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Abstract 
 

The intricate chemistry of the surface of semiconductor nanocrystals is crucial to 

tailoring their optical properties to a myriad of applications. To this end semiconductor 

nanocrystals with diameters of ≤2 nm are ideal test systems as most of their atoms lie at the 

surface and they display both a core excitonic and a redshifted surface emission band. In this 

thesis, temperature-dependent photoluminescence studies demonstrate that different ligand 

passivations alter the electron-transfer parameters of a recently developed Marcus-Jortner 

type electron-transfer model employing a single displaced surface state. In addition, the effects 

of a common ligand exchange procedure on surface stoichiometry and carrier dynamics reveal 

a previously unknown link between the presence of cadmium phosphonate ligands and the 

radiative recombination of surface trapped holes. Moreover, a detailed analysis of the ligand 

exchange reaction explains previously contradictory experimental evidence that suggested that 

N-butylamine functions as a static quencher, rather than a fluorescence enhancing ligand. 

Finally, charge transfer and external heavy atom quenching are employed to test the idea that 

surface emission is caused by a single surface state. The fact that neither quenching experiment 

induces spectral changes to the surface emission band indicates that the existence of a single 

surface state is more likely than the traditional view of “deep-trap” emission, i.e. a myriad of 

defects at slightly different energies. Further it is shown that the driving force for core 

quenching is higher than for the surface state, which confirms theoretic predictions by the 

model. This dissertation provides a new understanding of nanocrystal surface charge trapping, 

emphasizing its connection with the specific chemistry of the surface.    
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Résumé 

 

Comprendre la chimie se produisant à la surface des nanocristaux semi-conducteurs 

(NC) est crucial en vue de pouvoir contrôler leurs propriétés optiques pour une multitude 

d'applications. Pour étudier la surface des NCs, les points quantiques de taille inférieure à 2 nm 

en diamètre sont des systèmes de test idéaux du fait que la plupart de leurs atomes se trouvent 

à la surface. De plus, leur spectre d’émission comporte un pic de surface décalé vers le rouge en 

plus dupic excitonique charactéristique des NCs. Cette thèse se concentre surla façon dont 

diverses techniques de spectroscopie de photoluminescence (PL) permettent de relier la chimie 

se déroulant à la  surface des NCs à la dynamique des porteurs de charge des petits NCs.  

La spectroscopie PL à différente températures  est utilisée  pour déterminer dans quelle 

mesure les changements du spectre d’émission induits par différents schémas de passivation 

des ligands peuvent être expliqués par un modèle de transfert d’ électrons de type Marcus-

Jortner employant un seul état de surface déplacé. En outre,  une analyse montre comment la 

dynamique des porteurs de charge est modifiée par   l'altération de la stoechiométrie de 

surface induite lorsque des  ligands de TOP/Cd-phosphonates sont remplacés par des ligands de 

N-butylamine. Cette analyse révèle un nouveau lien entre la présence de ligands cadmium 

phosphonate sur la surface des NCset la recombinaison radiative des trous piégés. De plus, il est 

montré comment les connaissances acquises au cours de cette étude permettent d’expliquer 

des résultats expérimentaux contradictoires de la littérature qui représentent les ligands  N-

butylamine comme des pièges à trous et des extincteurs statiques.  
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Enfin, l’extinction de fluorescence par des méthodes de  transfert de charge et par 

l’effet d’atome lourd est utilisée pour tester l'idée que l'émission de la surface est causée par 

un état de surface unique. Le fait qu’aucune des deux méthodes d’extinction de fluorescence  

n’induise  de changements spectraux à la bande d'émission de surface indique que l'existence 

d'un état de surface unique est plus probable que la représentation traditionnelle de l'émission 

de type «pièges profonds»,  qui consiste en une distribution de défauts d’énergies légèrement 

différentes. En outre, il est démontré que la force motrice de l'extinction du noyau est plus 

élevée que celle de  l'état de surface. 
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Preface and contribution of authors 

 

 The original contribution of this thesis is to show how different photoluminescence (PL) 

spectroscopy techniques can be used to link specific surface chemistries to carrier dynamics of 

small semiconductor NCs. This thesis is based on four individual manuscripts and their specific 

original scholar contributions are listed below. 

This thesis builds on a rich body of work on the semiconductor nanocrystal surface by 

the Kambhampati Group and serves as a benchmark for the recently proposed semi classical 

Marcus-Jortner type electron transfer model of NC emission. By monitoring chemical changes 

of the surface using a variety of spectroscopic techniques certain claims of the Marcus-Jortner 

type model could be verified and some shortcomings were highlighted. 

  Chapter 1 serves as an introduction to this thesis and highlights its relevance as part of 

a larger body of work dedicated to semiconductor nanocrystal surface manipulation. Chapter 1 

was primarily written by Michael M. Krause with additions, suggestions, and editing from 

Patanjali Kambhampati.   

Chapter 2, the experimental section, was written by Michael M. Krause.  

Chapter 3 highlights the applicability of the Marcus-Jortner type model to small 

semiconductor nanocrystals that display large amounts of surface emission even at room 

temperature. This chapter represents the first time that this model was applied to nanocrystals 

with different surface passivations. Temperature dependent PL is employed to analyze how 

spectral changes induced by different ligand passivations can be related to the change of 
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electron-transfer parameters such as reorganization energy and even energy difference 

between the core and surface state itself. Further, the chapter shows how the tuning of 

synthetic conditions can yield NCs with very white emission spectra for lighting applications.  

