
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(II) 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 I 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 108 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 hν is the photon 

energy and Ef and Ei are the energies of the excited (Ψf) and ground (Ψi) state wavefunction 

respectively, and the rest of the light will scatter. 
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ℎ𝜈 = 𝐸𝑓 − 𝐸𝑖 Eq. 1.1 

 

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.1, 2 

𝐴 = 𝑙𝑜𝑔 (
𝐼0
𝐼
) Eq. 1.2 

Here A is absorbance, I0 is the initial intensity of light at the detector (reference light 

intensity), and I 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 = 𝜀𝑙𝑐 Eq. 1.3 

Here, A is represented by ε, the extinction coefficient, l, 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 
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excited state. Figure 1.1 contains a Jablonski diagram demonstrating absorption and other relevant 

photophysical processes.3 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. 

 

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.  
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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 µs – 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, IPL, of these processes follow Eq. 1.4. 

𝐼𝑃𝐿 = 𝑘𝐼0𝛷[1 − (10−𝜀𝑙𝑐)] Eq. 1.4 

Here, k is a proportionality constant dependent on the instrument, Φ is the 

photoluminescence quantum yield, I0 is the excitation intensity, ε is the extinction coefficient, l 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)  Eq. 1.4 is simplified to Eq. 1.5 via a Taylor expansion 

approximation. 

𝐼𝑃𝐿 = 𝑘𝐼0𝛷𝜀𝑙𝑐 Eq. 1.5 

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. 
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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. 

𝛥𝐴 = 𝐴𝐸𝑆 − 𝐴𝐺𝑆 Eq. 1.6 

Here ΔA is the output signal generated in the TA spectrum, AES is the excited state 

absorbance and AGS 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 
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photoluminescence across a wavelength range, typically a camera is used to monitor the entire 

wavelength range all at once to give a snapshot 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 1.1.3 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.4-14 
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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.4, 6, 7, 13, 15-20 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,9, 11, 21-26 singlet fission,27, 28 and thermally induced excited state 

equilibriums.10, 29-31 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.32-34  
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a.  

 

b.  

 

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.”10, 13, 31, 35-41 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 
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of OLED technology and follows similar dynamics to the e-type process depicted in Figure 1.2.30, 

35, 39, 42-55 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.7, 8, 10, 12, 16, 18, 31, 41, 56-59 Work 

by Schmehl et. Al has identified a number of these processes and some of the information is 

pictorially encapsulated in Figure 1.2.60 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.61, 62 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.63 Many nanoscale 
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ceramics find use as filler materials to improve bulk material properties.64, 65 Nanomaterials have 

also been implemented in responsive composites, conductive inks and other cutting-edge 

technology.66, 67 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.52, 68-75 

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.76 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.77-80 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.76, 81-83 

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.84-

86 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.64, 87-89 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. 87-96 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. 97-105  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. 

 

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).1 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.2 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 effect3 

or the presence of paramagnetic molecules, and El-Sayed’s rules.4 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,π*) and (π,π*) excited states. The heavy atom effect entails including atoms of high 

atomic number (Z), including halogens such as iodine or 2nd and 3rd 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.5 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,6-15 photoredox catalysis,16-

18 and photochemical upconversion.19 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.16 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.20-21 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.22 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.1, 5, 23-27 In classic work by 

Parker and Hatchard,25 the E-type process consists of excitation to S1 followed by ISC to T1 and 

reverse intersystem crossing (rISC) back to S1. With rISC dependent on drawing energy from a 

thermal bath, more delayed emission events are observed from S1 at higher temperatures. This is 

displayed schematically in Figure 2.1. As long as the two states are nearly isoenergetic, (typically 

ΔE < 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.20, 28-30 The temperature dependence of repopulation to the S1 state is modeled well using 

an Arrhenius expression of the form in Eq. 2.1,31 where ΔE represents the energy gap between the 

S1 and T1 states. 

