of their excited state reaction dynamics has
remained somewhat elusive, particularly in comparison to their purely molecular
counterparts.21318:19:22-40

Among the remaining questions to QD/mol systems is the effect of molecular acceptor
concentration/surface coverage on the resultant photophysical properties. Multiple studies have
identified that the surface molecule concentration changes as a function of QD size, including
those that have analyzed surface coverage in a more quantitative manner, however, the role of
surface coverage remains incomplete 63117141741 Tn 3 recent Perspective, we postulated that a
priori determination of excited state dynamics should be possible using a derived Boltzmann
model for thermally activated delayed photoluminescence (TADPL)-active QD/mols.** To do so,

however, requires precise control over the surface environment of the nanomaterials, which is
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challenging to achieve in a reproducible manner. The present study specifically addresses this
question regarding the influence of molecular acceptor surface concentration, revealing
deterministic photophysical behavior akin to what has been observed in purely molecular-based
triplet-triplet equilibria.

3.2 ldentifying Effects of nPCA on CdSe

Previous reports have demonstrated that QD/mols using CdSe nanocrystals featuring triplet
energy gaps smaller ~ < 0.4 eV display TADPL.>!* When the QD/mol triplet states become nearly
isoenergetic, strong TADPL was observed, however, the lifetime extension becomes minimized as
the thermal activation at RT readily accesses the upper (QD) triplet emitting state, efficiently
quenching the lower molecular triplet.>!'4#? In this contribution, we selected a single CdSe QD
material having a bandgap energy centered at 585 nm (2.1 eV) in concert with surface-anchored
I-pyrenecarboxylic acid (PCA) having a triplet energy of 2.0 eV, yielding an energy gap of ~0.1
eV. By regulating the number of PCA molecules resident on the CdSe QD’s surface, we expand
upon previous work by providing a means to manipulate TADPL time constants in instances where
reverse EnT becomes facile. Specifically, the average TADPL decay time constant (ttaprL)
observed from the QD is predictably extended in CdSe585 by each additional bound PCA molecule
(n) by ~160 ns until the process saturates when n = 27.

The CdSe585 QDs were synthesized using an adapted literature procedure and screened
for selected photophysical properties as described in Experimental sections S3.1 — S3.3 of the
Chapter 3 Supporting Information and Figure S3.1.* To illustrate the effects of PCA surface
concentration on the QD/mol’s photophysical properties, ligand exchange was undertaken with a
systematic increase of chromophore loading on the QDs as described in Experimental section 4 of

the Supporting Information. These materials are coded as CdSe585/PCAn, where 585 represents
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the first exciton band (Eg) in wavelength and n denotes the average number of surface anchored
PCA molecules.

Comparison of the pristine as-synthesized CdSe585 to surface-exchanged CdSe585/PCAn
is an important step to ensure the ligand exchange has occurred and to verify that the QD/mol’s
material integrity has not been compromised. The toluene solution absorbance spectra of the
various CdSe585/PCAn materials indicate that the systematic increase of the PCA band at 341 nm,
which is not observed in pristine CdSe585, coincides with PCA surface loading of CdSe585,
Figure 3.1a. As additional chromophores are added to the surface, no spectral changes were noted
in the QD first exciton band when compared to the pristine material. This suggests that the
materials retain both their size and quantum confinement properties upon ligand exchange.?*?!
Representative TEM images (Figures S3.2a and S3.2b) show no change in the CdSe585 size or
shape after ligand exchange, further corroborating the integrity of the CdSe585 is preserved after
the ligand exchange chemistry. Representative FT-IR (ATR) spectra, Figure S3.2¢, indicate the
loss of native oleic carboxylates (OA) with the addition of PCA. Control studies using naphthoic
acid (NCA) and 5-tetracene carboxylic acid (STET) with CdSe585 were also performed, whose
triplet energies are 2.5 and 1.3 eV, respectively. These surface anchored molecules energetically
prohibit any TADPL processes from being observed and surface defects generated on CdSe585
through carboxylate ligand exchange may be directly monitored. Using NCA, no significant
changes in the photophysical properties were observed in the final materials, Figure S3.3a and
Table S3.1. In the case of STET, Figure S3.3b, quenching of the CdSe PL was observed as a
function of increasing surface coverage but these materials did not display any TADPL behavior
as the energy gap is simply too large (~0.8 eV) to enable any thermal activation at RT. No evidence

of any red-shifted PL features emanating from the CdSe were observed in either series of samples
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indicating there is no generation of trap states during the ligand exchange process. In addition, the
PL band shape is retained for these materials suggesting the CdSe retains its surface stability and
monodispersity. We therefore conclude that any surface defects generated through carboxylate
ligand exchange are negligible and the intrinsic properties of CdSe remain largely unperturbed
from this process, full details are available in Section 6 of the Supporting Information. These
results collectively suggest the successful and non-destructive ligand exchange of CdSe585
producing the desired CdSe585/PCAn materials.

Upon verification of successful ligand exchange chemistry, the absorption features
attributed to CdSe585 and PCA leveraged the established extinction coefficients (€) of their
individual components as previously reported.>>!* Subjecting the solution absorbance spectra for
CdSe585/PCAn materials to the Beer-Lambert Law, Mpca/Mcdse = (Apca X €pca % lcdse)/(Acdse X
gcdse X lpca), yields the average number of PCA adsorbed per QD (n), ranging from 0 — 27 for
CdSe585 in this inverstigation.>>!* In quantifying the average number of appended PCA
chromophores (n), it was found that n could be controlled through systematic variation of the initial

PCA solution loading.
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Figure 3.1. Solution UV-vis and photoluminescence spectra of CdSe585/PCA» composites
measured in toluene. (a) normalized absorbance and (b) steady—state PL spectra measured with
475 nm excitation. Arrows indicate increasing n PCA units on the CdSe585 surface.

Previous studies of CdSe/PCA materials report substantial steady—state
photoluminescence (PL) quenching with respect to the pristine CdSe PL signal resulting from
efficient triplet-triplet energy transfer.>® Here, quenching of the CdSe585 static PL signal was
proportional to n PCA, Figure 3.1b, suggesting the rate of EnT indeed changes as a function of
increasing n. Additionally, the PL intensity dependence on n also suggests the observed increase
of PCA in the absorbance spectra remains correlated to the actual surface number density and not
simply a result of freely diffusing PCA molecules in the bulk solution. Information regarding the
role of n on CdSe585/PCA\’s dynamics is necessary to establish a clear understanding of the
photophysics in these materials. Therefore, more intricate time-resolved spectroscopic

techniques were used to determine the underlying photophysics of the CdSe585/PCA\ materials.

Supra-nanosecond time gated emission (TGE) experiments were performed to extract Kops
for the various CdSe585/PCA, materials. An equilibrium between CdSe585 and PCA* states is
expected as they are nearly isoenergetic. This equilibrium in effect results in PL lifetime
extension in the CdSe PL by exploiting the long-lived 3PCA* reservoir that can thermally
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resupply the CdSe585 bright state resulting in TADPL,>1427:36:39.4044 Tq djsentangle the prompt
CdSe decay kinetics from the TADPL decay, these experiments were time-gated beyond the
pristine CdSe585 native PL intensity decay, see Section 8 of the Supporting Information. As
such, the observed average PL time constants gathered from TGE experiments represent solely
the TADPL decay processes (traprL). By introducing additional PCA molecules to the surface of
the CdSe585, the equilibrium between the two states is entropically shifted toward the long lived

3PCA* resulting in systematic lifetime extension as a function of n, Table 3.1, and Figure 3.2.
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Figure 3.2. Normalized time-resolved PL intensity decay Kkinetic traces observed in the
CdSe585/PCAnN series measured in degassed toluene at 293 K following selective excitation (2
mJ, 5-7 ns FWHM) of CdSe at 475 nm. Representative lifetimes calculated using a stretch
exponential fit, I(t) = A exp(—(t/7)"), full details available in Section 7 of the Supporting
Information. The arrow indicates both an increase in n PCA units and the corresponding extension
of excited state decay.

3.3 Developing a Deterministic Model

Previous reports have utilized a Boltzmann model to deconvolute the underlying

contributions responsible for the observed lifetime extension in molecular TADPL systems. 424546
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Using the same Boltzmann model, Eq. 3.1, the entropic change in driving force is determined to

be ~1 meV/PCA, as presented in Figure 3.3a.

(kPCA + Kcase X €xp (K'E))

k =
obs _AEgSBST (31)
1+ exp <—kBT )

In Eq. 3.1, kobs is the observed average rate constant (1/<tobs>), Kpca and Kcdse represent
the intrinsic rate constants of the unbound PCA and pristine CdSe585, respectively, and AE
represents the effective energy gap between the CdSe585 bright state and 3PCA* as a function of
surface coverage. Fitting of this data indicates that the change in AE is directly proportional to n.
This suggests the energy transfer reactions between the two triplet states is perturbed in a
systematic fashion resulting in predictable changes in the equilibrium constant. As the triplet
equilibrium is responsible for the changes in trapeL, the Systematic variation revealed in the
Boltzmann model hints that a deterministic change related to the PCA surface coverage in these

materials is operative.
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Figure 3.3. Graphical representation of Boltzmann models of (a) change in AE and (b) trappL as
a function of n. Linear fitting is represented by solid lines denoting a 1 meV/PCA and ~160
ns/PCA increase in AE and trappL, respectively.