The NCs used in this work were synthesized and surface manipulated by Michael M. Krause, the 

spectroscopic measurements were performed by Michael M. Krause and Jonathan Mooney, the 

data analysis was performed by Michael M. Krause with help from Jonathan Mooney, the fitting 

to the Marcus-Jortner type model and its analysis was performed by Jonathan Mooney. The 

manuscript was written by Michael M. Krause with additions, help, and editing by Jonathan 

Mooney and Patanjali Kambhampati.  

 Chapter 4 contains an in-depth analysis of how the alteration in surface stoichiometry 

induced by the ligand exchange from TOP/Cd-phosphonate ligands to N-butylamine affect NC 

carrier dynamics. This chapter shows the previously unknown link between the presence of Z-

type ligands and radiative recombination of surface trapped holes.  Further, Chapter 4 calls into 

question the long held idea that N-butylamine functions as a hole trapping static quencher, by 

showing that the experimental conditions in the original publications starting this notion lead to 

a large amount of scatter. The materials used were synthesized by Lakshay Jethi and surface 

manipulations were performed by Michael M. Krause. Spectroscopic monitoring of the ligand 

exchange and data analyses of such were performed by Michael M. Krause. The elemental 

analyses were performed by Lakshay Jethi and Timothy G. Mack. The paper was written by 

Michael M. Krause with suggestions and editing from all co-authors.  
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Chapter 5 uses charge transfer and external heavy atom quenching as benchmark 

experiments to evaluate the Marcus-Jortner type model proposed by the Kambhampati group. 

Neither quenching experiment induces spectral changes to the surface emission band, which 

serves as an indicator that the existence of a single surface state is more likely than the 

traditional view of “deep-trap” emission model, i.e. a myriad of defects at slightly different 

energies. Further it is shown that the driving force for core quenching is higher than for the 

surface state. The materials used were synthesized by Michael M. Krause, Timothy G. Mack, 

and Lakshay Jethi. Preporatory work was performed by Apostolos Moniodis. The experiments 

were performed and the data analyzed by Michael M. Krause.  The size dependent tunneling 

probability was calculated by Jonathan Mooney. The paper was written by Michael M. Krause 

with suggestions and editing by all co-authors.  

  



14 
 

Chapter 1: Introduction 

Linking surface chemistry to optical properties of semiconductor nanocrystals 

 

1.0 Background 

 

Nanotechnology 

 

 It has been more than half a century since Richard Feynman introduced the powerful 

idea that the manipulation of individual atoms would lead to a slew to new materials and 

devices.1 Today we live in a world where this vision has become an everyday reality. According 

to the Project on Emerging Nanotechnologies’ database2, there are currently more than 1500 

commercially available consumer products that according to their manufacturers are based on 

some form of nanotechnology. On this data base a wide range from computer processors (e.g. 

IBM® PowerPC® 970FX/970MP), to antibacterial pillow cases, to ingestible food supplements 

can be found.2 Linking material differences on an atomic scale to macro properties has become 

a meaningful challenge for the physical chemistry community and  new applications depend on 

the deepening of this understanding.  
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Semiconductor Nanocrystals  

 

 Colloidal semiconductor nancorystals (NC) are small particles consisting of hundreds 

atoms arranged in a repeating lattice and on this size scale their charge carriers experience 

confinement by boundaries of the crystal. These particles are passivated by ligand molecules 

which allow for their suspension in a solvent, but for a most basic description of the nature of 

NCs these ligands can be disregarded.  Conceptually, a charge carrier in an NC can be 

understood with particle-in-a-box quantum mechanics. In the simplest case a particle-in-a-1D-

box refers to a particle which is free to move inside a one dimensional well of length l with 

impenetrable barriers on each side. Unlike in the macro world, the particle can only occupy 

certain quantized energy states. As the well gets small the energy of these states increases, as 

the energy scales by 1/l2. In the simplest of approximation, the energy levels of an NC also by 

1/a2, a being the crystal radius. 

  

Figure 1 Electronic energy states of different systems. Reprinted (adapted) with permission from 
ref 3. Copyright 2010 American Chemical Society. 
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 The NC electronic properties caused by this quantum confinement have been described 

as lying between those of a bulk semiconductor and a molecule (Fig. 1).3 Bulk semiconductors 

display a material dependent energy gap (Eg) between the valance and the conduction band. 