 𝑘𝑟𝐼𝑆𝐶 = 𝐴𝑒−∆𝐸 𝑘𝐵𝑇⁄     (2.1) 

 In this treatment, krISC is the rate of rISC, kB 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 krTTET 

becomes the rate constant for reverse triplet-triplet energy transfer (rTTET) in Eq. 2.1.31 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 S1 state is likely to have a significantly larger 

radiative rate constant than the T1 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 rTTET, 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(II) metal-to-ligand charge transfer (MLCT) derivatives decorated with 

pyrene moities.32-38 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.33 This research, most 

notably by Tyson,34-35, 39-40 Simon,37 Guerzo,38 Goze,36, 41 McClenaghan42 and their respective 

coworkers, was inspired by the original findings of Ford and Rodgers.32 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, 

3MLCT*, and the triplet excited state of the acceptor, 3A*. The organic acceptor triplet excited 

states function as lower energy, longer-lived triplet reservoirs that thermally repopulates the 

emitting 3MLCT* state with lifetimes extended relative to the bare MLCT chromophore. These 

early works established that the triplet-triplet equilibrium obeys Eq. 2.2, where kTTET is the forward 

TTET rate constant and krTTET is the reverse TTET rate constant occurring between the two states.32, 

34-35, 42 

𝐾𝑒𝑞 = 
𝑘𝑇𝑇𝐸𝑇

𝑘𝑟𝑇𝑇𝐸𝑇
     (2.2)  

 Tyson’s work was the first to suggest a linear lifetime dependence based on the number of 

pyrenyl groups appended to the Ru(II) core which was later confirmed by McClenaghan and 

colleagues.34-35, 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,34-35, 42 spatial separation of localized states,32 energetic matching of excited 

states (ΔE ≲ 0.15 eV),32 changing temperature,22, 25 and manipulation of Keq in Eq. 234-35, 42 all 

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.5, 19, 43-44  

 Recently, excited state engineering of this type has been documented using several 

different metal complexes as the fast ISC, higher energy triplet.44-49 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(I) carbonyl complex outfitted 

with this particular ligand.46 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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Förster resonance energy transfer from the PNI moiety to the Re(I) complex. A representative 

energy level diagram is shown in the TADPL section of Figure 2.1, where the red S1’ 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 3MLCT* and the long-lived 3LC* states, resulting in an observed lifetime of 651 µs at 

room temperature. This is the longest reported lifetime from a Re(I) MLCT luminophore measured 

at room temperature.46 Using the same PNI-phen derivative, McCusker et. al. developed a 

dinuclear Pt complex with a lifetime of 65 µs.45 Here, the authors employed dz2 overlap of the two 

Pt(II) metal centers to generate a triplet metal-metal-to-ligand charge transfer (3MMLCT*) state in 

close energetic proximity to the 3LC* state resident on the PNI moiety. It is from this 3MMLCT* 

state that TADPL was observed.  

Ir(III) complexes have also been shown to exhibit TADPL via triplet-triplet equilibrated 

excited states. In 2014, Denisov et al. reported that separating the Ir(III) 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.49 This separation effectively prevents 

quenching of the MLCT chromophore. Two years later, Yarnell et al. published an Ir(III) 

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.50 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 
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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.  

 

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 ΔE between the relevant 

excited states, kTTET and krTTET, 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.51 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 kTTET and krTTET values must be large relative to the radiative rate of 

the lower energy chromophore, which is denoted as kP 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 kTTET is significantly greater than krTTET, long TADPL lifetimes are observed. As krTTET 

approaches kTTET 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 kTTET and krTTET, 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.52-53 NCs have been extensively studied due to their 

unique size-dependent, quantum confined optical properties.54-58 Within the specific context of 

photochemistry, QDs have been regarded as having outstanding potential.59 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 2014.60-61 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.62 In addition 

to observing TTET from CdSe to various organic molecules,63-64 the types of QDs that have 

successfully served as energized donors in TTET to surface anchored chromophores has recently 

expanded to include PbS,65-69 CsPbBr3,
70-73 Si,74 and CuInS2.