We further modeled the current triplet-triplet equilibrium in this system using a derived
Boltzmann model, Eq. 3.2, adapted from the thermally activated delayed fluorescence (TADF)

work by Ravinson et al.*’

TrapPL = Tcdse X Kgql (3.2)

Keq! in this equation represents Kent/krent, the ratio between the forward and reverse EnT
reactions respectively, and tcdse, the intrinsic lifetime of pristine CdSe585. For Eq. 3.2 to be
acceptable, the assumptions Kcase >> kpca and Krent, Kent >> Kcase must be met. Our experimental
data combined with established literature values indicate the CdSe585/PCAn materials are well
within these boundary conditions.>!* Keq was extracted from static PL measurements, utilizing
the TADPL of CdSe585/PCAnN with respect to the PL of pristine CdSe585; a full derivation of the
Keq calculation is available in Section 8 of the Supporting Information. Results from Eq. 3.2 are

reported in Table 3.1 and Figure 3.3b.
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Table 3.1. CdSe585/PCAn tabulated values of n, Keq, calculated lifetime, and experimental
average lifetime.

n (PCA/CdSe585) Keq Calc. traDPL (S) 2Exp. <tTADPL> (S)
0 | e e b1.82 x 10”7
6 0.88 2.08 x 10”7 2.94 x 10°°
12 0.49 3.77x1077 3.28 x 1076
17 0.17 1.05x10° 4.00 x10°°
18 0.14 1.28 x 10°° 3.39x10°¢
19 0.13 1.41x10° 475%10°°
20 0.11 1.62 x 10°° 443 x10°°
21 0.08 2.26 x 10°° 539 x10°°
27 0.05 3.61x10° 6.38 x 10°°

3Experimental <t> derived using a stretch exponential fit, I(t) = A exp(—(t/t)P). PPristine CdSe585 decay time
constant derived from the same experiments

3.4 Results and Analysis

Under initial inspection, the calculated values appear to be offset from the experimental
values. However, upon closer inspection, the change in lifetime per PCA unit represented by the
slope of the calculated lifetime, <mcac> = 1.59 + 0.30 x 1077 s/PCA, and the slope of the
experimental lifetime, <mgxp> = 1.64 + 0.38 x 1077, are found to be within experimental error of
one another, Figure 3.3b. The coalescence of these values suggests that the observed PL
quenching and lifetime extension for TADPL active CdSe585/PCAnN are directed by the triplet
acceptor concentration in a similar fashion as observed in complementary TADPL active
molecules.*®*°  Additionally, by measuring trappL directly from our TGE experiments, it is
possible that our experimental data is artificially elongated as a result of a systematic error induced
by the requisite gating of the early time PL signal. However, as this is a systematic error, the trends
observed in the experimental data and the conclusions drawn by them remain valid. In this manner,
PCA surface concentration is shown to regulate TADPL systematically in CdSe585, allowing for
tailored photophysics in QD/mol constructs synonymous to molecular TADPL constructs.

Furthermore, the combined results suggest simple static PL measurements may be used to
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accurately predict the trend in TADPL lifetimes for QD/mols as a function of PCA units added,

providing a means for deterministic design of TADPL active QD/mol composite materials.

3.5 Conclusions

This report illustrates that the photophysical properties of QD/mol composites can be
deterministically controlled at RT by simply changing the number of appended triplet
chromophore units when AE is small, similar to molecular systems that have been more widely
studied.3948495152 The average trappL Value varies linearly as a function of surface-anchored PCA
molecules on CdSe585 and is shown to be reasonably modeled using Boltzmann approximations.
Specifically, trappL IS extended by ~160 ns per PCA molecule in CdSe585/PCA\ up to n = 27.
While previous reports indicate the enthalpic driving force between the QD and triplet acceptor to
be more substantial in altering the material’s kinetics — changes in AE have been reported to alter
lifetimes by orders of magnitude — the current results indicate that the QD/mol surface coverage
cannot be ignored to achieve comprehensive photophysical design.>'* Bespoke QD/mol materials
should consider the enthalpic thermodynamics of these systems as a method for coarse lifetime
tuning whereas triplet acceptor surface coverage serves as a means for fine tuning the resultant
decay kinetics. These combined effects are expected to be particularly important for non-0D
morphologies, i.e. rods, wires, plates and wells wherein increased surface area may enable
extensive chromophore adsorption to the nanomaterial surface. It should also be noted that surface
acceptor coverage may dictate more substantial lifetime manipulation in cases where the
thermodynamic landscape does not lend itself to activate strong rEnT i.e. TADPL materials with
a larger AE may be more susceptible to entropic shifts in Keq due to weaker rEnT. Complete
understanding of these effects ultimately contributes to more robust QD/mol designs poised to

impact a variety of applications. Finally, this contribution illustrates that diverse photophysical
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behavior is readily enabled using just one type of CdSe QD in concert with one molecular
chromophore (PCA). Therefore, libraries of future QD/mol constructs are anticipated to provide

enormous opportunities for controlling the output of photoluminescent materials.
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Supporting Information for Chapter 3: Controlling Thermally Activated
Delayed Photoluminescence in CdSe Quantum Dots through Triplet Acceptor

Surface Coverage
General Experimental Techniques

General Techniques

Steady-state solution electronic absorption experiments were performed using a Shimadzu
UV-3600. Steady-state solution photoluminescence experiments were performed using an
Edinburgh FLS 980 fluorimeter. Excitation was achieved by passing a 450 W Xe arc lamp through
a monochromator. Attenuated total reflectance Fourier-transform infrared (ATR-FTIR)
spectroscopy experiments were performed on solid state samples using a Bruker Alpha Platinum

ATR instrument.

Time Gated Emission

Suprananosecond Time-Gated Photoluminescence measurements (TGE) were executed
using an Edinburgh Instruments LP920 laser flash photolysis system (Edinburgh Instruments)
equipped with an iStar ICCD camera (Andor Technology) controlled with the LP920 software
package. The reported TGE spectra are the average of 20 laser pulses. Sample excitation was
achieved with a vibrant LD 355 1l Nd:YAG/OPO laser system (OPOTEK) functioning at 1 Hz.
The pulse energy of the laser was manipulated using neutral density filters to achieve the desired
pulse energy of 2 mJ. Samples were prepared in toluene and degassed via standard freeze-pump-
thaw technique with a minimum of three cycles in a 10 mm path length custom quartz optical cell.
Samples were prepared to an optical density of 0.2 at Xex 475 nm. Unless otherwise noted,

experiments were performed at room temperature.
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S3.1. Synthesis of CdSe:

S3.1.1. Chemicals

Cadmium oxide (CdO, 99.995% trace metal basis, BTC), selenium powder (Se°, 99.5%
trace metal basis, Aldrich), oleic acid (OA, tech gr. 90% Alfa Aesar), octadecene (ODE, tech gr.
90% Acros) toluene (ACS gr. 99.5%), methanol (MeOH, ACS gr. 99.5%), ethanol (EtOH, 200
proof ACS gr.), acetone (ACS gr. 99.5%), 1—pyrenecarboxylic acid (PCA, >97.0% TCI), were all

used as received without further purification unless otherwise noted.

S3.1.2. Synthetic Procedure for CdSe
CdSe QD’s were synthesized following an adapted procedure via Dempsey et al.l

Cadmium(ll) oxide (CdO, 300 mg, 2.3 mmol), oleic acid (OA, 2 mL, 6.3 mmol) and octadecene
(ODE, 10 mL, 63 mmol) are combined in a 100 mL 3-neck flask equipped with a thermometer,
reflux condenser with nitrogen adapter, rubber septa and stir bar. Once added, the reaction flask is
degassed for a minimum of 30 mins at 100 °C to remove water and air while stirring vigorously.
The reaction flask is then subjected to a N2 atmosphere and the temperature is slowly ramped 280
°C. The reaction slowly will turn from a dark brown color to a clear colorless solution indicating
the successful conversion from CdO to cadmium(ll) oleate (Cd(OA).). Note: if the reaction is not
well degassed or the temperature is not well controlled and exceeds ~290 °C, the reaction will
carbonize and turn a gray/brown color and must be discarded. Once Cd(OA) is formed, the
reaction mixture is cooled to ~100 °C.

In a separate 100 mL 3-neck flask — equipped with a thermometer, reflux condenser with
nitrogen adapter, rubber septa and stir bar — selenium powder (Se®, 100 mg, 1.2 mmol) and ODE
(10 mL, 63 mmol) were degassed at 100 °C for a minimum of 30 mins with vigorous stirring and
then placed under flowing N2. To this flask the previously synthesized Cd(OA). was injected and
the temperature was slowly ramped to 240 °C. A stark color change is noticed at 180 °C as the
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black Se° dispersion converts to an orange/yellow color. Once at 240 °C, the reaction temperature
is maintained and the CdSe grow for various times before being quenched with 40 mL of toluene
to yield the desired material size, Figure S3.1. These materials are then cooled to room temperature

before being washed.

S3.2. Washing Procedure for CdSe:

Washing is completed using centrifugation in 4 phases at 4300 rpm. The first phase is
addition of acetone to the reaction mixture in 1:1.5 ratios acetone:rxn to remove excess reactants
i.e. Cd(OA), or Se°. The second phase is precipitation of the QDs by adding toluene to disperse
the CdSe and MeOH to precipitate in a 1:10 ratio respectively. Note: the first centrifugation of this
phase only adds MeOH to precipitate the QDs as the supernatant already contains the dispersed
QDs. This is repeated 5 times. The third phase is flocculation of the NPs via a 1:10 mixture of
toluene:EtOH. This is also repeated 5 times. The final phase is addition of toluene to disperse and
acetone to precipitate in a 1:10 ratio respectively. This is repeated 5 times and upon completion a
solid pellet of CdSe should form. The pellet was then dried before being stored as a powder for

later use.

S3.3. Spectroscopic Screening of CdSe Materials:

In order to ensure that the synthesized materials are suitable for complex photophysical
investigation, steady-state absorbance and photoluminescence measurements are conducted on the
washed CdSe. These experiments verify the quality of the materials by monitoring the FWHM (z
0.07 eV), asymmetry of the PL band and checks for the observation of sub-bandgap trap states.
Figure S3.1 demonstrates examples of suitable spectra as well as unacceptable spectra of CdSe.
Samples with any asymmetry in PL band which is the evidence of significant trap states, and/or

loss of narrow FWHM (x 0.07 eV) were deemed unusable and discarded. This procedure ensures
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that the photophysics of the end composite material were solely altered by the introduction of
chromophore molecules. Established empirical equations were used to determine the diameter of
these materials and their molar extinction coefficients at Eg, 2.5 nm, 71,000 M~! cm™! and 4.0 nm,

230,000 M~! cm™! for CdSe520 and CdSe585, respectively.?
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Figure S3.1. Representative spectra of different sized CdSe a. absorbance and b.
photoluminescence in toluene. Examples of sub-bandgap trap states are observed in the 8 and 16
min samples and asymmetry is noted in all but the 4 min spectra. For these materials, only the 2
min sample would be deemed acceptable for further use.

