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CHAPTER I 

 

INTRODUCTION 

 

1.1 Semiconductor Nanocrystals 

Ever since the seminal work by L. Brus in 1984 in which the concept of quantum 

confinement in nanostructured semiconductor materials was first introduced,1 the scientific 

community has been fascinated with the unique properties that arise from materials with 

dimensions at the nanoscale. These many foundational studies have revealed a plethora of 

information about the fundamental behavior of semiconductor nanocrystals, particularly with 

regards to the behavior of the excited state. Methods have since been developed by which we can 

exhibit control over the excited state of nanocrystals and even now much effort is devoted to 

specifically engineer their structure to yield desired properties. Given these successes, 

nanocrystals have been implemented in a wide array of applications. Many of the applications in 

which they have been utilized are geared towards sources of alternative energy, such as 

photovoltaics and solar concentrators, or enhancing efficiencies in existing technologies, such as 

light emitting diodes and solid state lighting. Semiconductor nanocrystals are not just being 

studied for their own end as a product, but they are also being utilized as a tool in other fields. In 

fact, they have found particular success in areas of biomedical research as fluorescent biological 

probes for drug screening displacement assays and are uniquely suited for single-particle 

tracking. There are many advantages to using quantum dots over the oft-utilized organic dyes or 

phosphors that are typically employed in all of the aforementioned applications: they are 

inorganic particles which makes them more structurally robust and less amenable to photo-
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bleaching, they are very strong absorbers of light due to remarkably large extinction coefficients, 

and they have tunable optical and electronic properties arising from quantum confinement. 

 

1.1.1 Quantum Confinement 

The unique size-dependent optical and electronic properties of nanocrystals are a direct 

result of quantum confinement. Before a clear explanation of quantum confinement can be 

understood, however, it is important to first understand the excited state in bulk semiconductor 

materials. The band gap (𝐸𝑔) of a bulk semiconductor material is defined as the energy necessary 

to create an electron and a hole at rest with respect to the lattice and far enough apart such that 

their Coulomb attraction is negligible.1 In this case, the electron and hole are known as free 

charge carriers and have no interaction with one another. However, in a special case an exciton 

may form. An exciton, or a bound electron-hole pair in bulk semiconductor material, is described 

as a neutral excitation particle bound by the electron-hole Coulomb interaction, with the distance 

between the electron and hole known as the Bohr exciton radius (𝑎𝐵).2 The energy of the exciton 

configuration (𝐸𝑥) is actually slightly below the band gap, being lowered by the exciton binding 

energy (𝐸𝑏), which is the magnitude of the attraction between the electron and hole. This is 

illustrated in Figure 1.1. 
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Figure 1.1. Conduction band and valence band are separated by band gap energy (Eg) in bulk 

semiconductor material. The exciton energy (Ex) is lower than the band gap by the binding 

energy (Eb) of the electron and hole.2 

 

In nanocrystals, however, when the diameter of the crystal is on the order of or smaller 

than the Bohr exciton diameter, the electron and hole cannot achieve the equilibrium separation 

distance. In this case, the exciton is dictated not by the electron-hole Coulomb interaction, but by 

the physical dimensions of the material.2 When the electron and hole cannot achieve their desired 

separation distance as defined by the bulk Bohr exciton radius, their wavefunctions are forced to 

overlap. This is energetically unfavorable and more energy must be added into the system in 

order to stabilize this interaction. This becomes more pronounced for smaller nanocrystals as the 

electron and hole wavefunctions are forced to overlap more strongly, thus requiring more energy 

to stabilize the system. Herein lies the observed blue-shift in the band gap (Eg) as nanocrystal 

size decreases, and as a result the band gap can be tuned according to nanocrystal size.3  
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Figure 1.2. Illustration of quantum confinement in semiconductor nanocrystals. As the size of 

the nanocrystal decreases, the charge carriers are forced to overlap more strongly which 

increases the band gap energy. 

 

Quantum confinement in semiconductor nanocrystals is a real-world example of the 

infamous particle-in-a-box, in which the difference between energy levels is inversely related to 

the square of the radius of the nanocrystal. This shift of the lowest excited state with respect to 

the bulk band gap (𝐸𝑒𝑥) was modeled by L. Brus for semiconductor nanocrystals according to:1 
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in which ℏ is the reduced Planck’s constant, 𝑅 is the nanocrystal radius, 𝑚𝑒 and 𝑚ℎ are the 

effective masses of the electron and hole, respectively, 𝑒 is the absolute charge of an electron, 𝜀2 

is the dielectric constant of the semiconductor material, 𝛼𝑘 is a constant that relates the dielectric 

constants of the semiconductor material and the surrounding medium,1 and 𝑆 is the wavefunction 

that describes the position of the electron and hole in the 1S exciton. The first term in equation 

1.1 defines the quantum energy of localization, the second term is the Coulombic attraction of 
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the oppositely charged carriers, and the third term is the solvation energy loss the charge carriers 

experience in the dielectric medium. As the size of the nanocrystal decreases, the first term 

dominates and the increase in band gap becomes more exaggerated.  

 

 

Figure 1.3. CdSe nanocrystals fluorescing under UV excitation ranging in sizes from ultrasmall 

<2 nm (left) up to 7 nm (right), illustrating the size-dependent effects of quantum confinement. 

 

 

1.1.2 Importance of Nanocrystal Surface on Charge Carrier Behavior 

Due to the extremely small size of nanocrystals, they are made up of only tens to 

thousands of total atoms and therefore have inherently large surface-to-volume ratios. In fact, for 

CdSe nanocrystals with 8.5 nm diameter, 20% of the atoms that make up the crystal are actually 

located on the surface of the nanocrystal. This percentage of total atoms that are the surface 

atoms increases to 88% as the diameter decreases to 1.2 nm.4 These large surface-to-volume 

ratios coupled with the strong geometric confinement of the exciton in nanocrystals lead to 

significant interaction of excited charge carriers with the surface. Ultrasmall CdSe nanocrystals 
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with diameters <2 nm were discovered in 2005 to be completely dominated by surface-state 

emission and thus, instead of the size-tunable colored emission, emit the full white-light 

spectrum at the single-nanoparticle level.5-7 As later described in detail in section 1.2.1, these 

surface interactions typically occur within the first ten picoseconds after excitation and play a 

pivotal role in determining the ultimate fate of the excited state. Many different methods of 

surface modification, such as choice of organic ligands or other semiconductor capping 

materials, have been shown to influence the behavior of the excited state.8-11 Traditionally, the 

nanocrystal surface has been envisioned as a faceted crystalline interface that, as it relates to the 

relaxation mechanisms of the exciton, contains an ensemble of trap states that can localize 

excited charge carriers and provide relaxation pathways for non-radiative recombination, thereby 

reducing the efficiencies with which nanocrystals fluoresce. In this sense, much of the work to 

enhance the radiative recombination and suppress non-radiative recombination pathways in order 

to increase the fluorescence from semiconductor nanocrystals has been focused on finding 

different means to passivate the surface and eliminate the surface charge carrier trap state sites. 

Recent work performed by Pennycook et al., however, challenges this notion of a static 

crystalline surface in nanocrystal structures.12 Aberration-corrected atomic number contrast 

scanning transmission electron microscopy (Z-STEM) videos of CdSe nanocrystals of varying 

sizes, ranging from ultrasmall <2 nm up to 7 nm, showed surface atoms in a state of flux under 

the electron beam. Density functional theory simulations supported that, at least for the smaller 

nanocrystals, the energy imparted by the electron beam under the experimental conditions was 

similar to absorption of an ultraviolet photon by the nanocrystal structure. This work was the first 

direct evidence of a fluxional nanocrystal surface wherein, instead of a static crystalline surface, 

the atoms within ~1 nm of the surface are actually physically in motion whenever the 
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nanocrystal is under excitation. McBride et al. later expounded on this idea and many of the 

potential implications this poses to the various fields that involve nanocrystalline structures.13 As 

it relates to the excited state of the nanocrystal, a potentially fluxional nanocrystal surface 

implies that the trap states that traditionally are thought of as unpassivated atoms on the surface 

of the nanocrystal may actually extend down in to the nanocrystal structure ~1 nm from the 

surface, as the fluxional atoms at any given point in time can be under-coordinated and act as a 

charge carrier trap site. The main implication this poses for charge carrier trapping is that, in 

order to inhibit the charge carrier trapping that leads to non-radiative relaxation pathways, 

instead of simply passivating the nanocrystal surface, one must either strengthen and stabilize the 

surface atoms to prevent their movement or manipulate the nanocrystal in such a way as to 

prevent charge carriers from overlapping the surface or near-surface region of flux of the 

nanocrystal altogether. 

 

1.2 Ultrafast Spectroscopy 

 Ultrafast spectroscopy techniques monitor the behavior of excited charge carriers on the 

femtosecond and picosecond time scales. In this time frame in semiconductor nanocrystals, the 

charge carriers are first excited and begin to interact with the surface of the nanocrystals. As 

discussed in depth above in section 1.1.2, the surface of the nanocrystal plays an integral role in 

the excited state of the charge carriers; therefore, the kinetics of the surface interaction of the 

charge carriers yield a rich bounty of information on how different surface treatments affect the 

nanocrystal surface. Modifying the surface of the nanocrystal can result in differing structural or 

stoichiometric defects, vacancies, dangling bonds, and impurities, all of which contribute to the 

availability of radiative and non-radiative relaxation pathways for the excited charge carriers. 
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The presence and distribution of competing relaxation pathways will have a profound impact on 

the relaxation dynamics of the excited charge carriers; therefore, ultrafast spectroscopy is an 

ideal technique to investigate the surface chemistry of semiconductor nanocrystals. 

 

1.2.1 The History of Ultrafast Spectroscopy and CdSe Nanocrystals 

Many studies on the ultrafast carrier dynamics of CdSe nanocrystals have been reported 

in the literature and have employed various time-resolved spectroscopic techniques including 

transient absorption, fluorescence upconversion, photon echo, and transient grating 

spectroscopies, among others. These foundational studies performed by the likes of C. Burda, M. 

El-Sayed, V. Klimov, P. Guyot-Sionnest, M. Bawendi, S. Rosenthal, and many others 

demonstrated that the size and surface chemistry of semiconductor nanocrystals strongly 

influence the relaxation dynamics of the electron-hole pair.6,8-11,14-17 A generalized picture of the 

surface trapping and relaxation decay pathways is as follows, as presented by Underwood et al.11 

Typically, the surfaces of CdSe nanocrystals are on average comprised of 30% selenium atoms 

with the remaining 70% comprised of cadmium atoms that are passivated by a coordinating 

ligand.18 The bare selenium atoms on the surface of the nanocrystal are in the form of dangling 

selenide bonds, which are calculated to be mid-gap states.19,20 In the example of Underwood et 

al., the CdSe nanocrystals were synthesized with tri-n-octylphosphonic oxide (TOPO) as the 

coordinating solvent to passivate the cadmium atoms.11 Nanocrystals synthesized with this 

solvent system exhibited two radiative decay pathways; radiative emission was observed for 

band edge recombination and also for the mid-gap deep-trap state found at the nanocrystal 

surface.  Each pathway was probed separately via ultrafast fluorescence upconversion and it was 

found that each relaxation pathway consists of two decay processes, a short-lived (τ1) component 
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and a long-lived (τ2) component. The short-lived component for band edge recombination, 

realized experimentally as a depletion of the radiative recombination, was attributed to selenium 

dangling bond electrons annihilating the hole left in the valence band upon photo-excitation of 

the nanocrystal. The short-lived decay was found to be ~2-6 ps, varying with nanocrystal size. 

Smaller nanocrystals have enhanced electron-hole wavefunction overlap with the surface of the 

nanocrystal and thus the surface trap states are more rapidly populated. As a result, smaller 

nanocrystals have a shorter τ1 as this corresponds to more rapid depopulation of the band edge 

radiative state. The long-lived component of the band edge emission is due to the “dark exciton” 

effect, wherein the excited electrons relax from the singlet excited state to a triplet excited 

state.3,21,22 Subsequent triplet state relaxation is an optically forbidden transition on the order of a 

few nanoseconds and therefore its decay constant is beyond the experimental capabilities of the 

mechanical delay stage utilized in the fluorescence upconversion experimental setup.3 Also, it 

could not be resolved separately from the singlet state in the experiment since it is very close in 

energy to the singlet state, only ~12 meV lower in energy.3 

The deep trap emission was also observed experimentally and was found to have short- 

and long-lived components. The short-lived component was attributed to immediate relaxation of 

a surface selenium dangling bond electron to the valence band where it radiatively recombines 

with the initial photo-generated hole. It presents itself as a rise time of ~2 ps, indicating the deep-

trap state takes time to become populated. This population of the trap state directly correlated to 

the depopulation of the band edge radiative state, meaning these two processes are coupled. The 

long-lived time component of the deep trap emission results from the primary photo-generated 

electron combining with a surface hole, or vice versa. The long-lived time component is once 

again a product of the ‘dark exciton’ triplet state relaxation. 
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Other foundational ultrafast charge carrier dynamics studies on CdSe nanocrystals that 

utilized fluorescence upconversion spectroscopy highlighted the importance of surface ligands 

and inorganic capping materials. Kippeny et al. and Garrett et al. investigated the effects of 

different synthetic precursors, co-coordinating solvents, and shelling with different inorganic 

semiconductor materials.8,10 Hexadecylamine (HDA) was incorporated into the synthesis of 

CdSe nanocrystals because it resulted in narrowed size distribution and reduced the number of 

shape abnormalities; additionally, it was observed that the broad deep trap emission disappeared 

and only band edge recombination was observed radiatively with addition of HDA.8,10,23 

Addition of HDA also increased the short-lived time component of the band edge emission as a 

result of the interaction of the alpha hydrogen atoms on the carbon chain of HDA with the 

dangling selenium bonds on the surface which reduced the number of trap sites available.8,10 

Upon addition of a consistent shell thickness of 4-5 monolayers of ZnSe on differing sizes of 

CdSe cores, it was found that larger nanocrystal cores exhibited an increase in hole trapping 

efficiency.10 This is due to the band gap alignment of the core and shell materials in which the 

electron becomes confined to the core due to conduction band offset while the hole may occupy 

either the core or the shell material due to alignment of the valence band for larger core 

diameters. This enhanced charge separation inhibited radiative recombination and resulted in 

increased hole trapping efficiency.10 

 Subsequent studies have provided complimentary verification of these interpretations and 

have yielded alternative explanations that challenge or extend this relaxation scheme in which a 

vast heterogeneity of the relaxation dynamics in the field was apparent. Weiss and coworkers 

have utilized transient absorption spectroscopy in the near-infrared to probe the non-radiative 

electron and hole relaxations separately, in addition to the band edge relaxation observed in the 
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visible and long-time photoluminescence spectroscopy.24 Global analysis of their data required 

six exponentials. Their interpretation of the results presented a model for carrier relaxation in 

CdSe nanocrystals that consisted of three different sub-populations of excited nanocrystals in 

which each had a distinct kinetic scheme with four rate constants resulting from four states. 