75  

In 2018, for the first time, rTTET from appended molecules to CdSe NCs of variable size 

was demonstrated by Mongin et al.,52 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.62 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,76-78 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.53 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.79-82 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.83 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.62-64, 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 (ΔE ≲ 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.  

 

Figure 2.4. Illustration (left) of the effects on TADPL of ΔE between the nanocrystal band edge 

exciton and the molecular triplet exciton. Energy level diagram (right) illustrating the observed 

TADPL processes in CdSe/PCA hybrid constructs as reported by Mongin et al. (ref. 52).  

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(I) MLCT excited states.84 That equation is 

presented here as Eq. 2.3,23, 84 where kobs is the observed decay rate (1/τobs) while kS and kT are the 

decay rates of the singlet and triplet states, respectively. 

𝑘𝑜𝑏𝑠 = 
3𝑘𝑇+ 𝑘𝑆exp (−∆𝐸 𝑘𝐵𝑇)⁄

3+ exp (−∆𝐸 𝑘𝐵𝑇)⁄
   (2.3) 

The 3:1 ratio in the coefficients for kT 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.23 
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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, kUT is the observed rate constant for the emissive upper 

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

𝑘𝑜𝑏𝑠 = 
𝑘𝐿𝑇+ 𝑘𝑈𝑇exp (−∆𝐸 𝑘𝐵𝑇)⁄

1+ exp (−∆𝐸 𝑘𝐵𝑇)⁄
   (2.4) 

Applying this fitting procedure to the TADPL decay kinetics from Mongin et al.52 yields 

the results summarized in Table 2.1. This fitting generates parameters that well model the 

experimentally determined values for ΔE52 and τCdSe.
62 The kLT value for PCA is held constant 

throughout fitting as a result of the kobs value for the smallest ΔE constructs being positioned 

intermediately between kLT and kUT. At larger values of ΔE, kTTET from CdSe to PCA starts to 

outcompete the prompt CdSe PL, and this can be seen in the increased value of kUT for CdSe with 

PL at shorter wavelengths. To generate the data in Table 2.1, the kLT values were fixed to 14.3 s-1, 

the average value of kLT for CdSe-488 below 273 K, when TADPL is assumed to be inoperative.52 

Likewise, the kUT values for CdSe-520, CdSe-510, and CdSe-488 were fixed to 4.5 × 108 s-1, the 

value reported for kTTET from CdSe-505 to PCA.62 There are still discrepancies in the fitting results 

for ΔE 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,23 a plausibly operative 

condition due to potential thermal activation of low-lying CdSe surface traps.79, 85  
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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 

ΔEgap 

(eV)a 
0.069 0.177 0.244 0.387 0.433 0.543 

ΔEfit 

(eV) 
0.072 0.186 0.248 0.330 0.348 0.463 

kLT 

(s-1)b 
14.3 14.3 14.3 14.3 14.3 14.3 

kUT 

(× 107 s-1) 
1.16 3.05 3.94 45c 45c 45c 

aExperimental values from ref. 52. bParameter fixed to experimental value from ref. 52. cParameter 

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 kUT. 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 ΔE 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.34-35, 37-38, 42 With 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,65, 68-69 the lack of TADPL may confirm that the forward Dexter process is inoperative and 

other phenomena are likely responsible.69, 72-73 While bimolecular TTET has been clearly 
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demonstrated from energized surface anchored molecular acceptors to freely diffusing 

molecules,62, 64, 66, 74-75, 86-91 it 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.52, 92 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.93-96 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)3]
2+.97-100 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  This suggests 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.106 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.16-18, 107-109 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 (Förster) energy 

transfer reactions of QDs with molecular acceptors.110                                                                                      

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(II) 

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 eV) and the lowest PCA triplet level (T1 = 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 (τobs) of the 

photoluminescence emanating from CdSe585 is deterministically controlled with surface-bound 