S3.4. Ligand Exchange:

Ligand exchange was revised from previously reported methodologies.>® A stock solution
of the acceptor molecule was generated by measuring >20 mg of acceptor and dissolve ng in
acetone. Aliquots corresponding to the desired mg amounts of acceptor were then added to vials
and the vials were set aside to allow the solvent to slowly evaporate until gone and generate
crystalline acceptor. While the crystals are being formed, a stock solution of CdSe is made by
dissolving the desired Eq CdSe in toluene. This solution was examined via steady state absorbance
in a 2 mm cuvet to ensure ~2 abs at Eg. This step is important to prevent destruction of the QDs, if

the CdSe is not concentrated enough the addition of acceptor will cause a broadening of the CdSe
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Egy and the nanoparticles will become colloidally unstable. Once the acceptor crystals form, 100
ML of acetone is added to the vials to redissolve the crystals, followed by 1 mL of the CdSe stock
solution. The reaction mixtures are then sealed with parafilm, placed in a sonicator preheated to
35 °C, and sonicated for 1 hour. Once the sonication is completed, the reactions are removed and
allowed to cool to room temperature before being isolated.

Isolation of the composite materials is achieved through a standard washing protocol. Step
1 is to draw the reaction solution into a syringe. Step 2 is to draw 3 mL of MeOH into the same
syringe to precipitate the CdSe with surface anchored acceptor molecules (CdSe/mol). Step 4 is to
pass the 3:1, MeOH:toluene, solution through a 450 um syringe filter. As the CdSe/mol materials
are insoluble in MeOH, this precipitates the CdSe/mol materials and removes excess acceptor
which readily dissolve in MeOH. For step 5, 1 mL of toluene is drawn into a clean syringe and
passed through the same syringe filter to extract the precipitated CdSe/mol composites via
dissolution into the toluene. These materials are used without further purification and are stored in
a 1 dram vial sealed with parafilm.
S3.5. TEM and ATR-IR of CdSe585/PCA:

To further characterize the effects of ligand exchange on CdSe, representative TEM and
ATR-IR experiments were conducted for CdSe585/PCA samples. Figure S3.12 demonstrates the
retention of particle size post ligand exchange and ATR-IR indicates the loss of OA for the

introduction of PCA to the CdSe’s surface.
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Figure S3.2. Representative TEM images of CdSe585 a. before and b. after ligand exchange with
PCA and c. the corresponding solid-state ATR-IR spectra indicating the coordination of PCA to
the QD surface via the exchange with OA.

S3.6. NCA and 5TET Control Studies:
To verify ligand exchange reactions are not destructive to the CdSe, two additional control

studies were conducted with 5-tetracene carboxylic acid (5TET) and naphthoic acid (NCA). These

71



chromophores were chosen to directly identify the effect of ligand exchange on the quality of
CdSeb85 when no TADPL processes are observed. This is possible due to the triplet energies of
5TET, 1.3 eV, and NCA, 2.5 eV, being energetically outside of the acceptable energy range for
TADPL to occur. As shown in Figure S3.3a and Table S3.1, no significant changes in
photophysical processes are noted for NCA as expected given the high energy of the NCA triplet.
CdSeb85/5TET indicates quenching as expected for the low energy triplet, but no change in band
shape or addition of sub-bandgap trap states are noted, Figure S3.3b. These results indicate that
our exchange of carboxylate ligands at the CdSe interface are generating negligible surface defects.
As such, surface degradation altering the intrinsic CdSe properties resultant from ligand exchange
processes will also be considered negligible to the observed decay processes for the

CdSe585/PCAn species of interest.
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Figure S3.3. Control CdSe/mol studies of a. fsSTA kinetic decay with NCA at 585 nm with Aex =
475 nm (0.5 pJ per pulse, 100 fs FWHM) and b. steady-state PL spectra with STET in toluene, Aex
= 475. Resultant photophysics of CdSe/mols indicate retention of the CdSe intrinsic properties
after ligand exchange evident by lifetime retention in CdSe585/NCA and lack of sub band gap trap
states and band shape retention in CdSe585/5TET.
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Table S3.1. Kinetic data for CdSe585/NCA fsTA data demonstrate stable excited state dynamics
independent of additional NCA in ligand exchange reactions. Results indicate any surface

degradation is negligible to the decay kinetics noted for CdSe585/PCA.

NCA Loading(mg) | (s x107) B <1> (s x 1078) <k> (s x 10")
0.00 6.16 0.37 2.7 3.7
0.50 6.14 0.35 3.09 3.2
1.00 5.10 0.32 3.64 2.7
1.50 4.70 0.30 4.29 2.3
5.00 3.87 0.28 5.15 1.9
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Synthesis of 5-Tetracene Carboxylic Acid (5TET):

S3.6.1. Chemicals and Instrumentation

All chemicals and solvents were analytical grade and they were used without purification.
!H- and BC-NMR spectra were measured with a Bruker® Avance NEO 400 MHz NMR
spectrometer. The chemical shifts (5 ppm) are referenced to the respective solvent and splitting
patterns are designed as s (singlet), d (doublet), dd (doublet of doublet), ddd (doublet of doublet
of doublet), dddd (doublet of doublet of doublet of doublet), t (triplet), m (multiplet). Mass-

spectrometry studies were performed using an Agilent 5975B inert Series GC/MS system.

S3.6.2. Synthesis

S3.6.2.1 Synthesis of 5-Bromotetracene (1).

OOOO DMF, DCM OOOO

40°C, N,, 48hrs.
1: 85 %

5-bromotetracene 1 was prepared using a modified procedure from those described in the
literature.” In a 25 mL round-bottom flask, tetracene (256 mg, 1.12 mmol) was suspended in 70
mL of dichloromethane (DCM) under nitrogen. The resulting suspension was sonicated for 20
minutes. An additional funnel containing a solution of N-Bromosuccinimide (NBS) (200 mg, 1.12
mmol) in 4 mL of dimethylformamide (DMF) and 18 mL of DCM under nitrogen was installed
onto the flask containing the tetracene suspension. The flask was covered by aluminum foil and
heated to 40°C. The solution of NBS was added slowly, over a period of 2 hours. The resulting

reaction mixture was stirring in the dark, under nitrogen for 2 days. Then, the reaction mixture was
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cooled to room temperature, and DCM was removed by rotary evaporation in vacuo. 10 mL of
cold methanol was added to the remaining slurry and cooled to 0°C for 30 minutes. 1 mL of water
was added dropwise, and the solids were collected by vacuum filtration. The resulting red solids
were rinsed with cold water and methanol to give 300 mg (0.98 mmol) of 5-bromotetracene in

85% yield.

MS [GC-MS (ACN) m/z] 306.0 [M]*

IH NMR (400 MHz, C2D>Cla-d2): § 9.15 (s, 1H), 8.70 (d, J = 5.1 Hz, 2H), 8.52-8.47 (m, 1H), 8.14-
8.10 (m, 1H), 8.03 (dd, J = 10.6, 7.9 Hz, 2H), 7.57 (ddd, J = 9.1, 6.4, 1.3 Hz, 1H), 7.48 (dddd, J =

13.0, 6.6, 3.9, 1.1 Hz, 3H) ppm.

13C NMR (125 MHz, C2D2Cls-d2): § 132.26, 131.51, 131.26, 130.16, 130.04, 128.71, 128.70,
128.60, 128.16, 127.75, 127.33, 127.26, 127.04, 126.18, 125.99, 125.90, 125.21, 121.94 ppm.

6.2.2 Synthesis of 5-Tetracenecarboxylic Acid (2).

n-hexane solution of nBuLi (1.6M) OOOO
THF

-78°C, N», 2hrs. COOH
Br co:

1 2:58 %

5-Tetracene carboxylic Acid 2 was prepared using a modified procedure from those
described in the literature.® In a 25 mL round-bottom flask, 5-bromotetracene 1 (190 mg, 0.62
mmol) was suspended in tetrahydrofuran (THF) (6 mL). n-hexane solution of nBuL.i (1.60M, 450

ML, 0.68 mmol, 1.1 equiv) was added dropwise to the solution of 1 at -78°C. The reaction mixture
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was stirring for 2 hours. Then, some pellets of dry ice were added under a stream of nitrogen. The
mixture was kept at the same temperature for additional 1 hour. After this time, the reaction
mixture was allowed to warm to room temperature. After that, 2 mL distilled water was added and
solvents were concentrated under reduced pressure to obtain yellow-orangish solids, which were
dissolved in aqueous sodium hydroxide solution (1.0 M, 42 mL). The solids were then filtered off.
The filtrate solution was acidified with aqueous hydrogen chloride solution (2.0 M) to precipitate
orange solids. The orange solids were filtered off and dried over phosphorus (V) oxide under

reduced pressure to give 98 mg (0.36 mmol) of 5-tetracene carboxylic acid in 58% vyield.

MS [GC-MS (ACN) m/z] 271.0 [M-H]

IH NMR (400 MHz, DMSO-ds): & 13.99 (s, 1H), 8.98 (s, 1H), 8.92 (s, 1H), 8.75 (s, 1H), 8.14
(ddd, J = 13.9, 7.2, 3.7 Hz, 3H), 8.05 (d, J = 8.8 Hz, 1H), 7.61-7.56 (m, 1H), 7.35-7.48 (m, 3H)

ppm.