This is the minimum energy required to photo excite an electron from the valance into the 

conduction band. This excitation leaves a positively charged hole in the conduction band. As the 

electron and the hole are loosely bound by coulombic interactions they form a quasi-particle, 

the exciton. In the case of NCs this exciton is confined by the very small dimensions of the 

crystal and thus can occupy discrete energy states, analogous to molecular orbitals, depending 

on the crystal size. The Bohr radius serves a good unit of measurement in order to compare the 

size of an exciton to the dimensions of the confining crystal. The Bohr radius of an exciton in a 

bulk material is described by the following formula: 

  

𝑎𝑒𝑥𝑐 = 𝜀
𝑚

𝑚∗
𝑎0 

 

1. 1 

 

where ε is the material specific dielectric constant, m is the mass of an electron at rest, m* is 

the mass of the exciton and a0 is the radius of the hydrogen atom. In CdSe the Bohr radius of 

the exciton is ~6 nm.4   
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Particle in-a-sphere model 

 

 The simplest description of the electronic structure of a nanocrystal is the particle-in-a-

sphere, which is a special case of the particle-in-a-box.4 This model describes the exciton as a 

particle with mass m0 and the NC as a spherical potential well of radius a. Inside the sphere the 

potential V(r)=0, outside of the well V(r)=∞. Solving the Schrödinger equation for this system 

yields the following wavefunction: 

  

Φ𝑛,𝑙,𝑚(𝑟, 𝜃, 𝜙) = 𝐶
𝑗𝑙(𝑘𝑛,𝑙𝑟) 𝑌𝑙

𝑚(𝜃, 𝜙)

𝑟
 

 

 

1. 2 

 

where 𝑌𝑙
𝑚(𝜃, 𝜙) is a spherical harmonic, 𝑗𝑙(𝑘𝑛,𝑙𝑟) is the lth order spherical Bessel function, 

𝑘𝑛,𝑙 = 𝛼𝑛,𝑙 𝑎⁄ , which is the nth zero of 𝑗𝑙. The energy of the particle is given as: 

  

𝐸𝑛.𝑙 =
ℏ2𝑘𝑛,𝑙

2

2𝑚0
=

ℏ2𝛼𝑛,𝑙
2

2𝑚0𝑎2
 

 

 

1. 3 

 

 The energy of the particle is proportional to 1/𝑎2 and thus highly dependent on the size 

of the NC lattice. Equation 1.3 applies to a particle confined in an empty sphere, but using a set 

of approximations allows for a more realistic representation of an NC.4 In order to account for 



18 
 

the fact that NCs are not empty, but filled with atoms the effective mass approximation is 

employed to approximate the bulk valance and conduction bands as isotropic bands with 

simple parabolic forms near the extrema in the band diagram.  This approximation allows for 

the semiconductor lattice effects to be accounted for by describing the exciton in an empty 

space but with a different effective mass (𝑚𝑒𝑓𝑓). The energy of the conduction and the valance 

band can then be approximated to4: 

  

𝐸𝑘
𝑐 =

ℏ2𝑘2

2𝑚𝑒𝑓𝑓
𝑐 + 𝐸𝑔 

 

1. 4 

 

 
𝐸𝑘

𝑣 = −
ℏ2𝑘2

2𝑚𝑒𝑓𝑓
𝑣  

 

 

1. 5 

where 𝐸𝑔 is the material dependent semiconductor bandgap. As the effective mass 

approximation does not account for the fact that the exciton is confined in a finite sphere a 

second approximation has to be made. As the NC size is much larger than the lattice constant 

for CdSe (~4Å6) it is valid to invoking the envelope approximation function, which allows for the 

carrier wavefunction to be written in terms of Bloch functions (𝑢𝑛𝑘). These are an appropriate 

basis for particles in periodically-repeating environment (e.g. a bulk semiconductor). Assuming 

a weak k (crystal momentum) dependence of  𝑢𝑛𝑘 the wavefunction for a single particle can 

then be written as4 
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Ψ𝑠𝑝(𝑟) = 𝑢𝑛0(𝑟) ∑ 𝐶𝑛𝑘

𝑘

exp(𝑖�⃑⃑� ∙ 𝑟) = 𝑢𝑛0(𝑟) 𝑓𝑠𝑝(𝑟) 

 

 

1. 6 

where 𝑢𝑛0(𝑟) is the k=0 Bloch wavefunction and 𝑓𝑠𝑝(𝑟) is the single particle envelope function. 

The periodic Bloch functions can be approximated as a sum of atomic wavefunctions 𝜑𝑛,𝑘, 

where n can either stand for the valance or the conduction banc, and can be written as: 

  

𝑢𝑛0(𝑟) ≈ ∑ 𝐶𝑛,𝑙

𝑖

𝜑𝑛,𝑘(𝑟 − 𝑟𝑖) 

 

 

1. 7 

The last approximation that needs to be invoked accounts for the Coulombic interactions 

between the electron and the hole in the strongly confined NC. The Coulomb interactions scale 

with 1/a as comparted to the confinement energy of the particle-in-a-sphere scales with 1/a2. 