PCAn 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.1–14 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.2–5,8,11,13–19 In 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.20,21 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.2,13,18,19,22–40 

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.3,4,6,8,11–14,17,41  In a 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.42 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 Identifying 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.5,14 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.5,14,42 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 

1-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 (τTADPL) 

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 S3.1.43 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.20,21 

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 S3.2c, indicate the 

loss of native oleic carboxylates (OA) with the addition of PCA. Control studies using naphthoic 

acid (NCA) and 5-tetracene carboxylic acid (5TET) 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 5TET, 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 (ε) of their 

individual components as previously reported.3,5,14 Subjecting the solution absorbance spectra for 

CdSe585/PCAn materials to the Beer-Lambert Law, MPCA/MCdSe = (APCA × εPCA × lCdSe)/(ACdSe × 

εCdSe × lPCA), yields the average number of PCA adsorbed per QD (n), ranging from 0 – 27 for 

CdSe585 in this inverstigation.3,5,14 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/PCAn 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.3,16  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/PCAn’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/PCAn materials. 

Supra-nanosecond time gated emission (TGE) experiments were performed to extract kobs 

for the various CdSe585/PCAn materials. An equilibrium between CdSe585 and 3PCA* 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 

a. b. 
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resupply the CdSe585 bright state resulting in TADPL.5,14,27,36,39,40,44  To disentangle 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 (τTADPL). 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. 

 

Figure 3.2. Normalized time-resolved PL intensity decay kinetic traces observed in the 

CdSe585/PCAn 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/τ)β), 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.42,45,46 
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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. 

 

 

 

In Eq. 3.1, kobs is the observed average rate constant (1/<τobs>), kPCA and kCdSe represent 

the intrinsic rate constants of the unbound PCA and pristine CdSe585, respectively, and ΔE 

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 ΔE 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 τTADPL, the systematic variation revealed in the 

Boltzmann model hints that a deterministic change related to the PCA surface coverage in these 

materials is operative.  

kobs =

[
 
 
 
 (kPCA + kCdSe × exp (

−ΔE
kBT

))

(1 + exp (
−ΔEg585T

kBT
))

]
 
 
 
 

 (3.1) 
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Figure 3.3. Graphical representation of Boltzmann models of (a) change in ΔE and (b) τTADPL as 

a function of n. Linear fitting is represented by solid lines denoting a 1 meV/PCA and ~160 

ns/PCA increase in ΔE and τTADPL, 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.47   

τTADPL = τCdSe × Keq
−1 (3.2) 

Keq
-1 in this equation represents kEnT/krEnT, the ratio between the forward and reverse EnT 

reactions respectively, and τCdSe, the intrinsic lifetime of pristine CdSe585. For Eq. 3.2 to be 

acceptable, the assumptions kCdSe >> kPCA and krEnT, kEnT >> kCdSe must be met. Our experimental 

data combined with established literature values indicate the CdSe585/PCAn materials are well 

within these boundary conditions.5,14  Keq was extracted from static PL measurements, utilizing 

the TADPL of CdSe585/PCAn 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. 

a. b. 
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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. τTADPL (s) aExp. <τTADPL> (s) 

0 ----- ----- b1.82 × 10−7 

6 0.88 2.08 × 10−7 2.94 × 10−6 

12 0.49 3.77 × 10−7 3.28 × 10−6 

17 0.17 1.05 × 10−6 4.00 × 10−6 

18 0.14 1.28 × 10−6 3.39 × 10−6 

19 0.13 1.41 × 10−6 4.75 × 10−6 

20 0.11 1.62 × 10−6 4.43 × 10−6 

21 0.08 2.26 × 10−6 5.39 × 10−6 

27 0.05 3.61 × 10−6 6.38 × 10−6 
aExperimental <τ> derived using a stretch exponential fit, I(t) = A exp(−(t/τ)β). bPristine 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, <mCalc> = 1.59 ± 0.30 × 10−7 s/PCA, and the slope of the 

experimental lifetime, <mExp> = 1.64 ± 0.38 × 10−7, 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/PCAn are directed by the triplet 

acceptor concentration in a similar fashion as observed in complementary TADPL active 

molecules.48–50  Additionally, by measuring τTADPL 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 ∆E is small, similar to molecular systems that have been more widely 

studied.39,48,49,51,52 The average τTADPL value varies linearly as a function of surface-anchored PCA 

molecules on CdSe585 and is shown to be reasonably modeled using Boltzmann approximations. 