13C NMR (125 MHz, DMSO-dg): & 170.28, 131.67, 130.92, 130.20, 129.43, 128.91, 128.73,

128.69, 128.40, 128.01, 127.09, 127.01, 126.79, 126.18, 125.90, 125.44, 125.32, 124.84, 123.30

ppm.
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S3.6.3. NMR spectra
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S3.6.4. Mass Spectrometry

Figure S3.8. GC-MS spectrum of 5-bromotetracene.
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Figure S3.9. MALDI-MS spectrum of tetracenecarboxylic acid.
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S3.6.5 NCA Femtosecond Transient Absorption Spectroscopy

Femtosecond transient absorption (fsTA) measurements were executed at the NCSU
Imaging and Kinetic Spectroscopy (IMAKS) Laboratory using a mode-locked Ti:sapphire
(Coherent Libra) laser system and a Helios, Ultrafast Systems transient absorption spectrometer
as previously described.® The pump beam was fired into a parametric amplifier (coherent Opera
Solo) to generate 475 nm excitation beam. White light continuum was generated between 350 and
775 nm via focusing the probe beam onto a calcium fluoride crystal. The pump (~700 um) and
probe were focused and overlapped through the sample dissolved in toluene inside a 2 mm cuvette
equipped with a stir bar. All samples were selectively excited into the CdSe at 475 nm for
CdSeb85. The average number of excitations per pulse (<Nex>) were kept < 0.1. At the <Nex>
significantly < 1, multiexciton events previously reported in QDs is effectively suppressed.®
Ground-state absorption spectra were conducted before and after each experiment to verify no
photodegradation was observed in the samples. Transient kinetic data at select wavelengths was
analyzed using fitting routines available in OriginPro 2020 SR1 (v 9.7). Lifetimes were extracted
using stretched exponential fits, I(t) = Aexp(—(t/t)’), following the previously established
procedures in the literature, full details available in supplementary section 7. Decay Analysis

Methods.4510-13
Data Analysis Methods:

S3.7. Decay Analysis Methods:

S3.7.1 Stretch Exponential Fits:
Kinetic analysis was monitored from the CdSe bright state in photoluminescence decay
measurements and the CdSe ground state bleach signal in transient absorption experiments. To

appropriately model the variations in the surface organization of the CdSe/PCA and the initially
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populated CdSe excited state, a stretched exponential function was used. The collected data was
fit using the below equation, results from these fits are shown in Tables 3.1, 3.2, S3.1, & S3.2.
I(t) = A x exp(—(t/1)P)

Here, A is the amplitude of the decay, 7t is the stretched lifetime and f is the stretching
exponent of the CdSe kinetic decay. The average weighted lifetime, <t>, is calculated using the
obtained values of T and § with the following equation:
<t>=1/p x I'(1/B)

S3.7.2 TGE Experiments:

Suprananosecond Time-Gated Photoluminescence measurements (TGE) were executed
using an Edinburgh Instruments LP920 Spectrometer equipped with an andor iccd camera. Sample
excitation was achieved with an Opotek (vibrant LD 355 II) Nd:YAG/OPO laser system
functioning at 1 Hz. The pulse energy of the laser was manipulated using neutral density filters to
achieve the desired pulse energy. Resultant spectra are displayed in Figure S3.10 and the extracted

kinetic data is tabulated in Table S3.2.
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Figure S3.10. Time gated photoluminescence spectra post 475 nm laser excitation (2 mJ, 5-7 ns
FWHM) for a. — 1. CdSe585/PCA00 — CdSe585/PCA27 samples, respectively. All experiments
were executed using an Edinburgh LP920 Flash Photolysis system and degassed toluene in a
custom freeze pump thaw optical cell.
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Table S3.2. Kinetic fitting parameters for CdSe585/PCA materials from TGE experiments.

Derived values indicate a positive correlation between surface concentration and krrer. Lifetimes

calculated using a stretch exponential fit, I(t) = A exp(—(t/7)P).

<n>PCA T ] Exp. <t> Kobs

(s) (s) ™
0 1.79 x 10”7 1.00 1.82 x 1077 5.50 x 10°
5.6 3.12x10° 0.97 2.94 x 10°° 3.13 x 10°
12.1 3.37x10° 0.94 3.28x10° 2.82 x 10°
17.1 3.93x10° 0.87 4.00x10°¢ 2.30 x 10°
18.4 3.72x10°° 0.90 3.39x10°° 2.55 x 10°
19.0 450 x 107 0.82 475 % 10° 1.92 x 10°
19.9 434 x10° 0.83 4.43x10° 2.03 x 10°
20.9 4.83 x 10°° 0.78 5.39 x 10°° 1.71 x 10°
26.2 5.46 x 107 0.72 6.38 x 10°° 1.43 x 10°

S3.8. Boltzmann Approximation Derivation

A steady—state approximation was used to determine Keq from steady—state PL
measurements.** In this model, the relative PL (rPL) of the composite materials to the pristine
CdSe585 is used to determine Keq Via steady state PL measurements where PL is calculated by Eq.
S3.1.

Ip;, = kloxeb®[A] Eqg. S3.1

Here IpL is the PL intensity, k is an instrumental constant, lex is the intensity of the excitation

beam, ¢ is the extinction coefficient, b is the path length, @ is the quantum yield and [A] is the

excited state concentration of the sample. If ®, and ¢ are assumed to be unchanged in CdSe585
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upon ligand exchange, and if lex and b are fixed experimentally, the changes in Ip_ between the
pristine CdSe585 and CdSe585/PCA become directly proportional to [A]. Changes in [A] are

represented by the following Eq. S3.2:

[A] = [Ag] x SxEaT Eq. $3.2

KgnT

KrenT/KenT represents Keq between the CdSe585* and SPCA*.1>-17 By substituting Keq into

Eq. S3.2 and rearranging we determine the value of Keq in Eq. S3.3:

A
Keq = % Eq. S3.3

Keeping the same assumptions used in Eq. S3.2, the relative quantum yield (®rpL) IS
calculated with the PL intensity of CdSe585/PCA materials (ItapeL) and the undecorated CdSe585
PL (lor) yielding Keq via Eq. S3.4:

I
Bpp, = 8 = Keq Eq. S3.4

IOPL

With Keq in hand, theoretical calculations were performed to determine the expected
lifetimes of trappL, USING Keq and the unaltered CdSe585 lifetime, tcase, Via EQ. S3.5, a modified
version of a previously reported equation from Ravinson et al used to model TADF materials.*’

TrappL = Tcase X Keg Eqg. S3.5

Eq. S5 is acceptable under the assumptions Kcdse >> kpca and kient, Kent >> Kcase.
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Chapter 4:1D, 2D, 3D, Red Dot, Green Dot, Blue Dot, All in Efforts
to Exploit Morphology

Chapter 4 Preface

Understanding the effects of interfacial concentration in 0D materials obviates the next
research progression: studying a variety of morphologies with different surface areas to identify
the utility of entropically driven surface phenomena. Previous studies have identified a
relationship between thermally activated delayed photoluminescence (TADPL) lifetime and the
number of acceptors involved for both molecular systems and for quantum-dot/molecule
composites (QD/mol) materials.*® In the case of QD/mol species, unlike purely molecular
systems, simple changes in the morphology of the quantum confined material allow for dramatic
changes in the available surface area providing substantial increases in the number of surface
bound acceptors. By implementing non-0D materials, the theoretical limit of lifetime extension
becomes accessible via a shift in excited state equilibrium from the quantum confined material to
the molecular acceptor.”® Understanding the dynamics of such a system requires additional
troubleshooting to develop the appropriate starting materials and fully characterizing them to
determine the number of absorbed molecules. Unfortunately, the results that were desired, an
extension of the nanorod (NR) lifetime via TADPL, were not achieved. Instead, the results
indicate a surface healing effect similar to other QD/mol systems and suggest further efforts are
necessary to achieve strong TADPL character from materials of this type.®*2 Preliminary results

of CdSe rods with appended PCA are discussed below.
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Abstract: Nanocrystal semiconductors have demonstrated useful photochemical properties for
many applications, with quantum-dot/molecule composites (QD/mol) demonstrating very useful
optoelectronic and photonic properties. The leading research in QD/mol has led to the interest in
anisotropic materials such as nanocrystal-rod/molecule composites (NR/mol) due to their similar
properties but increased surface area allowing for increased surface anchored acceptors. Triplet-
triplet energy transfer (TTET) at QD/mol interface has been reported, however a comprehensive
understanding of the NR/mol materials remains elusive. The current work also includes a series of
cadmium(II) selenide/1-pyrenecarboxylic acid (CdSe/PCA) nanomaterials featuring variable PCA
surface coverage in CdSe577 (coded by the peak of the first exciton absorption band) to gain
insight into the design parameters necessary to achieve predictable NR/mol photophysical
behavior. By tailoring the energy gap between the CdSe577 first exciton band (2.17 eV) and the
lowest PCA triplet level (T1 = 2.00 eV) to be nearly isoenergetic, strong thermally activated
delayed photoluminescence (TADPL) was expected with a resultant lifetime increase in the
materials bright state. The lifetimes observed for these materials however showed negligible
changes with additional PCA loadings indicating a more complex ligand exchange than previously
denoted for 0D composite materials of the same family. Thus, more experiments are necessary to
identify the systematic exchange of the NRs surface ligands to fully elucidate the photophysical

characteristics of these materials in a controlled way.
Introduction

The scientific community has invested considerable efforts to develop a new class of
nanocrystals with bound acceptors, specifically quantum dot-molecule composites (QD/mol) and
nanocrystal rod-molecule composites (NR/mol) .>>%1328 These photophysical constructs meld the

highly tunable, strongly absorbing, and synthetically facile nature of QDs and NRs with well-
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established molecular chromophores to exploit interfacial photo-induced energy transfer (EnT)
reactions.>®!42% This is carried out through the specific characteristics of both the molecule of
interest and the nanocrystals. Modifications of QD/mols and NR/mols are reported for a variety of
photophysical applications with extensive research in photocatalysis and excited state lifetime
extension.'*2%2530 The change in observed photophysical properties is a direct result of EnT
reactions in the composite materials. Many of the constructs studying these interactions focus
mainly on 0D QD/mols for fundamental studies. More recent efforts have expanded to work on
anisotropic materials to exploit the nanomaterial’s structural properties.??>*3!*2 For example, the
NRs long axis provides potential continuous transport of electrons bypassing the need for electron
hopping which in QDs is required.?>*3? These studies suggest anisotropic materials offer
enhanced material capability in real world applications when compared to their 0D counterparts.
Additionally, recent reports have begun to analyze the effects of anchored acceptor number (n) in
0D QD/mol materials demonstrating that simple changes in n yield altered observed
photophysics.!*¢33 Relative to 0D materials like QDs, NRs and other anisotropic materials have
substantial surface area increases allowing for increased maximum values of n as demonstrated in
Figure 4.1.°>°3* Despite these changes the available research on the subject leaves much to be
discovered. As such, NR/mols, with their versatile photochemically-active systems, are prepped

for a variety of exploratory research efforts across numerous application-specific demands.??3!343