As the quadratic term dominates in highly confined systems, the electron and hole pair can be 

treated as independently confined in a sphere and the Coulomb interactions can be accounted 

for using a first order correction. This is the so called strong confinement approximation. The 

excitonic wavefunction can thus be written as 

  

𝛹𝑒𝑥𝑐(𝑟𝑒 , 𝑟ℎ) = 𝛹𝑒(𝑟𝑒)𝛹ℎ(𝑟ℎ) 

= 𝑢𝑐𝑓𝑒(𝑟𝑒)𝑢𝑣𝑓ℎ(𝑟ℎ) 

= 𝐶 (𝑢𝑐

𝑗𝐿𝑒
(𝑘𝑛𝑒𝐿𝑒

, 𝑟𝑒) 𝑌𝐿𝑒

𝑚𝑒

𝑟𝑒
) (𝑢𝑣

𝑗𝐿ℎ
(𝑘𝑛ℎ𝐿ℎ

, 𝑟ℎ) 𝑌𝐿ℎ

𝑚ℎ

𝑟ℎ
) 

 

1. 8 
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The energy levels thus are 

  

𝐸𝑒𝑥𝑐(𝑛𝑒𝐿𝑒𝑛ℎ𝐿ℎ) = 𝐸𝑔 +
ℏ2

2𝑎2
(

𝜑𝑛𝑒𝐿𝑒

2

𝑚𝑒𝑓𝑓
𝑐 +

𝜑𝑛ℎ𝐿ℎ

2

𝑚𝑒𝑓𝑓
𝑣 ) − 𝐸𝑐 

 

 

1. 9 

where Ec is the correction term for the Coulomb interaction and 𝑛𝑒𝐿𝑒𝑛ℎ𝐿ℎ  (n=0,1,2…;L=s,p,d…) 

are the quantum numbers by which the states are labeled. 

 

 

 

Corrections to the band structure 

 

Although the particle-in-a-sphere model gives a first general idea on how the NC electronic 

structure is a direct result of quantum confinement, invoking the effective mass approximation 

oversimplifies the band structure. In CdSe the valance band arises from the 4p atomic orbital of 

the Se atom and is sixfold degenerate. The conduction band arises from the 5s atomic orbital of 

Cd atoms and is only twofold degenerate. Due to strong spin-orbital coupling the p-state like 

valance band degeneracy is split into two subbands with angular momentum  𝐽 = (𝑙 + 𝑠), 𝑙 

being the orbital and 𝑠 the spin contributions, of J=3/2 and J=1/2. These subbands are labled 

p3/2 and p1/2, their subscripts being their angular momentum.5  
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In order to use this theoretical framework to assign spectral features of an NC 

absorption spectrum to the specific transitions the selection rules for optical transition have to 

be taken into consideration. When the carriers are treated independently the probability of an 

optical transition is given by the dipole matrix element: 

 𝑃 = |⟨Ψ𝑒|𝑒 ∙ �̂�|Ψℎ⟩|2 1. 10 

where 𝑒 is the polarization vector of the absorbed light and �̂� is the momentum operator. 

Because of the orthonormality of the wavefunctions the selection rules are  Δn = 0 and ΔL = 0, 

which apply to the creation (absorption) and radiative recombination (emission) of the exciton. 

Figure 2a shows the two lowest energy optically allowed transitions and Figure 2b shows the 

resulting absorption spectrum with labeled transitions and the photoluminescence spectrum. 

 

Figure 2 a) Allowed transition from different valance sub bands into the conduction band. b) 
Absorption spectra with labeled transitions. Reprinted with permission from Jonathan Mooney. 
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The lowest energy transition 1S(e)-1S3/2(h) is commonly referred to as the “band edge” 

of the NC and can be used to approximate the NC’s size (See Chapter 2).7 The spectra are 

broadened by homogenous (e.g. temperature effects) and inhomogenous (e.g. particle size 

distribution) effects, which are discussed in more detail in Appendix A. 

  The key to nanocrystal applications is that NC properties are tunable with NC size.   

Figure 3 shows how NCs made from the same material, but of varying crystal sizes can 

span a broad spectral range. Chapter 2 gives synthetic details on how to obtain NCs of 

different sizes by changing synthetic conditions. 

 

 

Figure 3  Size-dependent change of the emission color for solutions of colloidal semiconductor 
nanocrystals Reprinted with permission from ref 8. Copyright 2002 Wiley. 

 

 

The following sections (and the cartoon of page 4) were partially adapted with 

permission from Krause et al., “Linking surface chemistry to optical properties of semiconductor 

nanocrystals”, Physical Chemistry Chemical Physics 2015, 17, 18882-18894. Copyright 2015 the 

Royal Society of Chemistry.  
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1.1 The chemistry of ligand binding and exchange 

 

 In order to understand and ultimately control the surface of the NC one begins with a 

modern approach to the synthesis of colloidal nanocrystals and ligand chemistry. This section 

will show how recent synthetic work has drastically improved our understanding of the 

chemical nature of the surface and how this new language forms the basis of a rational 

discussion. In order to solubilize and keep NCs from aggregating their surface needs to be 

passivated by ligand molecules. A very common synthetic approach is to synthesize NC with 

long chain aliphatic amine/carboxylate/phosphonate ligands and to post-synthetically 

functionalize the surface with task-specific ligands. These can range from ligands that allow 

particle stabilization in water like biotin9 for biological applications, primary amines for high PL 

QYs10, to short thiol ligands for photovoltaic applications11. 