Specifically, τTADPL is extended by ~160 ns per PCA molecule in CdSe585/PCAn 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 ΔE 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.5,14 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 ΔE 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 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 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 λex 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 (Se0, 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.1 

Cadmium(II) 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(II) oleate (Cd(OA)2). 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)2 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 (Se0, 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)2 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 Se0 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)2 or Se0. 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 (± 

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 (± 0.07 eV) were deemed unusable and discarded. This procedure ensures 



   

69 

 

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−1 cm−1 and 4.0 nm, 

230,000 M−1 cm−1 for CdSe520 and CdSe585, respectively.2 

 

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.3–6 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 Eg 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 

a. b. 



   

70 

 

Eg and the nanoparticles will become colloidally unstable. Once the acceptor crystals form, 100 

µL 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 µm 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 

a. b. 

c. 
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chromophores were chosen to directly identify the effect of ligand exchange on the quality of 

CdSe585 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.  

CdSe585/5TET 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.   

 

Figure S3.3. Control CdSe/mol studies of a. fsTA kinetic decay with NCA at 585 nm with λex = 

475 nm (0.5 µJ per pulse, 100 fs FWHM) and b. steady-state PL spectra with 5TET in toluene, λex 

= 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. 

  

a. b. 
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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) τ (s × 10−9) β <τ> (s × 10−8) <k> (s−1 × 107 ) 

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. 

1H- and 13C-NMR spectra were measured with a Bruker® Avance NEO 400 MHz NMR 

spectrometer. The chemical shifts (δ 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). 

 

 

 

5-bromotetracene 1 was prepared using a modified procedure from those described in the 

literature.7 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]+ 

 

1H NMR (400 MHz, C2D2Cl4-d2): 𝛿 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, C2D2Cl4-d2): 𝛿 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). 

 

 

 

5-Tetracene carboxylic Acid 2 was prepared using a modified procedure from those 

described in the literature.8 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 nBuLi (1.60M, 450 

µL, 0.68 mmol, 1.1 equiv) was added dropwise to the solution of 1 at -78°C. The reaction mixture 

CO2  
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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% yield. 

 

MS [GC-MS (ACN) m/z] 271.0 [M−H]− 

 

1H NMR (400 MHz, DMSO-d6): 𝛿 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-d6): 𝛿 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 

 

 

Figure S3.4. 1H NMR spectrum (400 MHz) of 5-bromotetracene in C2D2Cl4. 
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Figure S3.5. 13C NMR spectrum (125 MHz) of 5-bromotetracene in C2D2Cl4. 
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Figure S3.6. 1H NMR spectrum (400 MHz) of tetracenecarboxylic acid in DMSO. 
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 Figure S3.7. 13C NMR spectrum (125 MHz) of tetracenecarboxylic acid in DMSO.   
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S3.6.4. Mass Spectrometry 

Figure S3.8. GC-MS spectrum of 5-bromotetracene. 

 

 

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.9 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 µm) 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 

CdSe585. 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.3 

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/τ)β), following the previously established 

procedures in the literature, full details available in supplementary section 7. Decay Analysis 

Methods.4,5,10–13 

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 × exp(−(t/τ)β) 

Here, A is the amplitude of the decay, τ is the stretched lifetime and β is the stretching 

exponent of the CdSe kinetic decay. The average weighted lifetime, <τ>, is calculated using the 

obtained values of τ and β with the following equation: 

<τ> = τ/β × Γ(1/β) 

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. – l. 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.  

a. b. c. d. 

e. f. g. h. 

i. j. k. l. 
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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 kTTET. Lifetimes 

calculated using a stretch exponential fit, I(t) = A exp(−(t/τ)β). 