The potential for NR/mol materials is great, but there is a lack of understanding of their
excited state reaction dynamics which remain particularly elusive in comparison to QD/mols and
purely molecular counterparts that display similar energy transfer reactions.'>?>2-31-33 One of the
questions that has gone unanswered for NR/mol systems is the effect of molecular acceptor

concentration/surface coverage on the resultant photophysical properties. Some recent studies with
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QD/mols have demonstrated an interfacial acceptor concentration dependence on observed
photophysical behavior which is otherwise ignored in previous QD/mol reports,?>6:13:14.16,18-21.36
Likewise, NRs possess a notable change in surface area as a function of size, however, a systematic
study monitoring the effects of surface concentration has yet to be performed. This is interesting
because recent studies have elucidated a clear impact in surface concentration for QD/mol systems
as an effective means to tune energy transfer dynamics.>® Given that the available surface area of
anisotropic materials is substantially larger than that observed for dots, Figure 4.1, it seems

obvious to explore these changes in interfacial concentration in non-0D morphologies.
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Figure 4.1. Relative surface area variation of quantum-jacks, nanocrystal-rods, and quantum-dots
with the same basal radius. The surface area trends demonstrate a significant increase as the
morphology becomes increasingly less 0D.

To ensure that observed photophysical changes are a result of solely surface acceptor
number, it is important in each instance of synthesizing these anisotropic nanocrystals to have
reproducible materials for a comprehensive and cohesive study. Here, we specifically aim to
monitor thermally activated delayed photoluminescence (TADPL) to build on our previous work
in QD/mols and expand our understanding of surface effects in TADPL active composite

materials.>® The current study addresses this question regarding the influence of molecular
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acceptor surface concentration by monitoring the photophysical behavior of NR/mol materials that
are energetically thermally accessible to achieve TADPL. This is achieved by using a series of
cadmium(II) selenide/1-pyrenecarboxylic acid (CdSe/PCA) nanomaterials featuring variable PCA
surface coverage in CdSe577 NRs (coded by the peak of the first exciton absorption band). These
materials were chosen to elucidate the observed photophysical properties of these materials
between the CdSe577 bright state and the bound PCA molecular triplet when their energies,
2.17eV and 2.00 eV respectively, are nearly isoenergetic and theoretically thermally accessible

allowing for TADPL.>>&18

Results

The CdSe577 NRs were synthesized using an adapted literature procedure described in the
experimental section. TEM experiments were performed on pristine NRs and on NR/mol with the
maximum acceptor loading, 4 mg of PCA and are shown in Figure 4.2. These experiments are
critical for anisotropic materials to verify their non 0D nature. The CdSe NRs shown in Figure
4.2a, were determined to have an average surface area of 72 nm? (18 nm x 4 nm, length x diameter),
as previously reported by Mokari and Banin.*” If TEM experiments do not demonstrate a well-
defined rod structure, a new batch of rods must be prepared before continuing to further

experiments.
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Onm . 50,0im o
Figure 4.2. a. Representative TEM image of CdSe577 NRs before ligand exchange. b.
Representative TEM image of CdSe577/PCA after addition of the maximum acceptor loading, 4

mg PCA. No changes are noted in morphology between a. and b. suggesting retention of the
pristine material’s properties post ligand exchange.

To ensure that the synthesized materials were suitable for complex photophysical
investigation, the NRs were further screened for selected photophysical properties via steady-state
absorbance and photoluminescence spectroscopy. These measurements, shown in Figures 4.3 and
4.4, verify the quality of the materials by identifying the extent of quantum confinement,
monitoring the full width at half max (FWHM) (£ 0.029 eV), asymmetry of the PL band to verify
the monodispersity seen in TEM images, and check for the observation of sub-bandgap trap states.
In the case of absorbance (Figure 4.3), the pristine NR materials have a first exciton band centered

at 577 nm (2.14 eV), making them theoretically energetically accessible for TADPL.?
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Figure 4.3. Representative absorption spectra of CdSe577 NRs used for NR/mol composite
materials confirming first exciton band at an acceptable wavelength of 577 nm with reasonable
quantum confinement.

Upon verification of the energy of the materials via absorbance measurements, PL spectra
were collected to determine the material’s monodispersity and presence of sub-bandgap trap states.
If the material is polydisperse or has significant trap states, the PL spectra will have significant
asymmetry or potentially multiple peaks and/or shoulders. Figure 4.4 illustrates suitable PL
spectra of CdSe NRs with a symmetric PL band, no signs of trap states, and narrow FWHM (+
0.029 eV) indicating these materials are suitable for ligand exchange reactions. Once successful
screening is completed, NRs are subjected to ligand exchange as detailed in the experimental
section. The successful screening ensures that the changes in observed photophysics of the end

NR/mol material are solely altered through the introduction of interfacial acceptors.
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Figure 4.4. Representative photoluminescence spectra of CdSe577 NRs. There are no sub-
bandgap trap states observed and symmetry in the spectra is noted for the NRs. Sample would be
deemed acceptable for further use.

To show retention of the pristine CdSe577 NRs morphology post ligand exchange,
representative TEM was performed on the CdSe577/PCA sample with the highest loading of PCA
(4 mg) (Figure 4.2b). The CdSe577 NR/mol materials shown in Figure 4.2b, retain their aspect
ratio of 18 nm x 4 nm (length x diameter) upon ligand exchange. Therefore, these representative
TEM experiments give insight that the NR structure is retained through the exchange process as
the addition of chromophore at the highest loading is not destructive to the initial material. By
logical deduction, this also suggests the exchange reactions utilizing less PCA also retain their
intrinsic properties as observed previously in 0D materials.>>17-182036 Gtill, spectroscopic
comparison of the pristine, as-synthesized CdSe577 to surface-exchanged CdSe577/PCA. is
important to ensure the ligand exchange has occurred and to verify that the NR/mol’s material
photophysical integrity has not been compromised. Previously, the absorbance spectra of the
various CdSe/PCA. materials indicate the systematic increase of the PCA band at ~350 nm with
increased acceptor loading n (See chapter 3) .> As such, absorbance measurements were conducted

to determine if the same trend observed in 0D materials is observed in this NR/PCA series. Figure
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4.5a shows the absorbance spectra overlay of the pristine NR material and the surface-exchanged

NR/mol composite materials.
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Figure 4.5. a. UV-Vis spectra of CdSe/PCA. composites measured in toluene indicating an
increase in the PCA band at ~350 nm with increased loading. b. Photoluminescence spectra of
CdSe577/PCAn composites measured in toluene measured at room temperature with 475 nm
excitation. Curiously, the PL intensity appears to be arbitrary relative to PCA loading.

In the case of the CdSe577 NRs, as additional chromophores are added to the surface, no
spectral changes were noted in the absorbance spectra for the CdSe577/PCA NR’s first exciton
band when compared to the pristine material, Figure 4.5a. This suggests that the materials retain
both their size and quantum confinement properties upon ligand exchange.** In Figure 4.5a, the
peak increasing at ~350 nm shows indication of additional PCA bound to the NRs. When compared
to CdSe QD/mols, CdSe NR/mols show a less profound increase of the PCA band with the same
loading of chromophore and indicates a less efficient adsorption of chromophore onto the NRs
surface. This result indicates a more complex surface chemistry than previously observed for the

0D counterparts of the same material family.

In addition to absorbance measurements, previous studies have elucidated a systematic

quenching of the PL intensity of 0D materials as a function of surface bound PCA (See chapter

97



3).> To determine if the same trend is noted for the NR/PCA materials, PL measurements were
performed and their spectra are reported in Figure 4.5b. The steady-state PL data shown in Figure
4.5b indicates no evidence of any red-shifted PL features present in the CdSe/PCA, materials when
compared to the pristine CdSe577 materials. This result suggests there is no generation of trap
states during the ligand exchange process. However, Figure 4.5b also shows a capricious increase
in PL intensity with increasing PCA loading. This data suggests that the surface chemistry for
these materials is more nuanced than previously expected and will require more troubleshooting
as the results are the opposite of what is observed previously for CdSe/PCA QD/mol materials

where an increase in the amount of PCA results in steady-state photoluminescence quenching.

For further clarification, information regarding the role of interfacial concentration on
CdSe577/PCAn’s dynamics is necessary. Therefore, more intricate time-resolved spectroscopic
techniques were conducted to determine the underlying photophysics of the CdSe577/PCAn
materials. Supra-nanosecond time gated emission (TGE) experiments were performed to extract
kobs for the various CdSe577/PCA, materials and determine if a systematic trend is observed based
on PCA adsorption. Due to the thermodynamics of the system, an equilibrium between CdSe577
and *PCA* was expected. This equilibrium was expected to allow the *PCA* to act as a reservoir
that would thermally resupply the CdSe577 bright state resulting in TADPL.>!3:20.383 By
introducing additional PCA molecules to the surface of the CdSe577, the equilibrium between the
two states is previously reported to entropically shift toward the long lived *PCA* resulting in
systematic lifetime extension as a function of n.>>!33 Similar results were expected to occur in

the CdSe577/PCA, materials.
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Figure 4.6. a. Representative single wavelength kinetic trace of the TGE signal of CdSe/PCA.
series measured in degassed tol at room temperature following selective excitation (475 nm, 2.0
mlJ/pulse) of CdSe. Average lifetimes calculated using a stretch exponential fit, I(t) = A exp(-t/1)?),
further explanation is listed below. b. Representative prompt TGE spectra of CdSe/PCA, series
measured in degassed Tol at room temperature following selective excitation (2.0 mJ/pulse) of
CdSe at 475 nm.