Marcus and Scholes have presented an alternative explanation for exciton decay in attempting to 

describe temperature-dependent charge carrier trapping in core/shell semiconductor nanocrystals 

as a Marcus Electron Transfer (ET) process.25,26 Utilizing this approach in their analyses, they 

were able to calculate the number of trap state distributions, the depth of the traps, as well as the 

size distribution of the trap states present in the nanocrystals. Kern et al. utilized multiple 

population-period transient spectroscopy, termed MUPPETS, to study the carrier dynamics of 

CdSe nanocrystals and argued that the multi-exponential decays often reported for the relaxation 

dynamics of semiconductor nanocrystals is a result of sample heterogeneity, and at the single-

nanoparticle level CdSe nanocrystals exhibit single-exponential decay.27 Califano, Lian, Gómex-

Campos, and coworkers have proposed a model of Auger-assisted transfer as the single 

mechanism responsible for carrier trapping and argued that it provides a more complete and 

accurate representation of carrier trapping than Marcus ET based explanantions.28,29 

As is apparent from these various reports in the literature, the field of carrier dynamics in 

semiconductor nanocrystal structures has significantly advanced with the numerous contributions 

over the last few decades. However, there remains an ongoing attempt to develop a complete and 

universal understanding of excited charge carrier behavior in semiconductor nanocrystals. One 

can hypothesize that the great variability from study to study is rooted in the sensitivity of the 

excited charge carriers to the surface of the nanocrystal, which was highlighted in section 1.1.2 

and will be further explored in this dissertation. 
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1.2.2 The History of Ultrafast Spectroscopy and CdSxSe1-x Nanocrystals 

Early ultrafast spectroscopy reports in the literature on alloyed CdSxSe1-x samples were 

performed on bulk samples by Gadd and Hane.30-32 It was found that bulk lifetimes in 

homogeneous samples were dependent on composition with lifetimes on the order of several 

hundred ps. Graded alloys, interestingly, were found to not only have composition-dependent 

dynamics, but even within a single sample there was a strong dependence of lifetime on emission 

wavelength. For CdSe-based samples alloyed with sulfur, longer lifetimes were found for longer 

wavelengths in the range of 500-620nm emission whereas shorter lifetimes were found for 

longer wavelengths in the range of 620-720nm. Opposite trends were found for CdS-based 

samples alloyed with selenium. 

The extent to which CdSxSe1-x alloy nanocrystals has been studied has mainly been 

limited to homogeneous alloys either embedded within a glass matrix until more recent studies 

on a colloidal suspension. Zhang et al. found that CdSxSe1-x nanocrystal doped glasses had a 

decreasing decay time constant with an increase in pump power, which was attributed to Auger 

recombination and exciton-exciton annihilation.33 Additionally, excited carriers have been found 

to have a 2 ps relaxation into a dangling bond state for CdSxSe1-x nanocrystal doped glasses.34 In 

another study by Shen et al., three decay time constants were required to fit the ultrafast charge 

carrier dynamics data, corresponding to direct recombination, excited state trapping, and trapping 

processes at the nanocrystal-glass interface.35 The results were also size dependent with 

increased radiative decay rates for decreased nanocrystal sizes. Additionally, Toyoda and Shen 

found that CdS0.26Se0.74 nanocrystals in glass exhibited three exponential decay processes 

attributed to direct recombination with possible trapping, radiative recombination, and non-

radiative recombination processes.36 
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Garrett et al. studied homogeneously alloyed CdSxSe1-x nanocrystals as a colloidal 

solution and demonstrated that the nanocrystal composition had a strong influence on the charge 

carrier dynamics.9 The ultrafast carrier dynamics of CdSxSe1-x alloys were compared to CdSe and 

CdS and it was found that increasing sulfur content yielded a reduction in the magnitude of band 

edge recombination (τ1) and a decrease in the long-lived recombination (τ2). This was attributed 

to the introduction of surface trap states by sulfur. As sulfur content and consequently the 

number of trap states increase they begin to dominate the decay processes and diminish radiative 

recombination.9 

 

1.3 Overview 

 The aim of this dissertation is to detail the characterization of the surface chemistry of 

nanocrystals of different semiconductor materials, demonstrate the importance of surface 

chemistry on the behavior of charge carriers in semiconductor nanocrystals, and provide an 

example in which the surface overlap of the excited hole in graded alloy semiconductor 

nanocrystals was eliminated. Chapter I provides an overview of semiconductor nanocrystals, 

highlights the importance of the surface in nanocrystalline structures, and details previous 

investigations of the charge carrier dynamics of cadmium chalcogenide and cadmium 

chalcogenide-based alloy nanocrystals to provide perspective and lay the foundation for this 

work. Chapter II details the experimental procedures utilized in the syntheses, post-synthetic 

surface modifications, and the many characterization techniques utilized in this dissertation. 

Chapter III demonstrates CdSe nanocrystal surface ligand modification with the semiconductor 

polymer poly(3-hexylthiophene) and characterization of the polymer ligation to the nanocrystals. 

Chapter IV continues the theme of characterization of nanocrystal surface chemistry with an 
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investigation of the bound ligands of CuxInyS2 nanocrystals to enable determination of the cause 

of the plasmonic modes that these nanocrystals possess is due to the stoichiometry of the 

nanocrystals and is not a product of the surface chemistry. Chapter V details the structural 

characterization and femtosecond fluorescence upconversion spectroscopy of graded alloy 

CdSxSe1-x nanocrystals and provides analysis of the ultrafast carrier dynamics. It was found that 

a heterogeneous chemical composition alters the band structure within the nanocrystals to 

prevent excited charge carrier overlap with the surface of the nanocrystals, in this case the 

excited hole. This elimination of the excited hole-surface overlap inhibited hole trapping at the 

surface and resulted in enhanced optical properties of the quantum dots. Chapter VI concludes 

the work presented in this dissertation and offers some perspective on potential future work 

inspired by the results and conclusions of these studies. 
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CHAPTER II 

 

EXPERIMENTAL METHODS 

 

2.1 Synthesis of CdSe and Graded Alloy CdSxSe1-x Nanocrystals 

 

2.1.1 Synthesis Considerations 

There are different approaches to synthesizing chemically inhomogeneous nanocrystal 

hetero-structures that have been successful in the literature. One method, known as successive 

ion layer adsorption and reaction (SILAR), involves multiple precursor injection steps wherein 

the core material is formed via nucleation and growth of the initial cation and anion species in 

the reaction vessel.37 Then, the shell material is dictated by the delayed addition of shell 

precursors to the reaction mixture. A more recent approach involves prior synthesis of 

nanocrystal cores and post-synthetic modification of the chemical composition near the surface 

of the quantum dot via ion exchange.38 These techniques, however, typically result in a hard 

interface between the core and shell materials. In order to investigate the effects of a graded 

interface between core and shell materials, the method that was the employed in this work is 

founded on differing precursor reactivities.39 By choosing cation and anion precursors of varied 

reactivity, the more reactive species nucleates first and forms the nanocrystal core. The less 

reactive species is slower to incorporate into the nanocrystal structure and makes up the chemical 

composition of the shell material. This technique is a one-pot, single-injection colloidal synthesis 

and is attractive for many reasons including it eliminates the added complexity of  multiple steps, 
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reduces synthesis time, and minimizes the amount of solvents consumed and chemical waste 

generated, resulting in a more “green” synthesis. 

The differing reactivity technique employed herein is based on work first presented by 

Swafford et al. and further explored by Harrison et al. in the synthesis of both homogeneous and 

heterogeneous alloyed cadmium sulfoselenide (CdSxSe1-x) nanocrystals.39,40 It was found that 

sulfur bound by excess tributylphosphine (TBP) exhibited a different reactivity with cadmium 

than elemental (unbound) sulfur dissolved in 1-octadecene (ODE). The ratio of rates of addition 

of sulfur and selenium is proportional to the ratio of sulfur and selenium concentrations: 

 
 𝑑[𝐴𝑆 − 𝑆]

𝑑𝑡
𝑑[𝐴𝑆 − 𝑆𝑒]

𝑑𝑡

=
𝑘1[𝐴𝑆][𝑆]

𝑘2[𝐴𝑆][𝑆𝑒]
=

𝑘1[𝑆]

𝑘2[𝑆𝑒]
 (2.1) 

 

where AS is an available anion binding site and k1 and k2 are rate constants. When 𝑘1 ≠ 𝑘2, as is 

the case when both sulfur and selenium are bound to excess TBP, the less reactive species 

(sulfur) is delayed in being incorporated into the nanocrystal structure. Additionally, different 

concentrations of sulfur and selenium were explored in this work, i.e. [𝑆] ≠ [𝑆𝑒], further 

influencing the rate of addition of sulfur and selenium in the nanocrystal structure. 

 

2.1.2 CdSe Oleic Acid Synthesis 

Oleic acid ligated CdSe (OA-CdSe) nanocrystals were synthesized by a colloidal 

solvothermal high-temperature injection method. The reaction vessel was prepared by combining 

10 mL of 0.2 M  (2 mmol) Cd:oleate in 1-octadecene (ODE), 1.3 mmol of trioctylphosphine 

oxide (TOPO), 5.5 mmol of octadecylamine (ODA), and 5 mL ODE wherein the ODE served as 

the solvent. This mixture was heated to 280°C with stirring while purging with argon through a 
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12-gauge needle, which was removed at 150°C wherein water and oxygen were considered to be 

removed from the system. Once the solution was clear and colorless, 1 mL of 1.5 M (1.5 mmol) 

selenium:tributylphosphine (Se:TBP) was diluted to 6 mL with ODE followed by swift injection, 

after which the temperature was reduced to 260°C to grow for 1 hour. At 10 minute intervals, 2 

mL each of 0.2 M (0.4 mmol) Cd:oleate and 0.2 M (0.4 mmol) Se:TBP were added to serve as 

growth solutions. Nanocrystal growth was monitored by UV-visible absorption spectroscopy of 

aliquots pulled from the reaction vessel. Once the desired size was achieved, the reaction vessel 

was cooled to 90°C with compressed air and the nanocrystals were isolated by precipitation with 

butanol/ethanol and centrifugation. The nanocrystals were further purified by dissolving in a 

minimum amount of toluene and then adding ethanol until flocculation, followed by precipitation 

via centrifugation; repeating as necessary. The purified nanocrystals were solvated in toluene. 

 

2.1.3 Graded Alloy CdSxSe1-x Synthesis 

Compositionally graded alloy CdSxSe1-x nanocrystals were synthesized according to the 

procedure developed by Harrison et al.39 The anion precursor solutions were prepared by diluting 

2 M X:TBP (X = S, Se) with ODE to 0.75 M X:TBP/ODE. To load the reaction vessel, 0.2576 g 

(2 mmol) CdO, 2.52 mL (4 mmol) oleic acid and 40 mL ODE were placed into a 250 mL 3-neck 

round bottom flask and heated to 220°C under UHP Ar. Once the reaction solution was clear and 

colorless, indicating that precursors CdO and oleic acid had converted to Cd-oleate, a mixed 

solution of 0.8x mL of 0.75 M Se:TBP/ODE and 0.8(1-x) mL of 0.75 M S:TBP/ODE was 

injected to the flask. The nanocrystals were grown for 2 hours and sample aliquots of 2 mL were 

pulled from the reaction vessel at 2, 10, 30, 60, 90, and 120 minutes for S:Se anion injection 

ratios of 1:9, 3:7, 1:1, 7:3, and 9:1. The aliquots of 2 mL were divided into 2 eppendorf tubes and 
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quenched with 1 mL of a 3:2 mixture of butanol:ethanol and precipitated via centrifugation for 4 

minutes at 15,500 rpm. Further cleaning was carried out by solvating in toluene and subsequent 

precipitation with ethanol via centrifugation; the cleaning step was repeated once. The 

nanocrystals were suspended in deoxygenated anhydrous toluene for ultrafast fluorescence 

upconversion spectroscopy measurements. Nanocrystals were characterized by UV-vis 

absorption and fluorescence spectroscopy, HR-TEM, EDS, STEM-EDS, and femtosecond 

fluorescence upconversion spectroscopy. 

 

2.2 Post-Synthesis Ligand Modification of CdSe 

 

2.2.1 Pyridine Exchange on Oleic Acid CdSe 

In order to successfully ligate P3HT to CdSe nanocrystals, it was found that the native 

oleic acid ligands on the surface of the CdSe nanocrystals first had to be exchanged for pyridine. 

The pyridine exchange procedure was adapted from Lokteva et al.41 and was accomplished by 

precipitating OA-CdSe with ethanol by adding ethanol to a solution of OA-CdSe nanocrystals 

until flocculation was observed, followed by centrifugation. The supernatant was discarded and 

after drying, the pellet of nanocrystals was dissolved in neat pyridine. The nanocrystals were 

stirred for three days at 90°C. After three days, pyridine ligated CdSe (pyr-CdSe) were purified 

via precipitation with acetone and centrifugation at 15,000 rpm for 2 – 4 minutes. The cleaning 

step was repeated once. The ligand exchange was characterized via absorption and fluorescence 

spectroscopy and 1H NMR spectroscopy performed on a 400 MHz Bruker AV400 NMR 

spectrometer. 
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2.2.2 Pyridine-functionalized Poly(3-hexylthiophene) Exchange on Pyridine CdSe 

Successive ligand exchange of the pyr-CdSe nanocrystals for 2- and 3-pyridyl-poly(3-

hexylthiophene) (P3HT) was accomplished by placing 0.5 mL of ~20 µM pyridyl-CdSe in a 2 

mL Eppendorf tube and filling with hexanes (1.5 mL), followed by centrifugation. After the 

supernatant was discarded and the nanocrystal pellet dried, the nanocrystals were dissolved in a 6 

mg/mL solution of the 2- or 3-pyridyl-P3HT in chloroform, stirring overnight at room 

temperature. The ligand exchange was characterized via absorption and fluorescence 

spectroscopy and 1H NMR spectroscopy performed on a 400 MHz Bruker AV400 NMR 

spectrometer. 