 

 

S3.8. Boltzmann Approximation Derivation 

A steady−state approximation was used to determine Keq from steady−state PL 

measurements.14 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 . 

 IPL = kIexεbΦ[A] Eq. S3.1 

Here IPL is the PL intensity, k is an instrumental constant, Iex is the intensity of the excitation 

beam, ε is the extinction coefficient, b is the path length, Φ is the quantum yield and [A] is the 

excited state concentration of the sample. If Φ, and ε are assumed to be unchanged in CdSe585 

<n> PCA τ 

(s) 

β Exp. <t> 

(s) 

kobs 

(s−1) 

0 1.79 × 10−7 1.00 1.82 × 10−7 5.50 × 106 

5.6 3.12 × 10−6 0.97 2.94 × 10−6 3.13 × 105 

12.1 3.37 × 10−6 0.94 3.28 × 10−6 2.82 × 105 

17.1 3.93 × 10−6 0.87 4.00 × 10−6 2.30 × 105 

18.4 3.72 × 10−6 0.90 3.39 × 10−6 2.55 × 105 

19.0 4.50 × 10−6 0.82 4.75 × 10−6 1.92 × 105 

19.9 4.34 × 10−6 0.83 4.43 × 10−6 2.03 × 105 

20.9 4.83 × 10−6 0.78 5.39 × 10−6 1.71 × 105 

26.2 5.46 × 10−6 0.72 6.38 × 10−6 1.43 × 105 
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upon ligand exchange, and if Iex and b are fixed experimentally, the changes in IPL between the 

pristine CdSe585 and CdSe585/PCA become directly proportional to [A]. Changes in [A] are 

represented by the following Eq. S3.2:  

 [A] = [A0] ×
krEnT

kEnT
 Eq. S3.2 

krEnT/kEnT represents Keq between the CdSe585* and 3PCA*.15–17 By substituting Keq into 

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

 Keq =
[A]

[A]0
 Eq. S3.3 

Keeping the same assumptions used in Eq. S3.2, the relative quantum yield (ΦrPL) is 

calculated with the PL intensity of CdSe585/PCA materials (ITADPL) and the undecorated CdSe585 

PL (I0PL) yielding Keq via Eq. S3.4:  

ΦrPL =
ITADPL

I0PL
= Keq Eq. S3.4 

With Keq in hand, theoretical calculations were performed to determine the expected 

lifetimes of τTADPL, using Keq and the unaltered CdSe585 lifetime, τCdSe, via Eq. S3.5, a modified 

version of a previously reported equation from Ravinson et al used to model TADF materials.17 

 τTADPL = τCdSe × Keq
−1 Eq. S3.5 

Eq. S5 is acceptable under the assumptions kCdSe >> kPCA and krEnT, kEnT >> kCdSe.  
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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.1–6  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.7,8  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.9–12 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) .2,5,6,13–28  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.5,6,14–20 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.14–20,25–30 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.22–24,31,32  For example, the 

NRs long axis provides potential continuous transport of electrons bypassing the need for electron 

hopping which in QDs is required.22,29–32 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.1,3–6,33 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 4.1.22,31,34 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.22,31,34,35  

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.15,25,29–31,33 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.2,5,6,13,14,16,18–21,36 

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.5,6 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. 

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.5,8  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.2,5,8,18   

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 nm2 (18 nm x 4 nm, length x diameter), 

as previously reported by Mokari and Banin.37  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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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.8 

  

a. b. 
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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.2,5,17,18,20,36 Still, spectroscopic 

comparison of the pristine, as-synthesized CdSe577 to surface-exchanged CdSe577/PCAn 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/PCAn materials indicate the systematic increase of the PCA band at ~350 nm with 

increased acceptor loading n (See chapter 3) .5 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.  