 Popular and simple synthesis methods based on hot injection of metal and chalcogenide 

precursor into a solution of tri-n-octylphosphine oxide (TOPO) and tri-n-octylphosphine (TOP) 

perpetuated the idea these solvents become the ligand passivation shell.12 This TOPO based 

model assumes that TOPO binds to surface metal (i.e. cadmium) sites and TOP binds to surface 

chalcogenide (i.e. selenium, sulphur) sites of a charge neutral and stoichiometric NC core, and 

idea support by an early 31P NMR study by Becerra et al.13  

 More recent studies have convincingly challenged the accuracy of the TOPO based 

model. There have been several reports of metal enrichment occurring at the NC surface.14-16   

This excess metal is in its cationic form and needs to be balance by an anion other than the core 

chalcogenide.17 Since the neutral TOPO and TOP passivation does not allow for a charge 
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balanced NC, the model is inadequate. A more recent study18 on cleaving the ligand shell of NCs 

synthesized in a TOPO-type approach shows that the actual, charge balancing passivating 

groups are phosphonate anions rather than datively bound TOP/TOPO. The study also 

reproduces the 31P NMR spectra by Becerra et al. and shows that they were inaccurately 

assigned to TOP/TOPO. 

 The source of these phosphonate anions originate from phosphonic acid impurities in 

commercially available TOPO and a TOPO synthesis using recrystallized and pure TOPO does not 

yield any NCs.19. In the hot injection method the phosphonic acid impurity species are 

deprotonated and react to form the active metal precursor.20 This is the reason for the common 

ancient lore among physical chemists that certain batches of commercially available TOPO 

produced “better” NCs than others, which lent NC synthesis a near voodoo-esque quality.  

 In later versions of the hot injection method dimethyl cadmium was replaced by 

Cadmium oxide (CdO), as it represents a far less toxic alternative.21  This method allowed for a 

rapid growth of the NC research field, as this synthesis is much safer than previous 

methodologies. In these methods CdO is dissolved with phosphonic acids in hot TOPO and 

selenium dissolved in TOP is injected. In this synthetic approach the resulting ligands are 

phosphonate anions formed from the added phosphonic acid and the impurities from the 

TOPO, and TOP. The resulting NCs also haven been incorrectly referred to (including by the 

author of this dissertation) as TOPO-capped. 
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Figure 1.1 Ligand binding according to covalent bond classification method reprinted with 
permission from ref. 22. Copyright (2013) American Chemical Society. 

 

 Recently the Owen group has proposed a model for ligand passivation that accounts for 

the need to charge balance metal rich surfaces and can explain ligand exchange chemistry.22 

This model uses standard covalent bond classification method (Fig. 1.1), and divides ligands into 
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L-type (two electron donors, neutral Lewis basis), X-Type (one electron donors, anions), and Z-

type (two electron accepting, neutral Lewis acids). In this model the NC core is stoichiometric 

and the metal richness of the surface is caused by charge balanced MX2-complexes bound to 

core chalcogenides.  

 As NCs’ versatility relies heavily on the ability to switch between passivations it is 

important to understand the chemistry of exchanging ligands. There are two different 

approaches to ligand exchange. Firstly, one can “simply” exchange ligands of the same class, by 

for example dissolving NCs capped with one Lewis base in a different, more reactive Lewis base, 

which represents an L-type ligand exchange (X-type and Z-type ligand exchange are analogous). 

Secondly a so called L-promoted Z-type ligand displacement can be performed. In this type of 

reaction a MX2 ligand is displaced by an L-type ligand, resulting in a surface metal L type bond 

and an L-MX2 leaving group (Fig. 1.1).  This displacement results in a decrease of surface metal 

enrichment.22 

 A proper understanding of what ligand actually binds to the surface of the NC (e.g. 

TOPO vs phosphonate) and what chemical mechanism allows for ligand exchange is essential to 

tailoring NC surface chemistry for applications.    
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1.2 Spectroscopy and Electronic Structure of the Surface  

 

 The objective of controlling the surface chemistry of NCs is to control the excitonics of 

the NC.  Typically the excitonics of the NC are discussed in terms of the core excitons. The 

electronic structure of the surface and its coupling to the core has been ignored historically.    

 Semiconductor nanocrystals primarily gain their optical properties from quantum 

confinement of the core exciton, which leads to particle-in-spherical-box like energy levels.23-25 

However, unlike in this idealized model, the surface forms a finite potential barrier of the 

stoichiometric semiconductor lattice core, which results in wave function leakage.26 One of the 

main motifs in NC research is to obtain particles with high PL QY. In order to achieve this goal it 

is pertinent to have control over chemical environment of the surface, and thus to manipulate 

the potential barrier and leakage. 

 A major obstacle to highly fluorescent NCs are charge carrier mid-bandgap trap 

states that have been associated with the NC surface.27-28   If a leaked charge carrier is 

trapped on such a surface site, it can either relax radiatively or non-radiativly.29-30 The 

atomistic nature of these traps is not fully understood, but recent computational 

approaches have significantly advanced our understanding,31-32  and Chapter 4 shows 

that Z-type ligands are likely part of radiative traps. This introduction focuses on the 

radiative surface trap states, since their emission has been one of the main observables 

used in the investigation of the surface state.33-34 
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Figure 1.2 Three different models to explain temperature dependent PL: (a) The classical deep 
trap model does not account for the different functional form of temperature dependent core 

and surface intensity changes. (c) The classical Marcus model does not explain breadth nor 
position of the surface emission. (e) Semi-classical Marcus–Jortner ET model fully explains 
temperature dependent PL changes and spectral features of NCs. (b), (d), and (f) are the 

corresponding generic temperature dependent PL spectra. Reprinted with permission from 
ref.35. Copyright 2013 by the American Physical Society. 