 

2.3 Characterization of Nanocrystals 

 

2.3.1 Static Optical Absorption and Fluorescence Spectroscopy 

Static optical absorption and fluorescence spectroscopy are commonly employed to 

evaluate nanocrystal size and dispersity based on the wavelength of the first excitonic absorption 

peak and the full-width at half-maximum (FWHM) of the fluorescence peak, respectively.42 

Absorption spectra were obtained using a Varian Cary 50 UV-Vis spectrophotometer and 

photoluminescence spectra were obtained with an ISS PC1 Photon Counting Spectrofluorimeter 

or a Photon Technology International QuantaMaster 40.  
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2.3.2 Photoluminescence Quantum Yield 

The photoluminescence quantum yield (𝑃𝐿𝑄𝑌) measurement is an experimental 

technique by which one can quantify the ‘brightness’ of emissive samples. The value itself is a 

measure of how many photons the sample emits in relation to how many it absorbed: 

 
 

𝑃𝐿𝑄𝑌 =
# 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑

#𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
× 100% (2.2) 

 

Photoluminescence quantum yields of graded alloy CdSxSe1-x nanocrystals dispersed in toluene 

were obtained using the single-point method.43 This is a comparative method that enables 

determination of the sample’s photoluminescence quantum yield by comparing absorption and 

photoluminescence of the sample with that of an organic dye of known quantum yield. 

Photoluminescence quantum yields were determined according to: 

  

 𝑃𝐿𝑄𝑌 = 𝑄𝑅

𝐼

𝐼𝑅

𝑂𝐷𝑅

𝑂𝐷

𝑛2

𝑛𝑅
2  (2.3) 

 

where 𝐼 is the integrated fluorescence intensity, 𝑂𝐷 is the optical density or absorbance of the 

sample at excitation wavelength, and 𝑛 is the refractive index of the solvent; subscript 𝑅 denotes 

values for the reference organic dye of known quantum yield.  Optical densities of the 

nanocrystals and organic dyes were maintained between 0.09 and 0.1 over a 10 mm path length. 

Laser dyes with optical absorption and fluorescence spectra that overlap those of the nanocrystal 

samples were, depending on the sample, Coumarin 153 in ethanol (Q=0.38)44, Rhodamine 6G in 

methanol (Q=0.94),45 or Sulforhodamine B in ethanol (Q=0.69)46. Absorption spectra were 
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obtained using a Varian Cary 50 UV-Vis spectrophotometer and photoluminescence spectra 

were obtained with a Photon Technology International QuantaMaster 40 for photoluminescence 

quantum yield determination. 

 

2.3.3 Transmission Electron Microscopy and Energy Dispersive X-ray Spectroscopy 

High-resolution transmission electron microscopy (HR-TEM), energy dispersive x-ray 

spectroscopy (EDS), and scanning-TEM-EDS (STEM-EDS) were obtained using a FEI Tecnai 

OsirisTM S/TEM electron microscope equipped with ChemiSTEMTM technology. Samples were 

prepared by drop-casting a single droplet of dilute (faintly colored to the naked eye) nanocrystal 

solution onto an ultrathin carbon on holey carbon TEM grid (01824 - Ted Pella, Inc.).  The 

excess solvent was then wicked away with a Kimwipe and the grid was allowed to dry. HR-TEM 

images were analyzed using ImageJ software for manual determination of nanocrystal size 

distributions. EDS spectra were analyzed using FEI TIA offline image analysis software for 

chemical composition determination. 

 

2.3.4 Nuclear Magnetic Resonance Spectroscopy 

1H and 31P NMR spectroscopy were performed on a 400 MHz Bruker AV400 NMR 

spectrometer. 14N NMR spectroscopy was performed on a 500 MHz Bruker DRX500 NMR 

spectrometer. 1H and 31P NMR samples were prepared by dissolving ~5 mg of rigorously 

purified nanocrystal samples in 0.5-0.6 mL of an appropriate deuterated solvent in which the 

sample is soluble. 14N NMR required greater amounts of sample to observe signal, so ~60 mg of 

sample was required and dissolved in 0.5-0.6 mL of deuterated solvent. Deuterated solvents 

commonly employed included chloroform-d, toluene-d8, acetone-d6, and deuterated water. 
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Acquisition parameters for all NMR spectroscopy experiments were typically those found 

standard in the acquisition protocol in the NMR software (Bruker Topspin) in the small molecule 

NMR facility at Vanderbilt University. In some cases modifications were made to the number of 

scans (NS) in order to increase the intensity of the observed signal or to the spectral width (SW) 

and transmitter frequency offset (O1P) to ensure the region of interest for the appropriate 

functional group for the selected nucleus was being interrogated. Note that both SW and O1P are 

in units of ppm. For 1H NMR nanocrystal samples, NS was sometimes increased to 64 or even 

128 if there was little observed signal. For 31P NMR nanocrystal samples, NS was set to 512, SW 

was set to 200.4, and O1P was set to 68.08. For 14N NMR experiments on nanocrystal samples 

NS was set to 10000, SW was set to 401.1, and O1P was set to 0. Also note that for all 14N NMR 

experiments, the receiver gain (RG) was left at the maximum value of 16384. When the 14N 

NMR region of interest was expanded to search for resonance signal for P-CIS (see section 

4.2.3), NS was set to 12288, SW was set to 801.8, and O1P was set to 600. All NMR spectra 

were processed and analyzed using Bruker Topspin 3.2 software. 

 

2.4 Femtosecond Fluorescence Upconversion Spectroscopy 

 

2.4.1 The Upconversion Technique 

Fluorescence upconversion is a powerful, two-pulse technique that can yield sub-

picosecond time resolution and is an excellent tool for studying the charge carrier dynamics of 

nanocrystals. This spectroscopic method observes the frequency mixing of incoherent 

fluorescence from the sample with another gate (probe) pulse in a nonlinear optical crystal.47,48 

Since the speed of light is effectively constant, time resolution is obtained by delaying one of the 
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pulses relative to the other by means of a mechanical optical delay stage. At time t=0, the sample 

is excited by the wavelength-tunable excitation pulse.  The resulting incoherent fluorescence is 

frequency-mixed with a gate laser pulse, arriving at time 𝑡 = 𝜏 in a nonlinear mixing crystal. The 

frequency mixing of the fluorescence and probe beam generates light at the sum frequency (ωsum) 

according to: 

 
 

gatecefluorescensum    (2.4) 

      

Frequency is inversely proportional to wavelength, and the upconverted wavelength (λupconverted) 

is determined as follows: 

 
 

gatecefluorescendupconverte 

111
  (2.5) 

 

As stated above, the time interval (τ) between the excitation and gate pulse is regulated 

by changing the distance one of the pulses must travel. In our experimental setup, the excitation 

beam path includes the mechanical optical delay stage (fig. 2.1), thereby altering the path length 

of the excitation pulse while the gate pulse is constant in time.  To obtain the fluorescence 

intensity versus time spectrum, the relative delay time (τ) is scanned and the intensity of the sum 

frequency is measured with a UV-sensitized photomultiplier tube at each delay time.48 Because 

fluorescence upconversion observes radiative recombination, any nonradiative processes that 

occur in competition with a radiative process are measured indirectly and are realized as a 

depletion of radiative recombination, seen experimentally as a decrease in the observed 

fluorescence intensity. 
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2.4.2 Experimental Setup 

Femtosecond fluorescence upconversion spectroscopy was performed with a laser system 

previously described,8,9 with modifications.49 A Coherent Verdi V18 (CW, 532nm, 18W) 

pumped a mode-locked Ti:Sapphire oscillator (Mira 900 Basic, Coherent) which then seeded a 

regenerative amplifier (RegA 9000, Coherent). The RegA powered an optical parameteric 

amplifier (OPA 9400, Coherent), from which the excitation (wavelength tunable, 450-700 nm) 

and gate (800 nm) pulses were extracted. The system operated at 250 kHz and produced pulses 

~200 fs, leading to instrument response functions (IRFs) <250 fs. Samples were pumped at 50 

nm higher in energy than band edge absorption to eliminate upconversion of scattered pump 

photons in the upconverted fluorescence spectra. Samples were of optical density ~0.9 (always 

<1) at pump energy and were stirred under UHP Ar in a 2 mm cuvette to avoid buildup of photo-

charged dots. A rhodium coated elliptical reflector focused sample emission onto a nonlinear 

crystal (1 mm XC8-LiIO3-Type-I SFM-800/500-1000//308-444 nm, Cleveland Crystals, Inc.). A 

UV-dispersing prism (STS#37261, CVI Laser Corp.) separated upconverted signal from any 

residual photons. The signal was directed into a UV-optimized monochromator (McPherson), 

detected by a photon-counting photomultiplier tube (R1527P, Hamamatsu) and digitized with a 

photon counter (SR400, Stanford Research Systems). 
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Figure 2.1. Schematic of ultrafast fluorescence upconversion experimental setup. 

 

2.4.3 Data Analysis 

The fitting function used to analyze the data was derived from the convolution of the 

Gaussian instrument response function (𝑓(𝑊, 𝑡)) centered at 𝑡 = 0 with a full-width at half-

maximum (FWHM) of 𝑊 with a decaying exponential (𝑔(𝐴, 𝜏, 𝑡)) with decay lifetime 𝜏 and pre-

exponential factor 𝐴:50  
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The convolved fit fuction (𝐹𝑖𝑡) includes the addition of a time shift (𝑡0) to allow the Gaussian to 

float relative to the exponentials and an offset (𝑦0) so the exponentials decay to baseline instead 

of zero: 
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where 𝐴𝑖 is the 𝑖th decay amplitude, W is FWHM of the Gaussian IRF, and 𝜏𝑖 is the 𝑖th decay 

time. The fit function is the summation of as many convolved functions as observed decay 

processes. 

The data were fitted via a custom procedure in Igor Pro, which utilizes the Levenberg-

Marquardt algorithm (LMA) to search for the coefficient values that minimize chi-square and 

estimates the standard deviation of the fit coefficients. Each decay curve was fit with the 

minimum number of exponential decays that would accurately fit the data as determined via 

analysis of the curve fit residuals, minimum reduced chi-square values, and estimated standard 

deviation values in relation to the respective values of the fit parameters. For example, ultrafast 

fluorescence data for the 2 min aliquot pulled from the 1:1 S:Se anion injection ratio synthesis of 

graded alloy CdSxSe1-x nanocrystals (see Chapter V) were best fit with three exponential decays. 
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The value for the reduced chi-square for the fit function saw a significant reduction from 2.14 

down to 1.18 when increasing the number of exponential decays from two to three. Therefore, 

addition of a third exponential decay in the data analysis improved the fit of the curve to the data. 

Conversely, ultrafast fluorescence data for the 120 min aliquot pulled from the same 1:1 S:Se 

anion injection ratio synthesis of CdSxSe1-x nanocrystals were best fit with two exponential 

decays. When increasing the number of exponential decays in the data fitting analysis to three, 

the reduced chi-square value was not changed from 1.07 indicating the introduction of an 

additional exponential decay did not improve the fit of the curve to the data. Additionally, when 

the third exponential decay was added, the estimated standard deviation for 𝜏1 became larger 

than the actual value of 𝜏1 (𝜏1 = 6 ± 18 𝑝𝑠). Thus, two exponential decays were determined to 

be the minimum number of exponential decays required to accurately fit the data. 

The fitting was extended over positive and negative times with 𝑡0 corresponding to 

arrival of the excitation pulse. Due to the nature of the pump source from the optical parametric 

amplifier (OPA), an instrument artifact – corresponding to upconversion of the monitored 

wavelength in the residual white light continuum from the OPA arriving in “negative” time – 

was observed as a deviation from and return to baseline before excitation, as seen in figure 2.2. 

This artifact was masked from the data (and plots) during analysis in order to retain a 0y  value 

consistent with the baseline signal in negative time for the decay curves. 

 



28 

 

 
 

Figure 2.2. Raw fluorescence decay data for graded alloy CdS0.25Se0.75 nanocrystals49 illustrating 

the instrument artifact in negative time that deviates from and returns to baseline (𝑦0) and, 
importantly, does not overlap with the sample fluorescence signal. Excitation was at 529 nm and 

detection was at 597 nm. Reprinted with permission from Keene, J. D.; McBride, J. R.; Orfield, 

N. J.; Rosenthal, S. J. Elimination of Hole-Surface Overlap in Graded CdSxSe1-x Nanocrystals 

Revealed By Ultrafast Fluorescence Upconversion Spectroscopy. ACS Nano 2014, 8 (10), 

10665-10673. Copyright 2014 American Chemical Society. 
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CHAPTER III 

 

P3HT LIGATION TO CdSe NANOCRYSTALS 

 

3.1 Introduction 

Semiconductor nanocrystals, or quantum dots, have been heavily studied for their 

potential applications in photovoltaics, solid state lighting, and fluorescence imaging because of 

their unique size-dependent optoelectronic properties.51-53 A powerful method to quantify 

nanocrystal properties is to probe the carrier dynamics through ultrafast fluorescence 

upconversion spectroscopy. Foundational studies on CdSe nanocrystals demonstrated the size 

and surface dependence of the carrier dynamics, wherein radiative emission was observed for 

band edge recombination and also for the mid-gap deep-trap state.11 The short-lived component 

of the carrier dynamics was attributed to surface selenium dangling bond electrons annihilating 

the hole left in the valence band upon photo-excitation of the nanocrystal and was determined to 

be 2-6 ps, varying with nanocrystal size. The long-lived component of the carrier dynamics was 

attributed to the “dark exciton” effect, an optically forbidden transition from the triplet state on 

the order of a few nanoseconds.22 Further studies demonstrated the strong dependence of the 

carrier dynamics on the surface composition of the nanocrystals by varying synthetic precursors, 

co-coordinating solvents, organic capping ligands, and inorganic shelling materials.8,10 

These foundational studies illustrated the importance of nanocrystal surface on the 

behavior and dynamics of the charge carriers in semiconductor nanocrystals and have since led 

to many investigations wherein surface capping material was selected to exhibit control over 

charge carrier behavior. Many of these studies focused on creating nanocrystal surface interfaces 
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that promote charge separation and/or transfer.54,55 This behavior is desired as carrier 

recombination is currently a major contributor to low efficiencies in quantum dot photovoltaics 

(QDPVs). One of the most researched polymers for use in QDPVs is poly(3-hexylthiophene) 

(P3HT) due to its its high field effect hole mobilities and its type II band alignment with CdSe  

as shown in figure 3.2b, which promotes hole transfer to the polymer.56 Studies have been 

reported that demonstrate charge transfer from CdSe to P3HT in films57,58 and fluorescence 

quenching through ligation of P3HT to CdSe,59,60 yet charge transfer between ligated 

P3HT/CdSe has not been demonstrated. 