To verify whether these materials demonstrate a lifetime dependence as a function of bound
PCA, the pristine TGE kinetics were compared to the NR/mol materials. In Figure 4.6a, the kinetic
trace of the CdSe577/PCAn NR/mols is shown and qualitatively demonstrates that the observed
lifetime changes appear to be trivial. Fitting of the kinetic traces further suggests that the lifetime
changes observed in the CdSe577/PCAn NR/mols materials is negligible. Average lifetime values
(<t>) for these materials, displayed in Table 4.1, quantify this result demonstrating no significant
change in the lifetime of these materials. This is an interesting result as previous reports indicate
orders of magnitude lifetime increases with the addition of PCA.>>!3 In Figure 4.6b, the spectral
TGE of the CdSe577/PCA materials is shown indicating the presence of trap emission centered at
~750 nm previously undetected in ssPL measurements. For the NR/PCA composite materials,
substantial changes are observed in the low energy trap emission. This suggests the PCA is
passivating the surface of the NRs, as there is a reduction of trap emission centered at ~750 nm in

the TGE spectra, and increased ssPL intensity in Figure 4.5b, of the NR/PCA materials relative
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to the pristine CdSe577. This is not entirely surprising and suggests that the initial surfactants used
in the pristine materials play a sophisticated and layered role in not just the material’s intrinsic
properties, as commonly reported for quantum confined materials, but also in the ligand exchange
processes that we employ to develop these composite materials.>>18294041 Ag observed time
constants for the CdSe577/PCA, materials do not change in a meaningful way, more experiments
are necessary to understand the chemistry taking place for the CdSe577/PCA, NR/mol composite
materials.

Table 4.1. Kinetic fitting parameters for CdSe/PCA materials from TGE experiments. Lifetimes

calculated using a stretch exponential fit I(t) = Aexp(-(t/t)?). <t> was extracted using the derived
experimental values B and 1 and the following equation: <t>= (t/ ) X I'(1/ B)

mg PCA T(s) ] <t> (s) Kobs (s)
0.0 5.81x10° 0.40 1.98x 10® 5.04x 10’
0.2 1.33x 10 0.55 2.29x 10 4.37x 107
0.6 1.18x 10°® 0.50 2.39x 10 4.20x 10’
1.0 7.61x 107 0.45 1.88x 1078 5.33x 10’
1.6 9.04 x 107 0.48 1.92x 1078 5.20x 107
2.0 6.40 x 107 0.45 1.59x 10°® 6.27 x 10’
4.0 7.10x 107 0.44 1.84x 10® 5.43x 107
Conclusion

Overall, the preliminary data in this report illustrates the complex nature of the
photophysical properties of NR/mol composites. The 1tobs values should increase with the addition
of n PCA on CdSe577 due to TADPL being enabled, however, the trends previously reported for

0D materials of the same type are not observed in these materials. These results suggest that the
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surface environment in the pristine NR materials plays a crucial role in the development of TADPL
active materials. Further exploration is necessary to fully uncover the role of surface chemistry in
these materials. Still, the retention of the pristine CdSe NR’s morphological characteristics by
TEM post ligand exchange is encouraging as it suggests the surface treatments retain the material’s
initial characteristics. This is an important quality for performing meaningful photophysical
experiments in these materials. Further, understanding the variance in post-synthetic processing of
NR/mol relative to QD/mols is critical to pursuing composite materials with deterministic

photophysical properties, including the barriers to achieving bespoke properties between systems.
Experimental Section

Cadmium Oxide (CdO, 99.995% trace metal basis, BTC), Selenium powder (Se’, 99.5%
trace metal basis, Aldrich), Tri-n-butylphosphine (TBP, 99% trace metal basis), Trioctylphosphine
oxide (TOPO, 99% trace metal basis), Tetradecylphosphonic acid (TDPA, 98% trace metal basis),
Toluene (ACS gr. 99.5%), Methanol (MeOH, ACS gr. 99.5%), Acetone (ACS gr. 99.5%), 1-
pyrenecarboxylic acid (PCA, >97% TCI), were all used as received without further purification

unless otherwise noted.

The CdSe570 NRs were synthesized using an adapted literature procedure via Sitt, A. et
al.?* Cadmium(II) oxide (CdO, 145.2 mg, 1.13 mmol), Trioctylphosphine oxide (TOPO, 4 g, 10
mmol), Tetradecylphosphonic acid (TDPA, 629 mg, 2.26 mmol) were combined in a 250 mL 3-
neck flask equipped with a thermometer, dry-ice reflux condenser with nitrogen adapter, rubber
septa and stir bar. Once added, the reaction was degassed via vacuum for 30 mins at 100 C to
remove water and air while stirring vigorously. The reaction flask was then subjected to a nitrogen
(N2) atmosphere and the temperature was slowly raised to 280 ‘C to avoid overheating. The

reaction slowly turned from a dark copper brown color to a clear, colorless solution indicating the
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successful conversion from CdO to cadmium(Il) tetradecylphosphate (Cd(TDPA)). Note that if
the reaction were not well degassed or the temperature was not well controlled and exceeds ~290
°C, the reaction would not fully convert and will be a clear, pale yellow color, and will result in
lower yields. Once Cd(TDPA), formed, tri-n-butylphosphine (TBP, 404.9 mg, 2 mmol) was added
dropwise to the reaction mixture with a N> conditioned syringe. The reaction mixture was then
heated slowly to 360 °C. During this process a cloudy gas forms, but quickly dissipates if slowly
heated. While the reaction was heating, a solution of selenium powder (Se’, 64 mg, 8.11 mmol)
and tri-n-butylphosphine (TBP, 1.721 g, 8.51 mmol) was prepared by mixing the Se’ with TBP in
a vial in the glovebox. Once at 360 ‘C, the temperature was lowered to 290 ‘C and the TBPSe
solution was injected using a N> conditioned syringe all at once, the reaction mixture then turned
to a dark red color. The temperature was maintained at 290 "C for 10 mins. After 10 mins, the
solution was quenched with 40 mL of cold toluene to yield the desired material size and the
resultant solution was a strawberry kool aid red. The materials were then left to cool to room
temperature before being washed. Under a handheld blacklight with 365 nm excitation, the

reaction solution, before washing, emitted a yellow/orange color.

Washing was completed using centrifugation at 4300 rpm. This was done by the addition
of methanol to the reaction mixture in a 5:1 ratio to remove excess reactants. This was repeated 3
times with spectral grade toluene (tol) used sparingly (~1 mL) to redissolve the precipitate between
washes. Upon completion, a solid pellet of CdSe NRs should form. The pellet was then dried

completely using Schlenk line techniques and stored in 2 mL of tol.

To ensure synthesized materials are suitable for complex photophysical investigation,
steady-state absorbance and photoluminescence measurements were conducted on the washed

CdSe NRs. Once the NRs are verified as adequate candidates, the ligand exchange was done using
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a revised synthesis from previously reported methodologies.>>!>182% A stock solution of the
acceptor molecule was generated by measuring >20 mg of acceptor and dissolving in spectral
grade acetone (ACE). Aliquots corresponding to the desired mg amounts of acceptor were then
added to vials and the vials were set aside to allow the solvent to slowly evaporate until gone and
generate crystalline acceptor. While the crystals formed, a stock solution of CdSe was made by
dissolving the CdSe NRs in tol. This solution was examined via steady state absorbance in a 2 mm
cuvette to ensure ~2 abs at the materials first exciton band (Eg). This step has proven important in
preceding composite studies to prevent destruction of the material during ligand exchange;
previously, if the CdSe QD was not concentrated enough the addition of acceptor would cause a
broadening of the CdSe Eg and the nanoparticles would become colloidally unstable.?>!43435 As
such, the same techniques were used with the NRs to avoid possible destruction of the materials.
Once the acceptor crystals formed, 100 pL of ace was added to the vials to redissolve the crystals,
followed by 1 mL of the CdSe NR stock solution. The reaction mixtures were then sealed with
parafilm, placed in a sonicator preheated to 35 °C, and sonicated for 1 hour in the dark. Once the

sonication was completed, the reactions were removed and allowed to cool to room temperature

before being isolated.

To isolate the composite materials from excess acceptor in solution, washing steps were
performed. The solution was drawn into a syringe along with 3 mL of MeOH to precipitate the
CdSe/mol. The syringe was inverted three times to perturb the precipitate and to ensure adequate
washing of the materials. The solution was passed through a 0.450 um syringe filter. As the
CdSe/mol materials are insoluble in MeOH, this precipitates the CdSe/mol materials and removes
excess unbound acceptor which readily dissolve in MeOH. In a clean syringe 2 mL of tol was

drawn and passed through the same syringe filter to extract the precipitated CdSe/mol composites
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via dissolution into tol. The materials are used without further purification and stored in a 1-dram

vial sealed with parafilm.

Optical Experimental Methods

Steady state electronic absorption experiments (UV-vis) were performed using a Shimadzu
UV-3600 and Agilent 8453 UV-visible spectrometer.  Steady-state photoluminescence
experiments (PL) were performed using an Edinburgh FLS 980 fluorimeter. Samples were excited

at 475 nm with an OD at excitation of 0.1 at room temperature.

Time-Gated Photoluminescence measurements (TGE) were executed using an Edinburgh
Instruments LP920 laser flash photolysis system (Edinburgh Instruments) equipped with an iStar
ICCD camera (Andor Technology) controlled by the L900 software package. The reported TGE
spectra are the average of 10 laser pulses. Sample excitation was achieved with a vibrant LD 355
II Nd:YAG/OPO laser system (OPOTEK) functioning at 1 Hz. The pulse energy of the laser was
manipulated using neutral density filters to achieve the desired pulse energy of 2.0 mJ/pulse.
Samples were prepared in spectrophotometric grade toluene and degassed via standard freeze-
pump-thaw technique with a minimum of three cycles in a 10 mm path length custom quartz optical
cell. Samples were prepared to an optical density of 0.4 at the excitation wavelength (Aex = 475

nm). Experiments were performed at room temperature.