Figure 4.5. a. UV-Vis spectra of CdSe/PCAn 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.34 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 

a. b. 
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3).5 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/PCAn 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/PCAn 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 3PCA* was expected.  This equilibrium was expected to allow the 3PCA* to act as a reservoir 

that would thermally resupply the CdSe577 bright state resulting in TADPL.5,18,20,38,39 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 3PCA* resulting in 

systematic lifetime extension as a function of n.2,5,18,38 Similar results were expected to occur in 

the CdSe577/PCAn materials. 
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Figure 4.6. a. Representative single wavelength kinetic trace of the TGE signal of CdSe/PCAn 

series measured in degassed tol at room temperature following selective excitation (475 nm, 2.0 

mJ/pulse) of CdSe. Average lifetimes calculated using a stretch exponential fit, I(t) = A exp(-t/τ)β), 

further explanation is listed below. b. Representative prompt TGE spectra of CdSe/PCAn 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 

(<τ>) 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.2,5,18  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 

a. b. 
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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.2,5,18,20,40,41 As observed time 

constants for the CdSe577/PCAn materials do not change in a meaningful way, more experiments 

are necessary to understand the chemistry taking place for the CdSe577/PCAn 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/τ)β). <τ> was extracted using the derived 

experimental values β and τ and the following equation: < τ> = (τ/ β) × Γ(1/ β) 

mg PCA τ (s) β <t> (s) kobs (s-1) 

0.0 5.81 x 10-9 0.40 1.98 x 10-8 5.04 x 107 

0.2 1.33 x 10-8 0.55 2.29 x 10-8 4.37 x 107 

0.6 1.18 x 10-8 0.50 2.39 x 10-8 4.20 x 107 

1.0 7.61 x 10-9 0.45 1.88 x 10-8 5.33 x 107 

1.6 9.04 x 10-9 0.48 1.92 x 10-8 5.20 x 107 

2.0 6.40 x 10-9 0.45 1.59 x 10-8 6.27 x 107 

4.0 7.10 x 10-9 0.44 1.84 x 10-8 5.43 x 107 

 

Conclusion 

Overall, the preliminary data in this report illustrates the complex nature of the 

photophysical properties of NR/mol composites. The τobs 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 (Se0, 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.24 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(II) tetradecylphosphate (Cd(TDPA)2). 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)2 formed, tri-n-butylphosphine (TBP, 404.9 mg, 2 mmol) was added 

dropwise to the reaction mixture with a N2 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 (Se0, 64 mg, 8.11 mmol) 

and tri-n-butylphosphine (TBP, 1.721 g, 8.51 mmol) was prepared by mixing the Se0 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 N2 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.2,5,15,18,20 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.2,5,14,34,35 As 

such, the same techniques were used with the NRs to avoid possible destruction of the materials. 

Once the acceptor crystals formed, 100 µL 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 μm 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 (λex = 475 

nm). Experiments were performed at room temperature. 
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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.1–7 In general, the use of 

quantum confined materials in these various application spaces is comparable or outperforms their 

molecular competitors.3,8,9 

 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.10–20  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.21  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. 

Figure 5.1 CdSe520/PCAn steady state (a) absorbance and (b) photoluminescence spectra, arrows 

indicate increasing PCA concentration. (c).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/PCAn 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 

a. b. 

c. 
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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 5.1.21 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.  

Figure 5.2 CdSe520/PCAn (a) UFTA single wavelength kinetics at 473 nm with λex = 520 nm 

(0.5 µJ 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 kEnT.  

 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.22,23 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.1,2 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.  

a. b. 
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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 λex = 520 nm (0.5 µJ per pulse, 100 fs FWHM).  

a. <τ> derived using a stretch exponential fit, I(t) = Aexp(−(t/τ)
β
). b.  values extracted from <k

EnT
> = <k

obs
> − <k

0
>, 

where <k
0
> 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.4,5,24  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.10,11 

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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