 

a) 

 

b) 

 

 

Figure 3.1. Structure of P3HT (a) and the schematic energy level diagram demonstrating the 

band offset characteristic of type II band alignment (b).56  

 

 

 In order to ligate P3HT to CdSe nanocrystals, the P3HT chains required a functional 

group that would bind to the surface of the nanocrystals. Collaborators S. Michael Kilbey, II, 
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Ph.D., Deanna L. Pickel, Ph.D., and W. Michael Kochemba, Ph.D. of the University of 

Tennessee and Oak Ridge National Laboratory synthesized and provided two different pyridine-

functionalized P3HT (pyridyl-P3HT) samples – 2-pyridyl-P3HT and 3-pyridyl-P3HT – via 

quenching of the Grignard metathesis polymerization.61,62 The intent of the functionalization is to 

provide an anchor group to the P3HT polymer through which the polymer can ligate to the 

surface of CdSe nanocrystals. 

 

 

a) 

 

b) 

 

 

Figure 3.2. Structures of pyridyl-P3HT samples ligated to CdSe nanocrystals.61,62 a) 2-pyridyl-

P3HT and b) 3-pyridyl-P3HT, both with protons labeled to facilitate 1H NMR peak assignment 

(see figures 3.9 and 3.10). 
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3.2 Results and Discussion 

A two-step post-synthetic modification scheme was a successful route to polymer-ligated 

CdSe nanocrystals and was validated via analysis of the optical properties of the samples and 1H 

NMR spectroscopy. This route involved first synthesizing CdSe with oleic acid (OA), next 

exchanging the OA with pyridine, and finally exchanging the pyridine for 3-pyridyl-P3HT or 2-

pyridyl-P3HT. It should be noted that this procedure was attempted with various size CdSe 

nanocrystals but small nanocrystals aggregated upon pyridine exchange and were insoluble in all 

solvents, and further pursuit in the ligand exchange processes was prohibited; therefore, all data 

presented herein on successful ligand exchanges utilized 4.8 nm OA-CdSe.  Few details 

regarding the synthesis of “small” oleic acid CdSe at low temperatures can be found in appendix 

A. Optical analysis (Fig. 3.3) of the pyridine exchange of the OA-CdSe nanocrystals yielded a 

slight blue shift in the absorbance while the fluorescence decreased in intensity and experienced 

some broadening. Since the ligand exchange process is known to have the potential to strip away 

some surface atoms from the nanocrystal when the ligands are removed from the nanocrystal 

surface,21 the blue-shift observed after the exchange procedure supports that ligand exchange has 

occurred because atoms removed from the surface would decrease the diameter of the 

nanocrystal, resulting in a greater degree of quantum confinement as evident in the observed 

blue-shift in absorbance spectra. It should be noted, however, that this data is only suggestive of 

ligand exchange occurring and cannot provide information about the actual surface chemistry of 

the nanocrystals. Therefore, the optical data is complementary to a more detailed analysis of the 

surface chemistry of the ligand exchanged nanocrystals. 
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Figure 3.3. Optical analysis of OA-CdSe nanocrystals (black) exchanged with pyridine (red), 

then exchanged with 3-pyridyl-P3HT (blue). Also shown is the optical data for P3HT (green). 

Change in the absorbance/fluorescence with each step is indicative that ligand exchange is 

occurring.21 

 

The first ligand exchange was further verified through 1H NMR spectroscopy. 1H NMR 

spectroscopy is an invaluable technique to probe the presence and binding of molecules that 

comprise the surface chemistry of semiconductor nanocrystals. The binding of ligands to the 

surface of nanocrystals is readily apparent the NMR spectra of the nanocrystals, in that the 

chemical environment is altered resulting in a difference of chemical shift, in addition to reduced 

molecular rotation and inhibited dipolar coupling, which leads to broadening of the signal and 

loss of the hyperfine splitting.21,63,64  As seen in figures 3.7 and 3.8, the proton signals of free 

(neat) pyridine differ from those of pyridine-ligated CdSe.  When the pyridine molecules are 

bound to the surface of the nanocrystals, each of the proton resonances exhibit a downfield shift 

and the splitting due to J-coupling of “neighboring” protons disappears.63 Also apparent is the 
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signal remaining from bound oleic acid on the CdSe nanocrystals, indicating incomplete 

exchange of the surface ligands. 

 

 

 

 

 

 

 

 

Figure 3.4. Molecular structures of oleic acid (top) and pyridine (bottom) with protons labeled as 

assigned in the 1H NMR spectra following in figures 3.5 and 3.7. 

 

 

 

 

 

 

 

 



35 

 

 

 

 

 

 

Figure 3.5. 1H NMR spectrum of free oleic acid with proton signals assigned according to the 

labels presented in figure 3.4. 
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Figure 3.6. 1H NMR spectrum of CdSe nanocrystals synthesized with oleic acid as the surfactant 

dissolved in CDCl3. Bound oleic acid exhibits some broadening and chemical shift of the proton 

resonance signals observed while the vinyl protons’ resonance signal at 5.34 ppm is not 

observed. 
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Figure 3.7. 1H NMR spectrum of pyridine dissolved in CDCl3. The top spectrum is an enhanced 

view of the proton signals in which the fine structure can be seen that results from spin-spin 

splitting. 

 

c 

a b 
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Figure 3.8. 1H NMR spectrum of oleic acid CdSe nanocrystals after ligand exchange with 

pyridine, dissolved in CDCl3. The bound pyridine proton resonances exhibit broadening as the J-

coupling fine splitting disappears and shifts in ppm as the chemical environment is altered by the 

presence of the nanocrystal surface. Note that ligand exchange procedures are not always 

“complete,” as evidenced in this spectrum by the presence of some bound oleic acid signal 

remaining on the nanocrystals. 

 

In addition to optical analysis, 1H NMR also indicated that pyridyl-P3HT was ligated to 

the CdSe nanocrystals after the exchange procedures. 1H NMR analysis of the pyridyl-P3HT 

molecules allowed for identification of the proton resonance signals located on the pyridine 

functional group as seen in figure 3.9. A broadening and/or shift of NMR signal would indicate 

that pyridyl-P3HT ligands were directly attached to CdSe nanocrystals.21,63,64 The 1H NMR 



39 

 

analysis of the 3-pyridyl-P3HT ligation to CdSe revealed an upfield shift of 0.02 ppm (8 Hz) for 

both proton resonances adjacent to the nitrogen of pyridine as seen in figure 3.11. Similarly, 2-

pyridyl-P3HT ligation to CdSe also exhibited an upfield shift of 0.02 ppm (8 Hz) for the single 

proton resonance adjacent to the nitrogen of pyridine, as seen in figure 3.10. 

 

 

 

 

Figure 3.9. 1H NMR spectrum of 3-pyridyl-P3HT. Proton signals are labeled in accord with the 

scheme presented in Figure 3.2b. Inset: Expanded region of interest wherein 1H signals for the 

pyridine functional groups are located. 
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Figure 3.10. Left: 1H NMR spectrum of 2-pyridyl-P3HT. Proton signals are labeled in accord 

with the scheme presented in Figure 3.2a. Inset: Expanded region of interest to highlight the 

doublet 1H signal for 1Ha, the 1H adjacent to nitrogen on the pyridine functional group. Right: 

Comparison of the doublet 1H signal for 1Ha, for the bound (top, red) and free (bottom, blue) 2-

pyridyl-P3HT. Note the 0.02 ppm upfield shift of the bound polymer indicating successful 

ligation and the residual free polymer remaining in the solution. 
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Figure 3.11. Comparison of 1H NMR spectra of unbound (blue) and ligated (red) 2-pyridyl-

P3HT samples, focused on the proton resonances neighboring the nitrogen of the pyridine 

functional group. The upfield signal shift by 0.02 ppm (8 Hz) indicates ligation.  
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Interestingly, the protons that exhibited a chemical shift from that of the unbound 

polymer ligands were only those that were located on the carbon directly adjacent to the nitrogen 

of pyridine, namely, proton “a” in 2-pyridyl-P3HT and protons “a” and “b” in 3-pyridyl-P3HT 

(see figure 3.2 for labeling of protons). This observation not only provided verification of 

ligation of the functionalized P3HT polymers to the surface of the CdSe nanocrystals, but also 

provided insight into the binding mechanism of the ligands. Theoretical simulations and 

experiments have shown that pyridine ligates to the surface of CdSe nanocrystals, not in a 

perpendicular alignment through the nitrogen, but the molecule actually binds in a parallel 

interaction through the conjugated π-orbital ring of the pyridine structure.41,61,62 This is evident in 

1H NMR as a broadening and downfield shift of all three proton signals observed for pyridine 

after ligation to CdSe nanocrystals as shown in figure 3.8. Because only the protons adjacent to 

the nitrogen of pyridine exhibit a chemical shift, we are able to conclude that 2-pyridyl-P3HT 

and 3-pyridyl-P3HT bind through the nitrogen of the pyridine functional group. Given the large 

sterics of P3HT, this conclusion is feasible. 

Kochemba et al. further investigated these pyridyl-P3HT ligated CdSe nanocrystals and 

dispersed them in films of P3HT at 20 weight percent, analyzing film morphology via high 

resolution transmission electron microscopy.61,62 It was found that after annealing, the pyridyl-

P3HT ligated CdSe nanocrystals maintained dispersity throughout the P3HT films and did not 

aggregate in comparison to native ligand CdSe nanocrystals and pyridine-ligated CdSe 

nanocrystals. This finding further reinforced the favorable interaction between pyridyl-P3HT and 

CdSe nanocrystals and demonstrated one of the primary benefits of utilizing functionalized 

P3HT-CdSe nano-composites in nanocrystal-polymer blend QDPVs. As shown by Kochemba et 

al., the directly ligated polymer nanocrystal blends allow for control of final film composition 
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and architecture and produce films of superior quality than native ligand CdSe nanocrystals, 

which could lead to improved performance of QDPVs. 

 

 

 

Figure 3.12. Annealed films of CdSe nanocrystals of differing ligands dispersed in P3HT. a) 

native ligand CdSe and b) pyridine-ligated CdSe aggregate upon annealing, whereas c) pyridyl-

P3HT-ligated CdSe nanocrystals maintain good disbursement throughout the film. Adapted with 

permission from Kochemba, W. M.; Pickel, D. L.; Keene, J. D., Rosenthal, S. J.; Sumpter, B. G.; 

Chen, J.; Kilbey, S. M., II, In Situ Formation of Pyridyl-Functionalized Poly(3-hexylthiophene)s 

via Quenching of the Grignard Metathesis Polymerization: Toward Ligands for Semiconductor 

Quantum Dots. Chemistry of Materials 2012, 24 (22), 4459-4467. Copyright 2012 American 

Chemical Society. 

 

 

3.3 Conclusion 

 Ligation of 2-pyridyl-P3HT and 3-pyridyl-P3HT to CdSe nanocrystals was performed via 

a two-step post-synthetic ligand modification scheme. CdSe nanocrystals were first synthesized 

with oleic acid as the native ligands which were then (partially) exchanged with pyridine. 

Finally, pyridine-ligated CdSe nanocrystals were exchanged for 2-pyridyl-P3HT or 3-pyridyl-

P3HT ligands in small scale, with limited success in purifying the P3HT-ligated CdSe 

nanocrystals from free P3HT. Ligation was monitored and verified using optical analysis 

techniques including static UV-vis absorption and fluorescence spectroscopies as well as 1H 
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NMR spectroscopy. Blue-shifts in optical spectra indicated stripping of some atoms from the 

surface of the nanocrystals during the ligand exchange procedures with corresponding shifts in 

photoluminescence spectra coupled with decreased quantum yields. The aforementioned changes 

in the optical data were suggestive of ligand exchange occurring. 1H NMR spectroscopy showed 

broadening and/or chemical shifts for the proton resonance signals adjacent to the point of 

ligation for pyridine, 2-pyridyl-P3HT, and 3-pyridyl-P3HT, verifying ligation of the polymers to 

the CdSe nanocrystal surface. Pyridyl-P3HT-ligated CdSe nanocrystals annealed in P3HT films 

were found to exhibit less aggregation than native ligand CdSe samples annealed in P3HT films, 

indicating favorable interaction between the pyridyl-P3HT CdSe nanocrystals which facilitated 

enhanced disbursement in the P3HT films. 

 

3.4 Future Work 

 Although 2-pyridyl-P3HT and 3-pyridyl-P3HT were successfully ligated to CdSe 

nanocrystals through a two-step post-synthetic modification, the low affinity of pyridine for the 

CdSe nanocrystal surface meant that the ligands were weakly bound to the nanocrystals. This led 

to difficulties in purification of the P3HT-ligated nanocrystals from the excess P3HT in the 

exchange solution in large quantities needed for analysis of their fluorescence on the 

femtosecond and picosecond time scales, as is evident in the optical properties shown in figure 

3.3. This, coupled with the large sample size requirements of the fluorescence upconversion 

experimental setup before conversion to the commercial cuvette (see Appendix B.2), which was 

in use during the period of these investigations, prevented direct observation of the charge 

transfer dynamics for the P3HT-functionalized CdSe nanocrystals, which was a major goal of 

this work. 
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 These issues can be alleviated in future studies by altering the functional group on P3HT 

from pyridine to something that has a stronger affinity to the CdSe surface, such as carboxylic 

acid or phosphonic acid. Stalder et al. has demonstrated the strong affinity of phosphonic acid-

functionalized P3HT (PA-P3HT) for CdSe nanocrystals with oleic acid as the native ligands.60 

Ligation of the PA-P3HT was verified and monitored via fluorescence quenching. As PA-P3HT 

was added to a solution of oleic acid-CdSe, charge transfer from the nanocrystal to ligand (or 

vice versa, depending on excitation and observation wavelengths) prevented carrier 

recombination and resultant emission of photons. Thus, the degree to which the fluorescence was 

quenched for the PA-P3HT-CdSe indicated the degree to which the CdSe nanocrystals were 

ligated with PA-P3HT. 