 

 A well-studied approach to avoid these traps is to coat the NC surface with a 

higher bandgap semiconductor layer (e.g. Type I CdSe/ZnS), which limits non-radiative 

traps to core defects and the semiconductor/semiconductor boundary.36 Since the 

capping layer can inhibit charge transfer to external charge acceptors, such NCs are less 

suited for photovoltaic or photodetector applications.37 
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 The primary observation relevant to radiative surface traps is the existence of an 

extremely broad emission band to the red of the core excitonic PL. Historically this 

spectral feature has been thought to arise from surface trap states that have a large 

energy distribution within the band gap.   This broadening and redshifting of the surface 

PL with respect to the core PL was rationalized by the energetic distribution of trap 

states (Fig. 1.2a-b). This theory however fails to explain emissive behaviour at different 

temperatures. The intensity of core and surface radiation changes with distinct and 

complementary functional forms.  This is an indicator for population exchange between 

core and surface. Since the surface emission is redshifted from the core peak by >10 kBT, 

there would not be enough thermal energy under normal experimental conditions to 

allow for this exchange.38,39 Further if there were a random distribution of trap states, 

one would observe the surface emission red shift with decreasing temperatures, which 

is not the case. Jones et al.40 explained surface trapping using a classical Marcus electron 

transfer (ET) model, in which there is an energetic barrier for a carrier (ΔG*) transition from 

the delocalized core excitonic to the localized surface state (Fig. 1.2c-d).  

 In order to account for the temperature dependent PL changes the surface state has to 

lie within kBT below the core state (ΔG) and the energy barrier has to be less than ΔG. Since for 

these conditions to apply the surface can only be displaced minutely on the classical 

polarisation coordinate, the model does not account for the breadth and redshift of the surface 

peak (Fig. 1.2). In addition, once kBT< ΔG*, no surface emission would be observed which is 

contrary to experimental evidence.35,39,41-42    
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 A Semi-Classical Marcus-Jortner ET type model that accounts for all emissive attributes 

was recently developed by the Kambhampati group.35 In this model the surface state is coupled 

via the classical polarisation coordinate and a quantum coordinate to the core state (Fig. 1.2e-

f). This means that a carrier in the core state can either relax to the surface by thermally 

overcoming ΔG*, or by tunnelling through the barrier, which accounts for surface PL at very low 

temperatures. Once in the surface state the carrier can relax radiatively into different vibronic 

levels of the ground state. These Franck-Condon phonon progressions are the cause for the 

spectral width of the surface PL, and have been theorized previously.   Chapter 3 of this thesis is 

a detailed description of how this model also holds for the extreme case of NCs with diameters 

< 2 nm, for which most atoms lie at the surface.39  

 This simple analytic Marcus-Jortner type model rationalizes all the spectroscopic 

observations in light of carrier transfer between the core and the surface of the NC. Yet the 

surface in this model remains an invoked quantum state in which the chemical details are 

parameterized. The model thus lacks chemical specificity. In order to incorporate this important 

detail one must ultimately rely on high level atomistic theory. 

1.3 Computational Approaches  

 

 The Marcus-Jortner type analytic model can describe the experimental observables, but 

undoubtedly there remains considerable work to be done. In order to fill the gaps left in the 

current model it is paramount to study the NC surface from an atomistic approach. The 

computational work described here forms a connection between the chemical composition of 

the surface and its resulting electronic structure as suggested by the electron transfer model.   
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 New computational work has begun to yield insight into the atomic nature of surface 

traps.  Traditionally hole trapping has been associated with surface selenium43-45 and electron 

trapping with surface cadmium46,  but this picture has been refined by recent density functional 

theory (DFT) studies. 

  In a surface DFT study Voznyy employs a spherical NC cut from a zinc blende lattice 

terminated by three distinct surface facets.31 There are cadmium-terminated and selenium-

terminated (111) facets, whose terminating atoms are triply bound to the layer below and 

mixed cadmium and selenium facets (100) with doubly bound cadmium atoms.  The study 

demonstrates that in NCs that are charged-balanced by an appropriate number of ligands (the 

number depending on the NC size and surface composition), there will inevitably be 

unpassivated surface atoms, i.e., unpassivated Se atoms will have dangling bonds filled with 

two electrons whereas Cd atoms will have completely empty bonds. 

  In the case of this small DFT model31 the surface sites do not contribute to mid-gap 

states, as the filled Se 4p states make up the valence band and the empty Cd 5s states make up 

part of the conduction band. In comparison,  in larger models of more realistic systems, the 

unpassivated (111) sites display trap states.31 Cd-terminated facets are associated with traps on 

the conduction band side and Se-terminated facets are associated with traps on the valence 

band side. Apart from these intrinsic trap states caused by the terminating facets, deviation 

from an ideal stoichiometry and thus electronic balance will result in partially filled dangling 

surface orbitals that are situated in the bandgap. The resulting readjustment of the number of 

bonds, so-called NC self-healing, can created local strains that in return can push states into the 
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bandgap and increase the amount of traps.31 Such trap inducing deviation from an 

electroneutral NC can occur if an extra ligand is added to the surface. 