Chapter 4 Acknowledgments

We thank Margaret H. Hudson and Christopher M. Papa at NC State University for their
fruitful discussions and suggestions. This work was supported by the Organic Materials
Chemistry Program in the Air Force Office of Scientific Research (FA9550-18-1-0331). I’d also

like to thank my coauthors Megan E. Griffin, and Felix N. Castellano for their contributions.

104



Chapter 4 References

1.

10.

11.

12.

Goze, C.; Kozlov, D. V.; Tyson, D. S.; Ziessel, R.; Castellano, F. N. Synthesis and
Photophysics of Ruthenium(11) Complexes with Multiple Pyrenylethynylene Subunits. New
J. Chem. 2003, 27 (12), 1679-1683.

Mongin, C.; Moroz, P.; Zamkov, M.; Castellano, F. N. Thermally Activated Delayed
Photoluminescence from Pyrenyl-Functionalized CdSe Quantum Dots. Nat. Chem. 2018,
10 (2), 225-230.

Tyson, D. S.; Henbest, K. B.; Bialecki, J.; Castellano, F. N. Excited State Processes in
Ruthenium(11)/Pyrenyl Complexes Displaying Extended Lifetimes. J. Phys. Chem. A 2001,
105 (35), 8154-8161.

McClenaghan, N. D.; Barigelletti, F.; Maubert, B.; Campagna, S. Towards Ruthenium(I1)
Polypyridine Complexes with Prolonged and Predetermined Excited State Lifetimes. Chem.
Commun. 2002, No. 6, 602—603.

Yonemoto, D. T.; Papa, C. M.; Sheykhi, S.; Castellano, F. N. Controlling Thermally
Activated Delayed Photoluminescence in CdSe Quantum Dots through Triplet Acceptor
Surface Coverage. J. Phys. Chem. Lett. 2021, 3718-3723.

Zhang, J.; Kouno, H.; Yanai, N.; Eguchi, D.; Nakagawa, T.; Kimizuka, N.; Teranishi, T.;
Sakamoto, M. Number of Surface-Attached Acceptors on a Quantum Dot Impacts Energy
Transfer and Photon Upconversion Efficiencies. ACS Photonics 2020.

Schmehl, R. H. Something New in Transition Metal Complex Sensitizers: Bringing Metal
Diimine Complexes and Aromatic Hydrocarbons Together. The Spectrum 2000, 13 (2), 17—
21.

Yonemoto, D. T.; Papa, C. M.; Mongin, C.; Castellano, F. N. Thermally Activated Delayed
Photoluminescence: Deterministic Control of Excited-State Decay. J. Am. Chem. Soc. 2020,
142 (25), 10883-10893.

Zhang, X.; Hudson, M. H.; Castellano, F. N. Passivation of Electron Trap States in InP
Quantum Dots with Benzoic Acid Ligands. J. Phys. Chem. C 2021.

Houtepen, A. J.; Hens, Z.; Owen, J. S.; Infante, I. On the Origin of Surface Traps in
Colloidal 1I-V1 Semiconductor Nanocrystals. Chem. Mater. 2017, 29 (2), 752-761.

Kim, T.-G.; Zherebetskyy, D.; Bekenstein, Y.; Oh, M. H.; Wang, L.-W.; Jang, E.;
Alivisatos, A. P. Trap Passivation in Indium-Based Quantum Dots through Surface
Fluorination: Mechanism and Applications. ACS Nano 2018, 12 (11), 11529-11540.

Hughes, K. E.; Stein, J. L.; Friedfeld, M. R.; Cossairt, B. M.; Gamelin, D. R. Effects of
Surface Chemistry on the Photophysics of Colloidal InP Nanocrystals. ACS Nano 2019, 13
(12), 14198-14207.

105



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Cossairt, B. M.; Juhas, P.; Billinge, S. J. L.; Owen, J. S. Tuning the Surface Structure and
Optical Properties of CdSe Clusters Using Coordination Chemistry. J. Phys. Chem. Lett.
2011, 2 (24), 3075-3080.

Garakyaraghi, S.; Castellano, F. N. Nanocrystals for Triplet Sensitization: Molecular
Behavior from Quantum-Confined Materials. Inorg. Chem. 2018, 57 (5), 2351-2359.

Garakyaraghi, S.; Mongin, C.; Granger, D. B.; Anthony, J. E.; Castellano, F. N. Delayed
Molecular Triplet Generation from Energized Lead Sulfide Quantum Dots. J. Phys. Chem.
Lett. 2017, 8 (7), 1458-1463.

Huang, Z.; Tang, M. L. Designing Transmitter Ligands That Mediate Energy Transfer
between Semiconductor Nanocrystals and Molecules. J. Am. Chem. Soc. 2017, 139 (28),
9412-9418.

Jiang, Y.; Wang, C.; Rogers, C. R.; Kodaimati, M. S.; Weiss, E. A. Regio- and
Diastereoselective Intermolecular [2+2] Cycloadditions Photocatalysed by Quantum Dots.
Nat. Chem. 2019, 11 (11), 1034-1040.

La Rosa, M.; Denisov, S. A.; Jonusauskas, G.; McClenaghan, N. D.; Credi, A. Designed
Long-Lived Emission from CdSe Quantum Dots through Reversible Electronic Energy
Transfer with a Surface-Bound Chromophore. Angew. Chem. 2018, 130 (12), 3158-3161.

Li, X.; Huang, Z.; Zavala, R.; Tang, M. L. Distance-Dependent Triplet Energy Transfer
between CdSe Nanocrystals and Surface Bound Anthracene. J. Phys. Chem. Lett. 2016, 7
(11), 1955-1959.

Mongin, C.; Garakyaraghi, S.; Razgoniaeva, N.; Zamkov, M.; Castellano, F. N. Direct
Observation of Triplet Energy Transfer from Semiconductor Nanocrystals. Science 2016,
351 (6271), 369-372.

Moroz, P.; Romero, L. R.; Zamkov, M. Colloidal Semiconductor Nanocrystals in Energy
Transfer Reactions. Chem. Commun. 2019, 55 (21), 3033-3048.

Rastogi, P.; Palazon, F.; Prato, M.; Di Stasio, F.; Krahne, R. Enhancing the Performance of
CdSe/CdS Dot-in-Rod Light-Emitting Diodes via Surface Ligand Modification. ACS Appl.
Mater. Interfaces 2018, 10 (6), 5665-5672.

Cunningham, P. D.; Souza, J. B.; Fedin, I.; She, C.; Lee, B.; Talapin, D. V. Assessment of
Anisotropic Semiconductor Nanorod and Nanoplatelet Heterostructures with Polarized
Emission for Liquid Crystal Display Technology. ACS Nano 2016, 10 (6), 5769-5781.

Sitt, A.; Salant, A.; Menagen, G.; Banin, U. Highly Emissive Nano Rod-in-Rod
Heterostructures with Strong Linear Polarization. Nano Lett. 2011, 11 (5), 2054-2060.

Zhao, L.; Pang, X.; Adhikary, R.; Petrich, J. W.; Jeffries-EL, M.; Lin, Z. Organic—Inorganic

Nanocomposites by Placing Conjugated Polymers in Intimate Contact with Quantum Rods.
Adv. Mater. 2011, 23 (25), 2844-2849.

106



26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Wang, W.; Kong, Y.; Jiang, J.; Tian, X.; Li, S.; Akshath, U. S.; Tiede, C.; Hondow, N.; Yu,
A.; Guo, Y.; Zhou, D. Photon Induced Quantum Yield Regeneration of Cap-Exchanged
CdSe/CdS Quantum Rods for Ratiometric Biosensing and Cellular Imaging. Nanoscale
2020, 12 (16), 8647-8655.

Rothenberg, E.; Kazes, M.; Shaviv, E.; Banin, U. Electric Field Induced Switching of the
Fluorescence of Single Semiconductor Quantum Rods. Nano Lett. 2005, 5 (8), 1581-1586.

Koole, R.; Schapotschnikow, P.; de Mello Donega, C.; Vlugt, T. J. H.; Meijerink, A. Time-
Dependent Photoluminescence Spectroscopy as a Tool to Measure the Ligand Exchange
Kinetics on a Quantum Dot Surface. ACS Nano 2008, 2 (8), 1703-1714.

Gur, I.; Fromer, N. A.; Geier, M. L.; Alivisatos, A. P. Air-Stable All-Inorganic Nanocrystal
Solar Cells Processed from Solution. Science 2005, 310 (5747), 462-465.

Huynh, W. U.; Dittmer, J. J.; Alivisatos, A. P. Hybrid Nanorod-Polymer Solar Cells.
Science 2002, 295 (5564), 2425-2427.

Zhu, H.; Lian, T. Enhanced Multiple Exciton Dissociation from CdSe Quantum Rods: The
Effect of Nanocrystal Shape. J. Am. Chem. Soc. 2012, 134 (27), 11289-11297.

Zhao, L.; Pang, X.; Adhikary, R.; Petrich, J. W.; Lin, Z. Semiconductor Anisotropic
Nanocomposites Obtained by Directly Coupling Conjugated Polymers with Quantum Rods.
Angew. Chem. 2011, 123 (17), 4044-4048.

Castellano, F. N. Altering Molecular Photophysics by Merging Organic and Inorganic
Chromophores. Acc. Chem. Res. 2015, 48 (3), 828-839.

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.

Brus, L. Electronic Wave Functions in Semiconductor Clusters: Experiment and Theory. J.
Phys. Chem. 1986, 90 (12), 2555-2560.

Olshansky, J. H.; Harvey, S. M.; Pennel, M. L.; Krzyaniak, M. D.; Schaller, R. D,
Wasielewski, M. R. Using Photoexcited Core/Shell Quantum Dots To Spin Polarize
Appended Radical Qubits. J. Am. Chem. Soc. 2020.