 Utilizing a higher-affinity functional group on the P3HT, as was demonstrated for PA-

P3HT, should allow for sample preparation and purification to enable investigation of the 

fluorescence on the ultrafast time scale to probe the charge transfer dynamics. As it was in this 

study, the inability to purify the samples from excess unbound P3HT resulted in the CdSe 

nanocrystal signal being overwhelmed by the P3HT signal in the optical spectra (figure 3.3). 

Additionally, with the transition from the flow cell to the commercial cuvette in the fluorescence 

upconversion experimental setup, sample size requirements are now 0.6 mL in place of the ~20 

mL needed to fill the reservoir and pump head in the old flow cell apparatus. Therefore, the scale 

of the sample needed is now plausible given the amount of functionalized P3HT needed to 

perform the ligand exchange procedures and prepare the P3HT-ligated CdSe nanocrystals. 
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Figure 3.13. Molecular structures of a) phosphonic acid functionalized P3HT and b) carboxylic 

acid functionalized P3HT. These functional groups are known and have been demonstrated (in 

the case of phosphonic acid P3HT) to have a stronger binding affinity to CdSe nanocrystals,60 

and are therefore predicted to enable sample preparation for the fluorescence upconversion 

experiment to (in)directly observe the charge transfer dynamics for the type-II P3HT-CdSe 

system. 

 

 

 

 

 

 

 



47 

 

CHAPTER IV 

 

NMR CHARACTERIZATION OF CuxInyS2 NANOCRYSTAL SURFACE CHEMISTRY 

 

Adapted with permission from Niezgoda, J. S.; Yap, E.; Keene, J. D.; McBride, J. R.; 

Rosenthal, S. J. Plasmonic CuxInyS2 Quantum Dots Make Better Photovoltaics Than Their non-

Plasmonic Counterparts. Nano Letters 2014, 14 (6), 3262-3269. Copyright 2014 American 

Chemical Society. 
 

4.1 Introduction 

As semiconductor nanocrystals have increasingly been incorporated in quantum dot 

photovoltaics as individual photoreaction centers, taking advantage of their size-tunable 

absorption to maximize harvesting of the solar spectrum,51 there have been recent efforts to 

develop alternative and more environmentally-friendly quantum dot materials.65 The most-

studied systems to date are CdSe and PbS, but with cadmium and lead being used, there is an 

inherent irony in using environmentally-toxic metals in the quest to create renewable energy 

sources to save the environment. One such system using environmentally-benign materials is 

copper indium sulfide (CuxInyS2, CIS) semiconductor nanocrystals. Seminal work conducted by 

the Klimov research group at Los Alamos National Laboratory presented the now-widely-

employed solvothermal synthesis of colloidal CIS nanocrystals.66 However, these quantum dots 

contain thiols as the surfactant. Thiols as surface ligands for semiconductor nanocrystals bind 

strongly to the nanocrystals surface and have even been shown to be crystal-bound rather than 

surface-bound, further reinforcing their high binding strength.67 Due to this high affinity for the 

quantum dots, the thiols have proven to be difficult to exchange for other ligands. When 

considering their application in photovoltaic devices, the nanocrystals must not only be able to 
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effectively generate and separate charge carriers, but they must also be able to transfer the 

excited charge carriers to the device electrodes to promote charge carrier extraction to increase 

the efficiencies of the photovoltaic devices. The long carbon chain ligands typically employed in 

the synthesis of semiconductor nanocrystals are insulating to the charge carriers and inhibit the 

charge transfer from the nanocrystals; thus, device efficiencies have been limited.68 

For these reasons, Niezgoda et al. was investigating alternative syntheses of CIS quantum 

dots utilizing exchangeable ligands employed in other quantum dot systems such as 

hexadexylamine.69 Interestingly, some of the CIS nanocrystals that were synthesized exhibited 

localized surface plasmon resonances (LSPRs) in the near-infrared. The plasmonic and non-

plasmonic CIS nanocrystals were found to have slightly different stoichiometries of the cationic 

ratios in the final quantum dot systems. However, the syntheses also involved different cation 

precursors that could potentially lead to differing surface chemistries. Therefore, in order to 

thoroughly determine the cause of the LSPR modes in the CIS nanocrystals, the surface ligands 

had to be investigated. 

As discussed in section 3.2, 1H NMR spectroscopy is an invaluable technique to probe the 

presence and binding of molecules that comprise the surface chemistry of semiconductor 

nanocrystals because bound ligands are identified through broadened and/or shifted proton 

resonance signals.21,63,64 In addition to 1H NMR spectroscopy, other nuclei of interest – relevant 

to this study – that can be probed include 31P and 14N. 31P, like 1H, is a spin-one-half (𝐼 = 1/2) 

nucleus and therefore the spin-spin splitting resulting from the J-coupling to neighboring protons 

is easily interpreted according to 𝑛 + 1, yielding information on the number of chemically-

equivalent neighboring protons.70 The resonance frequency of 31P is different from that of 1H 

(300.000 MHz at 7.0463 T) and is observed at 121.442 MHz (7.0463 T).70 By tuning the probe 



49 

 

on the NMR spectrometer to monitor the appropriate frequency (correcting for the field strength 

of the spectrometer), 31P NMR signal can be observed. Just as in 1H NMR spectroscopy, 31P 

NMR spectra can determine the presence and binding of phosphorous-containing molecules to 

the surface of nanocrystals. Specifically for the CIS syntheses studies investigated herein, 

phenylphosphonic acid was utilized as a precursor and was probed for its presence and binding 

in the CIS nanocrystals. 

14N, however, is often less explored in NMR spectroscopy because it is a quadrupolar, 

𝐼 = 1 nucleus and therefore does not exhibit the readily-interpreted fine structure of the spin-spin 

splitting according to 𝑛 + 1 for 𝐼 = 1/2 nuclei.70 15N, on the other hand, is a 𝐼 = 1/2 nucleus 

and therefore its fine structure spin-spin splitting spectra are much more easily interpreted to 

yield structural information about the molecule. However, 15N has a low natural abundance of 

0.365% and a low relative sensitivity for equal numbers of nuclei at constant field of only 1.04 x 

10-3 (normalized to 1H) and therefore must be significantly enriched in samples in which it is to 

be probed.70 On the other hand, 14N is 99.635% naturally abundant to counter a low relative 

sensitivity of 1.01 x 10-3 so its NMR signal is readily observed under natural, non-enriched 

conditions.70 Additionally, 14N NMR signals are very sensitive to chemical environment and 

exhibit very large chemical shifts. For the purpose of determining whether or not 

hexadecylamine is ligated to the nanocrystal, as is its purpose for these studies, a difference in 

chemical shift for the nitrogen signal is sufficient to indicate a difference in chemical 

environment that results for the near proximity of the nanocrystal surface as a result of ligation. 
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4.2 Results and Discussion 

 NMR spectroscopy was utilized to characterize the surface chemistry of the CIS 

nanocrystals in order to determine what organic molecules were present and/or bound to the 

nanocrystal surface in both the nP-CIS and P-CIS samples. Specifically, 1H, 31P, and 14N NMR 

spectroscopy were utilized to probe the surface chemistry of the CIS quantum dots. 

4.2.1 1H NMR Spectroscopy 

 1H NMR spectroscopy was utilized to identify the organic molecules present and/or 

bound to the nanocrystals in the CIS samples.71 As seen in figure 4.1, the bottom black trace is a 

spectrum of hexadexylamine taken as a point of reference for the nanocrystal samples. All proton 

resonance signals from the molecule are assigned according to the labels of the inset HDA 

structure. Of particular interest, proton resonance signals ‘a’ and ‘b’ correspond to the amine 

protons and the protons directly adjacent to the amine functional group, respectively. As can 

(not) be seen for both nP-CIS and P-CIS nanocrystals, these proton signals are not observed. 

This is explained by their close proximity to the quantum dot surface and is indicative of 

hexadecylamine being bound to the surface in both samples. Additionally, the proton resonance 

signals observed for the remaining 1H nuclei are seen to exhibit a slight chemical shift, also 

indicative of direct ligation to the nanocrystal surface. If hexadecylamine was present but not 

bound to the nanocrystal surface, as would be the case due to insufficient purification of the 

nanocrystals, the 1H NMR spectra would be identical to that of the free hexadecylamine 

spectrum (figure 4.1 bottom, black). The additional peaks that are present in the nanocrystal 

samples are attributed to trace amounts of residual 1-octadecene solvent (1.94 ppm), 

acetylacetonate precursor (1.65 ppm), and acetone from the purification procedure (1.60 ppm). 

Therefore, the 1H NMR spectra provide evidence for ligation of hexadecylamine to the nP-CIS 
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and P-CIS nanocrystals and do not show signal from other significant molecules being present to 

contribute to the surface chemistry of the quantum dots. 

The synthesis of P-CIS nanocrystals involved the use of phenylphosphonic acid as a 

stabilizing agent to regulate the reactivity of the cation precursors.69 Investigation of the 1H 

NMR spectra yielded no observation of aromatic proton signal that would result from the 

presence of phenylphosphonic acid. Thus, only bound hexadecylamine was found in the 1H 

NMR analysis. 

 

 

Figure 4.1. 1H NMR spectra of nP-CIS (top, green), P-CIS (middle, blue), and free 

hexadecylamine (bottom, black).71 The disappearance of proton resonances in close proximity to 

the nanocrystal surface in the CIS samples and the chemical shift seen for the observed proton 

resonance signals indicate that hexadecylamine is ligated to the surface of both the nP-CIS and 

the P-CIS. 
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4.2.2 31P NMR Spectroscopy 

 31P NMR spectroscopy was also performed on the P-CIS sample because phenylphosphic 

acid was utilized in the synthesis of the plasmonic nanocrystals only to act as a stabilizing agent 

that regulates the reactivity of the cationic precursors during the nucleation and growth of the 

quantum dots.69,71 If phenylphosphonic acid was present in the nanocrystal sample, a 31P 

resonance signal would be observed from the phosphorus in the molecule. However, as seen in 

figure 4.2, no observable 31P resonance signal was found in the 31P NMR spectrum. While this 

could possibly be attributed to extreme peak broadening resulting from highly partially charged 

P-CIS and the potential excess of 𝐼 = 1/2 states due to the cation vacancy densities within the 

nanocrystal matrix, as is the case for the 14N NMR analysis discussed in section 4.2.3, the lack of 

evidence for phenylphosphic acid peaks in the 1H NMR spectra corroborates the conclusion that 

no phenylphosphonic acid was present in the P-CIS nanocrystal samples either in bound or un-

bound form. 
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Figure 4.2. 31P NMR spectrum of P-CIS nanocrystals.71 The lack of any observable 31P 

resonance signal demonstrates the absence of phenylphosphonic acid in the nanocrystal samples. 

 

 

4.2.3 14N NMR Spectroscopy 

 14N NMR spectroscopy was also utilized to probe the surface chemistry of the CIS 

quantum dots.71 Specifically, 14N NMR spectroscopy identifies the presence and potential 

binding of the amine in the hexadecylamine ligand which, from the 1H NMR spectra, was 

expected to be bound to the surface of the nP-CIS and P-CIS nanocrystals. Figure 4.3 contains 

the 14N NMR spectra of nP-CIS, P-CIS, and free hexadecylamine in toluene-d8. All three spectra 

contain a spurious peak at 266.4 ppm, which further investigation determined was also present in 
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the pure toluene-d8 solvent. As such, this peak is independent and its presence has no bearing on 

the analysis of the quantum dot surface chemistries. Unbound hexadecylamine was found to have 

a broad peak at        -20.82 ppm which corresponds to the amine nitrogen in hexadecylamine. 

The nP-CIS was found to have a broad peak at 208.47 ppm, exhibiting a large downfield 

chemical shift of 229.29 ppm in comparison to free un-bound hexadecylamine. This chemical 

shift is indicative of a change in the chemical environment for the nitrogen of hexadecylamine, 

which means that it is ligated through the nitrogen to the surface of the nP-CIS nanocrystals. 

Interestingly, no 14N signal was observed for the P-CIS nanocrystals. However, the 1H NMR 

spectra indicate that hexadecylamine is not only present but is also bound to the surface of the 

quantum dots. Given that the P-CIS quantum dots are partially positively charged69 it could be 

expected that the chemical shift could be greater for these quantum dots. However, spectra with 

larger scan width windows out to 1000 ppm, well beyond the range for typical amine resonances 

in 14N NMR spectroscopy, still yielded no observable 14N resonance signal.71 This lack of signal 

can be attributed to extreme peak broadening resulting from highly partially charged P-CIS and 

possible excess of 𝐼 = 1/2 states due to the high cation vacancy densities within the nanocrystal 

matrix, which causes the peak to be broadened by such a large amount that it ‘disappears’ into 

and is lost in the baseline. 
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Figure 4.3. 14N NMR spectra of nP-CIS (top, green), P-CIS (middle, blue) and free 

hexadecylamine (bottom, black).71 The 229.29 ppm chemical shift in the nitrogen signal in the 

nP-CIS in comparison to the free hexadecylamine indicates that the molecule is bound to the 

surface of the quantum dots.21 The lack of any observable 14N signal in the P-CIS is explained by 

extreme peak broadening as a result of the highly partially charged P-CIS nanocrystals as well as 

the potential for excess of 𝐼 = 1/2 states due to the large number of vacancy sites in the 
nanocrystal matrix. 
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4.3 Conclusion 

 Both non-plasmonic CIS and CIS nanocrystals that exhibit localized surface plasmon 

resonances were found to have the same surface chemistry.71 1H, 31P, and 14N NMR 

spectroscopies were all utilized to verify that hexadecylamine was the only ligated surfactant 

bound to the surface of the CIS nanocrystals. Specifically, 1H NMR indicated that 

hexadecylamine was present in both samples and ligated to the surface of the nanocrystals. 31P 

NMR indicated that the phenylphosphonic acid precursor utilized in the synthesis of P-CIS was 

not observed to be present in the final purified samples, either in ligated or non-ligated form. 