 If an extra ligand is placed on the Cd (111) facet the electronegative functional group of 

the ligand creates mid gap traps near the top of the valence band. Even though the ligand is 

bound to a Cd atom the trap is delocalized over the neighboring Se atoms. The optical transition 

from these trap states is allowed and its magnitude depends on their vibrational coupling to the 

core state.  Surface PL has been linked to dangling bonds of surface selenium atoms46-47, but it 

appears that trap states can have different sources and are localized over several atoms, rather 

than a single bond.  

 Furthermore the DFT study shows that these traps are not locally fixed entities, but 

rather are mobile occurrences that can not only be filled or emptied, but created and 

annihilated. X-type ligands like carboxylic acids that can either bond as bridges between two 

Cd-atoms or chelate one, have the ability to diffuse (or “walk”) over the (001) crystal face 

(rather than just de-and adsorb) on a sub picosecond timescale.  

  There are some limitations to the modelled NC in this study. The lattice is rather small 

(Cd56Se50) and the only ligands considered are acetate molecules, an X-type ligand 

representative of long chain carboxylic acids, bonded to surface cadmium. This means that 

MX2-type ligands are not modelled, leaving the selenium (111) facet unpassivated. Nevertheless 

this paper gives interesting insight into the atomistic nature of surface traps.  Even though 

these simulations were done on an idealized zinc blende lattice, the insights gained are valuable 

for other geometries and lattice structures. Wurtzite lattices for example have similar 

terminating facets and thus similar ligand/lattice interactions are to be expected.48  
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 DFT studies like this help to explain spectroscopic observation in the context of actual 

atomistic changes on the NC surface. Rapidly advancing computational methods allow for more 

realistic NC models and let us re-evaluate long held theories about surface chemistry.  

 

  

 

Figure 1.3 NC (111) facets with selenium (a) and cadmium (b) vacancies. These vacancies 
eliminate surface states and result in quantum confined levels with s, p, d, f envelope functions 

(c). Reprinted with permission from ref. 32, Copyright 2014 by the American Physical Society. 

 

  In a more recent DFT study on a larger and more realistic NC (~1200 atoms) it has 

been shown that surface vacancies can decrease the number of traps.32  NCs are most 

stable in stoichiometric form with a closed electron shell, a condition that is highly 

dependent on NC geometry. In real NCs this condition is not necessarily fulfilled, and the 
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removal of certain surface Cd or Se atoms can function as a form of surface 

reconstruction. By removing several of these atoms one can construct a trap-less NC 

with clearly resolved (s,p,d,f) wave functions (Fig. 1.3). Like the X-type ligands 

mentioned above, these vacancies are mobile, and similarly their rearrangement can 

cause non-emitting configurations on different time scales (i.e. “fluorescent blinking”).32   

Surface vacancies are generally only thought of as trap states themselves49-51, but the 

idea that vacancies can in some cases preserve the core excitonic state is another 

example of how surface stoichiometry (in concert with ligands) influence the excitonic 

NC core.  

  Complementarily to these specific DFT models, a more general approach 

describes Auger-mediated trapping as a universal trapping mechanism in NCs.52 A hole 

from a core-delocalized state relaxes into a localized trap state by transferring the 

energy of the trapping transition to a conduction band edge electron. This electron is 

excited from an s-like state to a p-like state. This mechanism is not limited to surface 

traps, but can be applied to core impurity states.  

  The atomistic theories are now beginning to offer insight into surface structure. 

Mobile traps, localized over several surface atoms, can be caused by additional ligands 

on an otherwise electrically balanced NC and stop an NC from emitting, which can 

explain observations on temperature dependent PL of NCs.35 Similarly, mobile atomic 

vacancies can be arranged to cause emitting and non-emitting configurations.32 These 

results show that the connection between ligands, atomic vacancies, and trap states are 

far more intricate than previously thought and they support the idea that the surface 
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has considerable impact on NC trap emission.  Any comprehensive model aiming at 

explaining surface excitonics has to take surface stoichiometry into account.  There will 

be more work needed in order to fully connect the general analytic ET theories of 

kinetics and thermodynamics to the atomistic structure of the NC surface. 

1.4 Surface Effects on PL Quantum Yield 

 

  As one of the main goals of NC ligand chemistry is to obtain NCs with high PL QY, 

it is paramount to understand how specific chemical species can influence the amount 

of radiative and non-radiative traps at the surface.  

 

Figure 1.4 Taking spectral blue shift into account, the fluorescent lifetimes of the NC emission 
stay constant with temperature. Figure adapted with permission from ref. 53. Copyright (2014) 

American Chemical Society. 

 As discussed in section 2, temperature dependent PL spectroscopy can give specific 

insight into competing excitonic relaxation pathways. Fig. 1.4 shows the relationship between 

PL, PL QY, and PL average lifetime. The total PL monotonically increases as temperature is 

lowered. In contrast, the PL average lifetime shows little change over this regime. These 
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observations have implications on the surface processes which yield PL.53 The main point from 

these measurements is that the PL QY appears not to be related to any temperature 

dependence of the radiative or non-radiative decay rates. Instead, the PL QY appears to be 

dictated by the fraction of particles that can emit, n(T).53 It has been suggested that the 

decrease in PL QY with increasing temperature is caused by mobile surface modifications on 

this subset of NCs, which is somewhat analogous to the mobile nature of traps described in 

section 4.  Research into what specific structural differences set single NCs apart in terms 

emissive properties is currently limited to core/shell systems.54-56   Nevertheless there exist 

some general strategies to increase ensemble PL QY of “uncapped” NCs, of which two common 

approaches are discussed in the section. 