Mokari, T.; Banin, U. Synthesis and Properties of CdSe/ZnS Core/Shell Nanorods. Chem.
Mater. 2003, 15 (20), 3955-3960.

Yarnell, J. E.; Wells, K. A.; Palmer, J. R.; Breaux, J. M.; Castellano, F. N. Excited-State
Triplet Equilibria in a Series of Re(l)-Naphthalimide Bichromophores. J. Phys. Chem. B
2019, 123 (35), 7611-7627.

Yarnell, J. E.; Deaton, J. C.; McCusker, C. E.; Castellano, F. N. Bidirectional “Ping-Pong”

Energy Transfer and 3000-Fold Lifetime Enhancement in a Re(l) Charge Transfer Complex.
Inorg. Chem. 2011, 50 (16), 7820-7830.

107



40.

41.

Gao, Y.; Peng, X. Photogenerated Excitons in Plain Core CdSe Nanocrystals with Unity
Radiative Decay in Single Channel: The Effects of Surface and Ligands. J. Am. Chem. Soc.
2015, 137 (12), 4230-4235.

Kirkwood, N.; Monchen, J. O. V.; Crisp, R. W.; Grimaldi, G.; Bergstein, H. A. C.; du Fossé,
I.; van der Stam, W.; Infante, I.; Houtepen, A. J. Finding and Fixing Traps in 11-VI and I1l-
V Colloidal Quantum Dots: The Importance of Z-Type Ligand Passivation. J. Am. Chem.
Soc. 2018, 140 (46), 15712-15723.

108



Chapter 5: Boulevard of Broken Dreams and Incomplete
Things

Introduction

The previous chapters have discussed altering excited state dynamics in a deterministic
fashion by manipulating the number of interfacial acceptor species. This chapter is a forward-
looking discussion on dictating the desired photophysical properties via other interfacial changes.
Several methods for manipulating quantum confined materials in the absence of an interfacial
acceptor exist in the literature. These methods include photoluminescence quantum yield (PLQY)
enhancements, photon charging/multi-exciton generation (MEG) and integration of these materials
into larger more complicated photochemical and photophysical systems.*™” In general, the use of
quantum confined materials in these various application spaces is comparable or outperforms their
molecular competitors.>#°

With respect to quantum confined materials with surface anchored acceptors, the
adolescence of the field provides a unique opportunity to explore these materials as incipient
researchers. Many have recognized this opportunity and have begun research developing
photocatalytic systems, core shell materials, expansion into perovskite and additional classes of
semiconductor nanocrystals as well as research monitoring the fundamental interactions of the
base materials.’®2° In the case of cadmium selenide (CdSe), the understanding of these materials
and their interactions is simplified due to their expansive research on the base material in the
absence of an acceptor. Similarly, the use of a well-studied acceptor such as 1-pyrenecarboxylic
acid (PCA) limits the variables presented in these studies. As such the direction for these future

projects focuses on using the same system previously studied, however, it is important to
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acknowledge that the use of various acceptors and nanomaterials will be critical in identifying the
complete characteristics of these materials necessitating the need for high throughput systems.
Section 1.3.3 discusses this topic more broadly and identifies a possible high throughput system

that would be useful to identify new interfacial chromophores.
Utilizing non-TADPL Active Materials

Previously the near unity Dexter-like energy transfer process has been demonstrated in
quantum dot/molecular (QD/mol) materials.?! The work herein largely builds off this phenomenon
exploiting the properties of both the quantum dots and the surface bound molecular chromophores
in a synergistic platform designed for efficient thermally activated delayed photoluminescence
(See Chapters 2 and 3). Equally important is understanding the utility of QD/mol materials in the
absence of TADPL and the effects of interfacial acceptor concentration within these systems.

To reveal information on the operation of QD/mol systems that operate in the absence of
TADPL, experiments were conducted using CdSe520 (coded by the peak position of the first
exciton) and PCA. A series of materials that were capable of attenuating energy transfer (EnT)
from the CdSe520 to the PCA molecular triplet state were synthesized in the same manner reported
for the TADPL active materials discussed in Chapter 3 but instead using the higher energy
material, CdSe520. Additionally, steady-state absorbance and photoluminescence measurements
were performed to identify the concentration of PCA adsorbed and the changes in PL intensity,
respectively, as well as the overall effect on the material’s intrinsic properties. These results are
shown in Figure 5.1 demonstrating similar steady state changes as noted for TADPL active
composite materials. However, due to the change in size associated with the higher energy
CdSe520 materials, the maximum PCA loading (n = 8) is significantly lower than for the larger

materials reported in Chapter 3 as noted in Figure 5.1a. Further, the PL intensity is quenched much
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more efficiently for these materials as indicated by Figure 5.1b wherein quantitative quenching is

achieved at n = 6, Figure 5.1c.
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Figure 5.1 CdSe520/PCAnN steady state (a) absorbance and (b) photoluminescence spectra, arrows
indicate increasing PCA concentration. (¢).PL quenching as a function of adsorbed PCA, fit line
indicates quenching rate constant per PCA.

While static PL measurements suggest the concentration of the appended chromophore in
CdSe520/PCANn materials plays a noticeable role in the photophysical properties, transient
measurements are necessary to gain a full picture of the excited state dynamics involved in these
systems. As such, ultrafast transient absorption (UFTA) measurements were conducted to monitor
the change in the rate of energy transfer from the CdSe520 to the PCA in these materials. Single
wavelength kinetic traces from these experiments demonstrate the change in the EnT rate as a
function of PCA concentration and are displayed in Figure 5.2a. As noted in PL measurements,
when n = 6 the changes in EnT rate stop, suggesting the “speed limit” for this process has been

achieved. By calculating kent using a previously reported methodology, it is observed that these
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simple changes in surface concentration result in an order of magnitude increase in kent, cOmplete
fitting results are available in Table 5.1.2' Time gated emission (TGE) experiments were also
conducted to monitor qualitatively the increase in kent as a function of PCA by monitoring the
prompt TGE signal. Figure 5.2b displays an overlay of the prompt TGE spectra indicating the

decrease in signal as a function of surface PCA acceptor number.
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Figure 5.2 CdSe520/PCAnN (a) UFTA single wavelength kinetics at 473 nm with Aex = 520 nm
(0.5 uJ per pulse, 100 fs FWHM) (b) time gated emission spectra post 475 nm laser excitation (2
mJ per pulse, 7 ns FWHM), arrows indicate increasing PCA concentration and the subsequent
increase in Kenr.

Results from these experiments suggest that the dynamics of these materials is controlled
via the interfacial concentration and suggests similar outcomes to that of other reports of materials
where surface concentration is monitored.?#?® On its own, these materials are well poised as
efficient photosensitizer materials, however, the complete understanding of these materials has yet
to be illuminated. One of the hallmark qualities of QDs is their ability to undergo multi-exciton
generation (MEG) and photon charging.® As such, conducting incident light power dependent
studies to monitor the changes in triplet quantum yield become particularly interesting for these

materials as it may provide a way to populate multiple molecular triplets on a single quantum dot.
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As this chapter is designed as a discussion, this project would be potentially interesting for a young
graduate student’s research focus.

Table 5.1. Fitting results from UFTA experiments. Single wavelength kinetics were monitored at
473 nm with Xex =520 nm (0.5 pJ per pulse, 100 fs FWHM).

<n> (PCA/QD) T(s) B <Tops>? (S) <Kype> (s1) <ke >0 (s1)

0 1.32 x 1078 0.297 1.46 x 1077 7.9 x 10° -—--

4 2.60x107° 0.337 1.51 x 1078 6.8 x 107 6.0 x 107
5 1.06 x 10°° 0.314 8.06 x 10°° 1.3x 108 1.2 x 108
6 6.26 x 10710 0.328 4,03 x 107° 2.6 x 108 2.5x108
6 2.35x 10710 0.320 1.72 x 107° 6.4 x 108 6.3 x 108
7 1.74 x 10710 0.308 1.51 x 10°° 7.4 x 108 7.4 x 108
7 1.64 x 10710 0.314 1.30x 10°° 8.6 x 108 8.5x 108
6 1.97 x 10710 0.294 2.09x 107° 5.3x 108 5.2 x 108
7 2.03x 1010 0.310 1.69 x 10°° 6.5 x 108 6.4 x 108
8 2.29 x 10710 0.328 1.51 x 10°° 7.2 x 108 7.1x108

a. <t> derived using a stretch exponential fit, I(t) = Aexp(—(t/T)B). b. values extracted from <k _ >=<k  >—<k>,
where <k > represents the initial PCA free CdSe520 rate constant.

High Quantum Yield Materials

Many have heard the phrase, “you get out what you put in” often from a parent or a coach
regarding the effort they put into a task being comparable to the outcome they will achieve as a
result. In the case of TADPL active QD/mol composite materials, the same concept may be
applied, specifically, to the starting PLQY of the QD. Chapter 3 indicates that the intrinsic
properties of the starting QD material are unperturbed by ligand exchange. As such, a material
that begins with a high PLQY will be beneficial for applications that require long-lived, highly
photoluminescent materials. Many techniques are available in the literature to enhance the PLQY
of CdSe materials.*>?* The Castellano lab is uniquely poised to interrogate these types of materials

with rigorous spectroscopic studies to determine their utility in QD/mol composite systems and
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identify areas for improvement. This is another research space that would be readily accessible to
a dedicated graduate student which could easily be integrated into collaborative efforts developing
devices based on these materials. These materials could be also integrated into photocatalytic
processes, providing a means to cheap and high yielding exciton sources as previously noted.'%!

Concluding Remarks

NCSU often advertises itself as a scientific research haven where researchers are provided
the opportunity to think and do, and provided these different possibilities, there is plenty of room
to explore in the space of QD/mol science. It is my hope that a few capable researchers will perhaps
not undertake these studies, but rather undertake new studies based off these studies that were
previously unimagined. That’s what scientific discovery is all about, and that’s what the
culmination of fundamental studies is supposed to lead to. The lack of understanding in QD/mols

provides the opportunity for discovery of just such the type, beyond what we could imagine.
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