Finally, 14N NMR demonstrated that HDA was in fact ligated to the surface of the nP-CIS 

nanocrystals due to the nitrogen resonance chemical shift from that of free unbound HDA. Even 

though the 14N signal was not observed for the P-CIS nanocrystal samples, due to the charged 

nature of the nanocrystal, this is not surprising. This verification of the surface chemistry of both 

nP-CIS and P-CIS allowed Niezgoda et al.71 to conclude that the differing optical properties of 

the CIS nanocrystals were unrelated to the surface chemistry and therefore must be a result of the 

different cation stoichiometries between the nanocrystals. Specifically, the LSPR modes of P-

CIS were attributed to the cation deficiency which result from cation vacancies in the nanocrystal 

matrix due to the fast rate of formation and growth of the P-CIS nanocrystals. These samples 

were later utilized to demonstrate that plasmonic nanoparticles lead to enhanced performance in 

quantum dot photovoltaic devices than their non-plasmonic counterparts.71 
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CHAPTER V 

 

ELIMINATION OF HOLE-SURFACE OVERLAP IN GRADED CdSxSe1-x 

NANOCRYSTALS REVEALED BY ULTRAFAST FLUORESCENCE UPCONVERSION 

SPECTROSCOPY 

 

Reprinted with permission from Keene, J. D.; McBride, J. R.; Orfield, N. J.; Rosenthal, S. J. 

Elimination of Hole-Surface Overlap in Graded CdSxSe1-x Nanocrystals Revealed By Ultrafast 

Fluorescence Upconversion Spectroscopy. ACS Nano 2014, 8 (10), 10665-10673. Copyright 

2014 American Chemical Society. 
 

5.1 Introduction 

Semiconductor nanocrystals, or quantum dots, are expansively utilized as photon sources 

in a wide array of applications such as light emitting diodes, biological probes, and low threshold 

lasers due to their (potentially) high photoluminescence quantum yields (PLQYs) and their size-

dependent optoelectronic properties arising from quantum confinement.53,72-75 As discussed in 

Chpater I, however, the nanocrystal surface has long been implicated as a source of trap states 

that localize excited charge carriers and inhibit radiative recombination of the electron and hole. 

Early studies yielded efforts to promote passivation of the nanocrystal surface with various 

organic ligands, such as hexadecylamine and trioctylphosphoine oxide, as co-surfactants to 

reduce the number of trap sites and moderate carrier trapping.8,10,11 More recent work suggests 

that nanocrystal surface atoms are in a state of dynamic flux under excitation, resulting in an 

ever-changing population of surface and subsurface states available to localize charge 

carriers.12,13 This revelation of a fluxional surface suggests that decoupling the exciton from the 

nanocrystal surface, as opposed to the long-held notion of passivating the nanocrystal surface, is 
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essential for optimal enhancement of the photophysical properties of semiconductor 

nanocrystals. The obvious response to this discovery comes in the form of type-I or quasi-type-II 

core/shell nanocrystal heterostructures wherein a nanocrystal is encapsulated in a semiconductor 

shell of wider band gap to confine either both (type-I, Fig. 5.1a) or a single (quasi-type-II, Fig. 

5.1b) charge carrier to the core and minimize their surface overlap.76 Aberration-corrected 

atomic number scanning transmission electron microscopy (Z-STEM) was performed on 

CdSe/ZnS and CdSe/CdS core/shell nanocrystals and showed that complete shell coverage is 

necessary to achieving PLQYs near unity; however, current shell growth techniques such as 

successive ion layer adsorption and reaction (SILAR) yield preferential growth on anion-

terminated facets.77 Due to non-uniform faceted shell growth, upwards of 18 monolayers of 

material are needed for complete shell coverage, yielding large and bulky nanocrystals often 

exceeding 20 nm in diameter that can require days to synthesize and are not ideal in some 

biological imaging applications.78 Additionally, the abrupt boundary between core and shell 

materials can induce strain due to lattice mismatch and introduce new trap states at the 

interface.79 McBride et al. ultimately concluded that a graded shell is necessary for complete 

coverage of the semiconductor nanocrystal core.77 The full surface coverage and passivation 

afforded by the graded shell, as opposed to “patchy” shells often obtained with a hard interface, 

is predicted to more effectively confine charge carriers away from the surface of the nanocrystal 

and provide optimal enhancement of the fluorescence properties.77  
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Figure 5.1. Type-I (a) and quasi-type-II (b) electronic band alignments illustrating that both 

carriers are confined to a single material in type-I and only a single carrier is confined in quasi-

type-II.49 Shown in (b) is the electronic band alignment between zinc blende CdSe and CdS80 and 

the relaxed confinement potential afforded by a graded alloy interface between the materials. 

 

In addition to maximum coverage with a graded shell, the gradual transition from the 

core to the shell materials also relaxes the confinement potential at the interface by providing an 

intermediate area of chemical composition which, as illustrated in Figure 5.1b, is 

correspondingly reflected in the band structure of the nanocrystal.80 Investigations of graded 

type-I and quasi-type-II core/shell nanocrystals have established improvement over non-graded 

core/shell quantum dots. The relaxed confinement potential afforded by the graded shell 

structure and the accompanying suppression of Auger processes inhibit single nanocrystal 

fluorescence intermittency and improve the multiexciton performance of quantum dots.81,82 

Theory and experiment have shown the rate of nonradiative Auger recombination governs 

biexciton decay and is driven by the interfacial properties of the quantum dot.80,83,84 However, 

the effect of the confinement potential gradient in the context of charge carrier interaction with 

the nanocrystal surface has been largely unexplored. Extensive ultrafast dynamics studies 

detailing charge carrier overlap with the nanocrystal surface of binary semiconductor 

nanocrystals have revealed that charge trapping at the surface is very sensitive to nanocrystal size 
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and can be readily tuned via modification of the nanocrystal surface chemistry.8,10,11,24,25,27,85 

Furthermore, homogeneous CdSxSe1-x alloys were found to have trapping kinetics that were also 

dependent on chemical composition with charge trapping dominating the exciton decay 

processes as sulfur content increased.9 Here femtosecond fluorescence upconversion 

spectroscopy is utilized to investigate the ultrafast dynamics of graded alloy CdSxSe1-x 

semiconductor nanocrystals to probe the chemical composition dependence of charge carrier 

trapping at the nanocrystal surface of graded alloy CdSxSe1-x nano-heterostructures.49 We 

observe complete isolation of the excited hole from the nanocrystal surface and trapping kinetics 

that are dictated by the surface chemistry of the quantum dots. 

 

5.2 Results and Discussion 

 

5.2.1 Characterization 

Compositionally graded alloy CdSxSe1-x nanocrystals were synthesized according to 

procedure developed by Harrison et al. based on differing reactivities of the anionic precursors.39 

These nanocrystals were thoroughly characterized in accord with techniques reported in previous 

literature for these particles. Optical absorption of the structural evolution of a representative 

compositionally graded CdSxSe1-x sample (Fig. 5.2a) reveals an initial spectrum consistent with 

that of CdSe nanocrystals, displays a slight red shift as the sample evolves during the synthesis, 

and eventually stagnates before the synthesis is terminated. Additionally, the final graded alloy 

CdSxSe1-x structures (Fig. 5.2b) exhibit a blue shift with an increase in sulfur composition, 

indicating a higher degree of quantum confinement. The size and morphology of the nanocrystals 

were determined via high resolution transmission electron microscopy (HRTEM) and, in accord 
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with the previous reported synthesis of these nanoparticles,39 the nanocrystals exhibit slight 

growth throughout the synthesis after initial core formation (Fig. 5.2c) even while S/(S+Se) 

ratios are observed to change. The optical and electron microscopy results can be explained by 

partial anion exchange of surface or near-surface selenium with the excess sulfur in the reaction 

mixture after growth has stopped.38 Additionally, the final structures are similar in size for all 

chemical compositions (Fig. 5.2d); because the ultrafast dynamics of semiconductor nanocrystal 

carriers are very sensitive to size,11 similar nanocrystal diameters permit direct comparison 

analyses of the carrier trapping kinetics. 
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Figure 5.2. Optical absorption (a) and diameters (c) of aliquots taken during the structural 

evolution of CdS0.39Se0.61 (1:1 S:Se anion injection ratio).49  Optical absorption (b) and diameters 

(d) of the final graded CdSxSe1-x structures (120 min aliquots). The graded alloy diameters are 

comparable for all samples while the blue shift in absorbance for higher sulfur compositions (b) 

indicates greater confinement of the charge carrier(s). 
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Figure 5.3. Normalized static optical absorption (solid lines) and fluorescence (dashed lines) 

spectra for S:Se anion injection ratios of 1:9 (a), 3:7 (b), 1:1 (c), 7:3 (d), 9:1 (e) and the final 

graded alloy CdSxSe1-x nanocrystals (f). 

 

In order to determine the chemical composition of the nanocrystals, energy dispersive X-

ray spectroscopy (EDS) was performed on each aliquot after rigorous purification. Figure 5.4a 

displays the chemical composition for a representative graded alloy synthesis and shows a 

nonlinear increase in sulfur composition with growth time which confirms the graded 

inhomogeneity of the nanocrystal structure. This is in direct contrast to homogeneous alloys 

which maintain constant chemical composition with growth time.40 Additionally, the sulfur 

composition of the final graded structures corresponds to the initial anion injection ratios (Fig. 

(a) (b) (c) 

(d) (e) (f) 
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5.4b). The PLQY of the graded alloy nanocrystals increase with sulfur composition both as the 

nanocrystal structure evolves during each synthesis (Fig. 5.4c) and for the final graded alloy 

nanocrystals (Fig. 5.4d). PLQY values up to 65% are reported here for CdS0.84Se0.16 graded alloy 

nanocrystals. Finally, STEM-EDS was performed on CdS0.84Se0.16 nanocrystals for further 

verification of the graded alloy structure. As seen in Figure 5.7, cadmium is evenly distributed 

throughout the nanocrystals while the sulfur-rich shell extends beyond the selenium-rich core. 

 

Figure 5.4. Chemical composition (a) and PLQY (c) of aliquots taken from the 1:1 S:Se anion 

injection synthesis. Observed versus injected sulfur compositions (b). The PLQY of the final 

graded CdSxSe1-x structures as a function of chemical composition (d).49 The nonlinear increase 

in chemical composition with growth time (a) demonstrates the inhomogeneity of the sulfur 

incorporation into the nanocrystals. The PLQY is directly related to the chemical composition of 

the graded alloys (c, d). 
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Figure 5.5. A representative EDS spectrum for CdS0.39Se0.61 (a); the Cu is background signal 

from the TEM grids. Measured sulfur composition (left axes, blue circles) and diameter 

determined by HRTEM (right axes, red squares) versus grow time for S:Se anion injections of 

1:9 (b), 3:7 (c), 1:1 (d), 7:3 (e), and 9:1 (f).49 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) (c) 

(d) (e) (f) 



66 

 

 

 

 

 
 

 
 

 
 

 
 

 
 

 

 

Figure 5.6. High resolution transmission electron micrographs for the final graded alloy 

CdSxSe1-x nanocrystal structures of CdS0.10Se0.90 (a), CdS0.25Se0.75 (b), CdS0.39Se0.61 (c), 

CdS0.56Se0.44 (d), CdS0.84Se0.16 (e).49 

(a) (b) (c) 

(d) (e) 
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Figure 5.7. Superposition (a) of the high angle annular dark field image (b) and EDS maps of 

cadmium (c), sulfur (d), and selenium (e) for graded alloy CdS0.84Se0.16 nanocrystals.49 Scale bars 

are 8 nm. The cadmium is evenly distributed throughout the nanocrystals while the sulfur-rich 

shell extends beyond the selenium-rich core. 
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5.2.2 Carrier Dynamics 

The carrier dynamics of the graded alloy CdSxSe1-x nanocrystals were probed with 

femtosecond fluorescence upconversion spectroscopy. The laser system utilized in this study is 

described in detail in section 2.4.2. Since this technique only monitors radiative recombination of 

the exciton, any carrier trapping at the nanocrystal surface is realized as a decrease in the 

fluorescence intensity. The ultrafast fluorescence upconversion spectra for the CdSxSe1-x 

nanocrystals are displayed in Figure 5.8. The same trend was observed for the evolution of 

CdSxSe1-x nanocrystals for each S:Se anion injection ratio as for the final graded alloy CdSxSe1-x 

nanocrystals: an increase in sulfur composition yields a decrease in charge carrier trapping as 

evidenced by a less pronounced decay of the fluorescence intensity as a function of time (Fig. 

5.8). Due to the similar behavior, the analysis and discussion presented in this dissertation are in 

regards to the final graded alloy structures (120 minute aliquots, Fig. 5.9) and the results are 

analogous for the structural evolution of each sample as sulfur is incorporated into the 

nanocrystals (Fig. 5.10). Interestingly, graded alloy CdSxSe1-x nanocrystals of low sulfur content 

(S/(S+Se) < 0.34) display triple exponential decay behavior whereas nanocrystals with higher 

sulfur composition exhibit double exponential decay behavior. Historically, unpassivated and 

under-coordinated surface anions have been implicated as mid-gap states that are available as 

“dangling bonds” to trap holes in CdSe nanocrystals within the first few picoseconds after 

excitation.24,85 Previous work on CdS nanocrystals attribute a fast 2-3 ps decay to hole trapping 

at the surface based on a higher density of hole trapping states near the valence band (VB) due to 

its larger effective mass.17,86 However, taking into account the recent proposal of a dynamic 

nanocrystal surface under excitation,12,13 under-coordinated and unpassivated anions exist within 

~1 nm of the surface of the nanocrystal due to the fluxionality of those atoms; i.e. instead of a 
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crystalline, faceted lattice at the surface, the atoms are in motion and thus are not fully passivated 

at any given moment, increasing the likelihood of their availability to act as a hole trap. We 

report decay constants for the first exponential decay (𝜏1) of ~3 ps (Fig 5.9a), in good agreement 

with the literature for hole trapping in CdSe and CdS nanocrystals. The 𝜏1 decay constant is 

consistent for all CdSxSe1-x nanocrystals; however, the first decay becomes less prevalent up to a 

sulfur composition of ~34%, as indicated by a decrease in 𝜏1 amplitude (𝐴1, Fig. 5.9d) at which 

point the decay completely disappears from the ultrafast fluorescence upconversion data. This is 

direct evidence for the quasi-type-II band structure alignment created by the CdS-rich shell 

encapsulating the CdSe-rich core which, based on the VB offset between the materials, functions 

as a “hole well” in which the hole is confined to the core of the nanocrystal heterostructure. 

Elimination of the fast hole-trapping process from the carrier dynamics demonstrates successful 

separation of the hole from within ~1 nm of the nanocrystal surface and confirms the proposed 

graded alloy structure. A schematic illustrating the gradient in chemical composition, overlay of 

the corresponding energy level diagram, the resulting electron and hole probability densities, and 

the elimination of hole trapping is provided in figure 5.11. 
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Figure 5.8. Ultrafast fluorescence upconversion spectra of graded alloy CdSxSe1-x 

nanocrystals.49 Carrier trapping is observed indirectly as a fast decay of the fluorescence 

intensity. The spectra are plotted according to (a) reaction time points and (b) S:Se injection 

ratios to show the reduced trapping as sulfur is more quickly incorporated into the alloys with 

higher S:Se injection ratios and as the graded alloy nanocrystal structures evolve during each 

S:Se injection ratio synthesis, respectively. The top trace in (b-vi) is the plotted residuals for 

graded CdS0.25Se0.75 nanocrystals (x=0.25) and is representative of all fits. All samples were 

excited at 50 nm above band gap and observed at the wavelength corresponding to maximum 

fluorescence intensity. 
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Figure 5.9. Exponential decay constants 𝜏1 (a), 𝜏2 (b), and 𝜏3 (c) and the corresponding 

amplitudes A1 (d), A2 (e), and A3 (f) for the final graded CdSxSe1-x nanocrystals as a function of 

sulfur composition.49 As sulfur composition increases: hole trapping (𝜏1) is eliminated, the 

electron trapping decay constant (𝜏2) increases, and exciton lifetime decay constant (𝜏3) 
increases, all indicative of reduced carrier interaction (trapping) with (at) the nanocrystal surface. 
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Figure 5.10. Plots of 𝜏1 (a), 𝜏2 (b), 𝜏3 (c) decay constants and the corresponding amplitudes 𝐴1 

(d), 𝐴2 (e), 𝐴3 (f) for the structural evolution of each S:Se injection ratio as indicated by (h). Plot 
of rise time (g) determined by fitting the fluorescence upconversion spectra with an addition 

decay of negative amplitude. Lines are added to illustrate the observed trends. Legend of S:Se 

anion injection ratios (h).49 
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Figure 5.11. Graphic illustrating the gradient in chemical composition, overlay of the 

corresponding energy level diagram, and the resulting electron and hole probability densities. 

The confinement of the hole away from the surface is validated by the disappearance of the short 

1-3 ps time decay (𝜏1) in the ultrafast fluorescence decay spectra. 
 

The second exponential decay process in the graded alloy CdSxSe1-x nanocrystals was 

found to have a decay constant of 20-25 ps, increasing with sulfur composition (𝜏2, Fig. 5.9b). 

Electron trapping in CdSe nanocrystals is a process that occurs 10’s to 100’s of picoseconds after 

excitation24,85 and has been reported as a 20-30 ps decay in CdS nanocrystals.17,86 Our results for 

𝜏2 are in good agreement with the reported literature values for electron trapping in CdSe and 

CdS nanocrystals. This supports the quasi-type-II band structure of the graded alloy CdSxSe1-x 

nanocrystals in which the excess electron energy in the conduction band (CB) is greater than the 

confinement potential of the CB offset of only ~0-0.1 eV between the CdSe-rich core and the 

CdS-rich shell.80,87 Therefore, the electron is delocalized throughout both the core and shell 

materials and maintains access to the nanocrystal surface for all sulfur compositions, as 

illustrated in figure 5.12. Indeed, the 20-25 ps electron trapping is present in all CdSxSe1-x 
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nanocrystals regardless of sulfur composition. Traditionally, the surface of nanocrystals has been 

envisioned as a static crystalline interface that may contain cadmium ad-atoms and/or cadmium 

atoms that are not fully coordinated or passivated and therefore are available to trap electrons. 

However, once again taking into account the recent proposal of a fluxional nanocrystal surface 

under excitation, the atoms within ~1 nm of the surface are physically in motion at any given 

moment as part of a dynamic non-crystalline “lattice” at the nanocrystal-surface interface; thus, 

there exists an ever-changing population of cadmium atoms that, similar to what has been 

proposed for the static surface, are potentially under-coordinated and therefore are available as 

electron trap states. 

 

 

 

Figure 5.12. Graphic illustrating the gradient in chemical composition, overlay of the 

corresponding energy level diagram, and the resulting electron and hole probability densities. 

The negligible conduction band offset between the core and shell materials is validated by the 

constant medium 20-30 ps time decay (𝜏2) in the ultrafast fluorescence decay spectra for all 
chemical compositions. 
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In addition to surface considerations, the mobility of the charge carriers in the different 

core and shell dielectric media must also be taken into account because the electrons must 

delocalize through the core and shell materials in order to access the nanocrystal surface. In the 

graded alloy CdSxSe1-x nanocrystals there is a radial variation in electron mobility directly 

related to the chemical composition. For inorganic semiconductors, the electron mobility (𝜇𝑛) is 

inversely proportional to the effective mass of the electron (𝑚𝑛
∗ ) and varies as 𝑚𝑛

∗ −5 2⁄
.88 

Therefore, the ratio of the electron mobility of CdS to CdSe can be determined according to: 

 
 

𝜇𝑛 [𝐶𝑑𝑆]

𝜇𝑛 [𝐶𝑑𝑆𝑒]
∝ (

𝑚𝑛 [𝐶𝑑𝑆𝑒]
∗

𝑚𝑛 [𝐶𝑑𝑆]
∗ )

5
2⁄

 (5.1) 

 

For electron effective mass values of 0.17𝑚0 in CdS and 0.13𝑚0 in CdSe,89 where 𝑚0 is the free 

electron rest mass, we calculate the ratio of the electron mobility of CdS to CdSe to have a value 

of 0.51. Thus, the electron mobility gradually decreases by about half as the shell increases in 

sulfur composition, delaying charge carrier access to the nanocrystal surface and extending 𝜏2 

lifetimes. While the differences in carrier mobility between the CdSe-rich core and CdS-rich 

shell materials are not expected to be the rate-limited factor at these diameters (<5 nm) and time 

scales (fs-ps), it cannot be ignored and must be acknowledged as a potential contributing factor. 

Finally, the third exponential decay process corresponds to radiative relaxation of the 

exciton. Excited electron-hole pair recombination in semiconductor nanocrystals is a nanosecond 

process24,85 and extends beyond the capabilities of our upconversion experiment (100 ps). 

Therefore, the 𝜏3 time constants reported from our analysis of the ultrafast fluorescence decay 

curves do not represent actual measured lifetime values for the radiative relaxation of the 

exciton; however, they allow our model to decay to baseline as determined by 𝑦0 before the 
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excitation pulse arrives.90,91 Nevertheless, a clear trend of an increase in 𝜏3 is observed as sulfur 

content increases (Fig. 5.9c), indicating longer lifetimes. Notably, the first and third decay 

amplitudes are inversely related; as the first decay disappears, the third decay increases and 

begins to dominate the exciton decay processes (Figs. 5.9d and 5.9f). This is exactly the opposite 

behavior than is reported for the charge carrier dynamics of homogeneous alloy CdSxSe1-x 

nanocrystals where the first decay amplitude increases and carrier trapping begins to dominate 

with an increase in sulfur composition.9 These findings afford further validation of the 

inhomogeneous chemical composition of the graded alloy CdSxSe1-x nanocrystals. 

 

 

 

Figure 5.13. Graphic illustrating the gradient in chemical composition, overlay of the 

corresponding energy level diagram, and the resulting electron and hole probability densities. 

The third decay corresponds to radiative relaxation of the exciton and extends beyond the 

instrument capability. 

 

By focusing on the first few picoseconds after the arrival of the excitation pulse we also 

investigated the initial population of the band edge radiative states, 1S3/2 and 1Se for the VB and 
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CB, respectively.92 Figure 5.14a displays a representative fluorescence upconversion spectrum of 

a CdSxSe1-x sample as the pulse arrives and an electron is promoted from the VB to the CB. The 

data were fit with an additional exponential decay, albeit with a negative amplitude, in order to 

determine if a rise time (𝜏𝑟𝑖𝑠𝑒) is present. Since only the band edge radiative recombination is 

observed in these experiments, a rise time represents the temporal delay between excitation of 

the charge carriers and the onset of emission by the nanocrystal. Since we excited the samples 50 

nm above the band gap, the 1Se state in the CB was initially populated with an electron from the 

2S3/2 state in the VB.2,93 Therefore, the hole in the 2S3/2 state must undergo intraband 

cooling/relaxation to the 1S3/2 state before band edge radiative recombination can occur; this 

delay is realized as a rise time in the temporal fluorescence upconversion spectra. As seen in 

Figure 5.14b the observed rise times are at or slightly longer than the pulse width, which defines 

the temporal resolution of the experiment, and are consistent with values reported for intraband 

hole cooling in CdSe nanocrystals.11,94 There is a slight additional rise of 8-10 ps for the highest 

sulfur compositions (S/(S+Se)>0.5) and additional studies are recommended to probe the 

excitation- and emission-dependent dynamics of the graded alloy CdS0.84Se0.16 nanocrystals. 

These studies on the graded structure with the highest sulfur content that most prominently 

exhibits quasi-type-II behavior are expected to provide additional insight into the relationship 

between the core/shell interface and the surface interaction of excited charge carriers. 
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Figure 5.14. Ultrafast fluorescence upconversion spectrum of CdS0.39Se0.61 (a) and observed rise 

times (𝜏𝑟𝑖𝑠𝑒) as a function of sulfur composition (b).49 Sub-picosecond rise times exhibit a slight 
increase with sulfur composition and correspond to hot hole cooling in the valence band. The 

sample was excited at 50 nm above band gap (530 nm) and observed at the maximum 

fluorescence intensity (604 nm). Note: The dotted line in (b) indicates the instrument resolution. 

 

These results and analyses of the ultrafast dynamics of graded alloy CdSxSe1-x 

nanocrystals highlight the importance of charge carrier interaction with the surface of 

semiconductor nanocrystals. However, the carrier dynamics also show a clear structural chemical 

composition dependence that affects the magnitude of trapping and can even eliminate carrier 

(hole) overlap with the nanocrystal surface through proper electronic band gap engineering of the 

core and shell materials. This is evidenced by the disappearance of hole trapping in graded alloy 

CdSxSe1-x as sulfur is incorporated into the structure and the VB offset becomes great enough to 

confine the hole to the core of the nanocrystal and eliminate the interaction of the hole with the 

surface. However, for any charge carriers that do overlap with the nanocrystal surface it is clear 

that the chemical composition of the nanocrystal surface, as opposed to the internal nanocrystal 

architecture, is what determines the behavior of the charge carrier trapping. Even though the 

graded alloy CdSxSe1-x nanocrystals have predominantly CdSe-rich cores, the ultrafast carrier 

trapping processes most closely resemble those of charge carriers in CdS nanocrystals which 

exhibit fast 2-3 ps hole trapping and longer 20-30 ps electron trapping kinetics, because the 
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surface composition of the nanocrystals most closely resembles CdS. Notably, it is this interplay 

between the internal structure and the chemical composition of the surface that ultimately 

determines the fate of the exciton in quantum confined nanostructures. 

 

5.3 Conclusion 

Graded alloy CdSxSe1-x nanocrystal were synthesized by tuning precursor reactivity. The 

graded alloy structure was characterized and verified using UV-vis absorption and fluorescence 

spectroscopy, PLQYs, HRTEM, Z-STEM, EDS, and STEM-EDS. Direct time-resolved 

spectroscopic evidence was presented for quasi-type-II band alignment in graded alloy CdSxSe1-x 

nanocrystals through analysis of the ultrafast charge carrier dynamics as a function of chemical 

composition. The fast ~3 ps hole trapping process disappears as sulfur composition increases to 

form a graded CdS-rich shell with VB offset such that excited holes are confined to the CdSe-

rich core. These results demonstrate that charge (hole) carrier interaction with the surface can be 

completely eliminated in nanocrystal structures with dimensions less than 5 nm, a phenomenon 

that typically requires a “giant” core/shell heterostructure. The 20-25 ps electron trapping is 

consistent in amplitude throughout all sulfur compositions in the graded alloy CdSxSe1-x 

nanocrystals, with a slight increase in 𝜏2 decay constant with sulfur composition. Our findings 

demonstrate progress towards highly efficient nanocrystal fluorophores that are independent of 

their surface chemistry to enable their incorporation into a diverse range of applications without 

experiencing adverse effects arising from dissimilar environments. 
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Figure 5.15. Graphic illustrating the gradient in chemical composition, overlay of the 

corresponding energy level diagram, and the resulting electron and hole probability densities.49 

The 1-3 ps hole trapping decay (𝜏1) disappears with an increase in sulfur composition and 
exaggerated valence band offset. The negligible conduction band offset is validated as the 20-30 

ps electron trapping decay (𝜏2) retains a relatively constant amplitude (𝐴2) for all chemical 

compositions. The third decay(𝜏3) corresponds to radiative relaxation of the exciton and extends 
beyond the instrument capability. 
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CHAPTER VI 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

6.1 Overall Conclusions 

1H, 31P, and 14N nuclear magnetic resonance spectroscopy (1-D) were demonstrated to be 

simple yet effective characterization techniques for investigation of the surface chemistry and 

ligands of semiconductor nanocrystal quantum dots. The development of protocol to ligate 

pyridyl-P3HT ligands to the surface of CdSe nanocrystals and the subsequent investigations into 

the binding motif of the functionalized semiconductor polymer to the nanocrystals demonstrated 

that pyridyl-P3HT ligates to the nanocrystals through the nitrogen of the pyridine end-functional 

group; this differs from the binding scheme of free pyridine molecules to CdSe nanocrystals. The 

ligation of P3HT to CdSe nanocrystals allowed for demonstration by Kochemba et al. that 

pyridyl-P3HT-CdSe nanocrystals exhibited superior dispersion in annealed P3HT/CdSe blend 

films than non-polymer-ligated CdSe nanocrystals.61,62 This provides a new route to modify and 

control the morphology of the active layer of nanocrystal/polymer QDPVs in the quest enhance 

QDPV performance. 

Analysis of the surface ligands of plasmonic and non-plasmonic CuxInyS2 semiconductor 

nanocrystals revealed the presence and binding of only hexadecylamine to the surface of the 

nanocrystals. This allowed for the conclusion that the LSPR modes in the CuxInyS2 nanocrystals 

arise from the cation deficiency in the plasmonic particles. Also, the verification of the “twin” 

CuxInyS2 particles that differed only in cation stoichiometry (and LSPR modes) allowed for a 

direct comparison of QDPV devices by Niezgoda et al. which demonstrated that the overlap 
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between the band gap and plasmonic absorption is advantageous in that it increases efficiencies 

of QDPVs.71 

Finally, comprehensive structural characterization of graded alloy CdSxSe1-x nanocrystals 

verified their inhomogeneous, radial variation in chemical composition. Analysis of the 

femtosecond charge carrier dynamics of the graded alloy CdSxSe1-x nanocrystals verified the 

quasi-type-II band alignment of the nano-heterostructures through the elimination of hole 

trapping at the nanocrystal surface driven by the VB offset between the CdSe-rich core and the 

CdS-rich shell. It was demonstrated that excited charge carrier interaction with the surface can be 

completely eliminated in nanocrystal structures with dimensions less than 5 nm, a phenomenon 

that typically requires a “giant” core/shell heterostructure. It was demonstrated that chemical 

composition dependence dictates the magnitude of carrier-surface overlap whereas the surface 

chemistry drives the behavior of the carrier-surface interaction. These results demonstrate 

progress towards highly efficient nanocrystal fluorophores that are independent of their surface 

chemistry. Such nanostructures would ultimately enable their incorporation into a diverse range 

of applications without experiencing adverse effects arising from dissimilar environments. 

 

6.2 Future Directions 

 A more complete understanding of the excited state of semiconductor nanocrystal 

quantum dots and the methods by which we can exhibit control of the behavior of the charge 

carriers will promote rational design of these materials to exhibit the desired properties for a 

wide array of applications such as solid state lighting, solar concentrators, lasers, biological 

probes, and photovoltaic devices. Achieving ligated P3HT-CdSe nanocrystal heterostructures in 

significant purified quantities will allow for study of the ultrafast charge carrier dynamics and 
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observation of the hole transfer from CdSe nanocrystals to the polymer ligand and/or electron 

transfer from polymer ligand to CdSe nanocrystal. This direct interrogation of the charge transfer 

process that is already widely utilized in CdSe-P3HT polymer blend devices could be achieved 

in an extension of the efforts presented in this work through choice of P3HT functional groups 

that have a higher affinity for CdSe. Two ideal candidates would be phosphonic acid and 

carboxylic acid functionalized P3HT because it has been shown that both of these groups more 

strongly associate with the CdSe nanocrystal surface than pyridine.60,95 A potential mitigating 

factor for this approach, however, is that this charge transfer process effectively quenches the 

fluorescence of the polymer-ligated nanocrystals.60 Since fluorescence upconversion 

spectroscopy observes a sample’s fluorescence, if the fluorescence is completely quenched by 

the charge transfer driven by the type-II band offset between the nanocrystal and ligand, other 

spectroscopic techniques such as transient absorption spectroscopy may be necessary to probe 

the carrier dynamics of the system. 

 Control over the excited state of the graded alloy CdSxSe1-x nanocrystals in this work was 

limited to one charge carrier; namely, the hole was confined to the core and away from the 

surface due to the valence band offset between the CdSe-rich core and the CdS-rich shell of the 

nano-heterostructure. Enhancement of the optical properties, however, was still impressive with 

photoluminescence quantum yields up to 65.1% reported for CdS0.74Se0.16 graded alloy 

nanocrystals with diameters less than 5 nm. Typically, enhancement of this magnitude requires 

large shell materials with diameters approaching or exceeding 20 nm. Bawendi and coworkers 

have recently reported very high photoluminescence quantum yields of >90% with core/shell 

structures with total diameters of ~10 nm by utilizing a carefully controlled shelling procedure 

on high quality nanocrystal core seeds.96 An approach to further enhance the optical properties of 
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graded alloy nanocrystals while still maintaining small <5 nm particle diameters would be to 

modify the alloy materials to form a type-I core/shell graded alloy structure that would confine 

both charge carriers away from the surface. This can be accomplished by addition of a low-

reactivity zinc precursor to the current graded alloy CdSxSe1-x nanocrystal synthesis in order to 

form a CdxZn1-xSySe1-y structure with a CdSe-rich core that gradually transitions to a ZnS shell 

material. This type-I structure has been demonstrated to effectively confine both charge carriers 

to the core of CdSe nanocrystals in structures with large ZnS shells.79 The confinement efficacy 

of both charge carriers will again be apparent in the optical properties with enhanced 

photoluminescence quantum yields potentially approaching unity. Analysis of the carrier 

dynamics observed by femtosecond fluorescence upconversion spectroscopy would yield the 

degree to which the charge carriers are isolated from the nanocrystal surface in the relative 

contribution of the decays to the overall relaxation as indicated by the amplitudes of the electron 

and hole decays. Ultimate success will be verified by complete elimination of electron and hole 

trapping at the nanocrystal surface as indicated by a single-exponential decay corresponding only 

to the radiative recombination of the excited charge carriers. 
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APPENDIX A 

 

LOW-TEMPERATURE SYNTHESIS OF CdSe NANOCRYSTALS 

 

In an effort to establish direct growth of P3HT-functionalized CdSe nanocrystals, low-

temperature synthesis of CdSe nanocrystals was investigated. Low temperatures were needed in 

order to prevent decomposition of the P3HT polymer during the synthesis.97 Oleylamine, a fatty 

amine, was used as the representative surfactant in the syntheses because it binds to CdSe 

through nitrogen, similar to what was found for the pyridine-functionalized polymers. Several 

different precursor combinations were used to synthesize CdSe nanocrystals at low temperatures: 

cadmium precursors included cadmium acetate dihydrate (Cd(Ac)2·2H2O) and Cd-

dodecylphosphonate; selenium precursors included various concentrations of 

Se:tributylphosphine (Se:TBP) and Se:1-octadecene (Se:ODE). 

Magic-size CdSe nanocrystals, or CdSe nanoclusters, were readily formed at 80°C with 

all precursor combinations. However, there was some difficulty in growing the nanocrystals 

larger than clusters at low temperature. Cd(Ac)2·2H2O and Se:TBP was the only combination of 

precursors that yielded larger CdSe beyond magic-size at 80°C. The maximum size attainable at 

80°C had an absorption maximum at 476 nm, corresponding to a diameter of 2.1 nm (Fig. A.1a). 

Increasing the temperature to 130°C yielded nanocrystals with an absorption maximum at 540 

nm, with a diameter 2.8 nm (Fig. A.1b). 
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a) 

 
b) 

 
 

 

Figure A.1. Absorbance spectra of CdSe growth at 80°C (a) and 130°C (b) using Cd(Ac)2·2H2O 

and 0.2 M Se:TBP precursors. 
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APPENDIX B 

 

MODIFICATIONS TO THE ULTRAFAST FLUORESCENCE UPCONVERSION 

SETUP 

 

B.1 Addition of a Prism Pair Compressor to the Gate Pulse 

 Group Velocity Dispersion (GVD) dictates that in all normal (termed +GVD) materials 

the index of refraction, and hence the speed of light, is not identical for all wavelengths.98 The 

shorter, higher-energy wavelengths move slower through the +GVD medium which results in a 

temporally broadened pulse of light. This variation of phase with respect to wavelength is known 

as a chirped pulse. To correct this positive GVD, a prism pair compressor can be used to induce a 

negative GVD to the pulse to counter the positive GVD and recompress all wavelengths to the 

same point in time. While longer wavelengths travel faster in a normal (+GVD) medium, they 

are also refracted less. By introducing a second prism, the longer wavelengths are forced to 

travel through more prism material which allows the shorter wavelengths to “catch up”. 

Optimizing the amount of prism the beam traverses will yield a pulse with a net zero GVD, i.e. 

the wavelengths within the pulse will be temporally re-compressed. 

 

 

Figure B.1. Schematic of a prism pair compressor. 
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A Frequency Resolved Optical Grating99 (FROG) was used to monitor the pulse width 

after the recompression optics in the RegA, and the pulse width was minimized to <250 fs 

FWHM. However, when the RegA pulse was minimized temporally, the gate pulse from the 

OPA was too long (>300 fs) to enable an adequate instrument response function in the 

upconversion experiment (needs to be <250 fs). This was due to the thick dichroic that was used 

to extract the gate beam from the OPA causing the pulse to become chirped. Therefore, a prism 

pair was added to the gate beam path in order to induce an equal but opposite negative GVD to 

recompress the gate pulse. The distance the prism pair compressor added to the beam path (~22.5 

cm one-way) was compensated for by removing the same amount of path length from the gate 

beam slider in order to maintain both excitation and probe pulses arriving at the nonlinear 

upconversion crystal at the same time for 𝑡 = 0. The prisms were mounted on a rotational stage 

for fine-tuning of the angles and allow for tabulation of the optimal settings for pulse 

recompression. After incorporation of the prism pair compressor, the gate pulse was routinely 

<220 fs FWHM and instrument response functions of <250 fs FWHM were readily attainable. 
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B.2 Sample Considerations: Conversion from a Custom Flow Cell to a Commercial Cuvette 

 

 Of great concern when studying the ensemble photo-physics of semiconductor 

nanocrystals, or of fluorescent colloidal suspensions in general, is the potential of altering the 

sample being investigated by the excitation beam. These potential effects include modifications 

to the sample such as photo-charging, photo-oxidation, or any other means of physically altering 

the sample itself during the course of the data collection due to the energy of the excitation 

source and/or the conditions under which the sample is kept during collection of the data. There 

is also the potential for sample build-up on the walls of the apparatus that contains the sample 

during data collection. Thus, there is a need to continually refresh the sample being probed 

during and in between the temporal scans of data acquisition. The ways in which this can be 

accomplished are very much dependent on the experimental setup and include (but by no means 

are limited to) raster scanning the sample, circulating the sample through a flow cell, and/or 

stirring the sample in a cuvette. 

Previous studies with the laser system described in section 2.4.2 accomplished the 

required refreshing of the sample during data collection procedures by circulating the sample 

through a custom-built flow cell apparatus. The sample was loaded into a reservoir that was 

plumbed through an electric pump and connected to the custom flow cell using swage-lock 

fittings. The many years of use dictated many cycles of cleaning the flow cell which was 

accomplished by rinsing and/or disassembly and soaking in (separately) piranha and hydrofluoric 

acid, respectively. These many cleaning cycles eventually compromised the optical integrity of 

the 2 mm path length quartz portion of the flow cell in which the sample was exposed to the 

excitation beam and from which the sample fluorescence was collected. The degraded optical 
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polishing of the flow cell induced substantial scattering of the pump beam by the flow cell which 

led to an exaggerated instrument artifact in negative time as is described in section 2.4.3. During 

the initial attempts to collect fluorescence upconversion data, the instrument artifact was so large 

that it overwhelmed the fluorescence from the sample. Attempts to attenuate the artifact in the 

data would, ultimately, completely block the sample fluorescence and prevent acquisition of 

upconverted fluorescence signal from the nanocrystal samples. This generated a need to replace 

the flow cell with either another custom-fabricated flow cell or with something else that would 

meet the needs of the experiment. 

There were sufficient downsides to simple replacement of the flow cell with another 

custom-fabricated flow cell that were taken into consideration and ultimately required a different 

route to rectify the pump scatter. First, the fact that the flow cell was a custom-fabricated unit 

meant that individual parts had to be acquired from scratch and then acceptably assembled to be 

(almost) perfectly optically transparent. Initial attempts towards this end resulted in a flow cell 

that contained defects and ultimately induced even more pump scatter than the original, or else 

was too fragile to maintain structural integrity under experimental conditions. Furthermore, the 

amount of sample required to fill the reservoir, pump head, plumbing, and quartz flow cell was 

~20 mL. On top of that, the sample was required to be at sufficient optical density at excitation 

wavelength. This often required an entire batch of nanocrystals from a single synthesis to be 

purified and very lightly diluted to ensure proper sample preparation. These large and intensive 

sample requirements for the flow cell apparatus were prohibitive in that they generated a lot of 

chemical and solvent waste and since entire samples were necessary, time-points from a single 

synthesis could not be analyzed. This meant that different syntheses of samples would be 
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required to be quenched at the different time points and the entire sample purified to analyze 

structural evolution of any given nanocrystal structure. 

For these reasons, an alternative solution was pursued that would alleviate the prohibitive 

sample requirements and would enable a commercially available alternative for future repair or 

replacement. A quartz cuvette was ordered from Starna Cells (Cat. No. 1-Q-2) that maintained 

the current 2 mm path length and had a nominal sample volume of 0.7 mL. Also acquired were 

1.5 x 8 mm micro stir bars from Fisher Scientific (Cat. No. 14-513-64) that fit in the cuvette 

while still allowing ample room for movement and stirring. Stirring was accomplished by 

mounting an electric micro-stirrer repurposed from a PTI QuantaMaster 40 Spectrofluorometer 

to enable it to be retractable and its position adjustable to allow for smooth yet vigorous stirring 

of the colloidal samples in the cuvette. A custom mounting bracket was fabricated by the physics 

machine shop at Vanderbilt University that was attached to the previously employed xyz 

micrometer stage to allow for the sample to be translated in the x and y direction for initial 

alignment and in the z direction between scans to prevent scatter from sample build-up on the 

wall of the cuvette over many scans during the course of data collection. This new cuvette not 

only replaced the flow cell with a commercially available component that was sufficiently 

optically transparent to prevent pump scatter and was stir-able to continually refresh the sample, 

but it improved upon it by decreasing the necessary sample volume from ~20 mL with the flow 

cell down to less than 1 mL which allowed for analysis of the structural evolution of a single 

sample architecture from the same, single synthesis. 
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a) 

 

b) 

 

 

Figure B.2. Pictures of the new cuvette in the fluorescence upconversion experimental setup. 

Left is a picture under room lighting with Sulforhodamine B in ethanol loaded in the cuvette 

while stirring and right is the same sample under illumination by the excitation beam. 
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