 There is experimental evidence that suggests that PL QY increases with the ratio of 

cadmium to chalcogenide at the surface.22,45,57-58   Using a SILAR (successive ionic layer 

adsorption and reaction) approach it has been shown that by adding chalcogenide layers to an 

NC the PL can be totally quenched58 and completely recovered by the addition of Cd layers (Fig. 

1.5).58 It has been suggested that Cd rich surfaces cause the emission to be core dominated, 

whereas chalcogenide rich surfaces tend to display more surface dominated spectra (Fig. 1.5). 

As the size of NCs increases with successive ionic layer adsorption, it is also possible that the 

decrease in surface PL observed in this study is caused by a decrease in surface to volume ratio. 

DFT calculations of Cd and S rich clusters suggest that clusters with high degree of chalcogenide 

termination display a myriad of highly localized midgap trap states.58 In order to obtain highly 

emissive NCs one can choose synthetic measures that produce a metal rich surface, or post 

synthetically add CdX2-type ligands. 
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Figure 1.5  SILAR type surface modification of CdS NCs. As prepared NCs (a) were coated with a 
monolayer of DDP-S (b). A mono layer of Cd stearate was added (c), followed by an additional 

monolayer of S (d). A last layer of Cd was added (e) and the PL QY was restored. Reprinted with 
permission from ref. 58. Copyright (2012) American Chemical Society. 

 

      Another other common method to obtain high PL QY is an important exception to 

the rule of thumb that PL QY scales with the amount of Cd at the NC surface. Increases 

in PL QY of up to 50% in L-promoted Z-type ligand displacement using primary amines 

have been reported.10,59-60 In these reactions L-MX2 ligands become the leaving group 
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and there is a net decrease in surface cadmium. Even with very efficient ligand exchange 

procedure that leaves the vast majority of surface Cd passivated the relative amount of 

selenium atoms with dangling bonds is higher than before. If PL QY were proportional to 

surface metal coverage, one would assume that this kind of ligand exchange would 

decrease the PL QY, but in the case of primary amine exchange the opposite is observed.  

  The exact reason for the increase in quantum yield is not fully understood, but 

there are several different factors that are thought to contribute to this observation. It is 

known that primary amines allow for much higher capping densities than ligands that 

are more sterically hindered.61 High ligand coverage has been linked to an increase in PL 

QY.29 These capping agents are less sterically hindered then for example native cadmium 

carboxylate (MX2-type) ligands.62  In addition, X-type ligands can form bridges and tilted 

bridges between two metal sites and with this decrease the overall surface coverage.31 

Primary alkylamide capping allows for significantly higher ligand passivation and PL QY 

than the use of secondary amines (which in turn passivate NCs somewhat better than 

tertiary amines).59 

  In addition to higher capping densities, it has also been suggested that amine-

binding raises the energy of surface traps out of the mid-bandgap and thus increases PL 

QY by eliminating these traps.59 In contrast, in a Marcus type electron transfer model 

primary amine passivations (as compared to TDPA) changes the relative energy 

difference of the surface to core and thus creates a higher energy barrier for charge 

carriers to relax from the core excitonic state to the surface.39 Chapter 4 contains a 

detailed description of how ligand exchange from TOP/Cd-phosphonate passivation 
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scheme to N-butylmaine changes the surface stoichiometry and the emissive profile of 

CdSe NCs.   

  These strategies to obtain highly luminescent NCs show that in order to 

understand the effects the surface has on the emissive properties of NCs, both ligands 

and surface stoichiometry have to be taken into account. As well as the NC synthesis 

itself, post-synthetic procedures have to be equally understood in order to avoid surface 

detrition.  

1.4.1 Unintentional surface Modifications 

 

 In addition to these intended manipulations, there are inadvertent changes to the 

surface that have adverse effects on PL QY. Changes in solvent system of NC samples can affect 

the surface passivation and thus the PL QY. The primary reason for this phenomenon is that 

different solvents show different equilibria for bound and free ligands.59 For example, it has 

been shown that the addition of chloroform to phosphonate passivated (in the report originally 

described as TOPO passivated) NCs in toluene decreases the PL QY due to a net decrease of 

bound ligands.59 Similar changes in PL are observed upon NC dilution, as this also pushes the 

equilibrium toward the unbound ligand.63  

 Another often underestimated factor in the attempt to obtain high PL QY NCs is the 

choice of post-synthetic purification procedure. In NC synthesis it is a common practice to 

precipitate the particles from the reaction mixture by adding a non-solvent and centrifuging the 

resulting suspension. A prevalent non-solvent used in the past was methanol. The problem 

using a  short chain primary alcohol is that they facilitate the stripping of X-type ligands from 
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the NC surface.64 In the case of oleic acid capping, the alcoholic proton in methanol is acidic 

enough to release some bound oleate ligands and exchange them by a methoxy moiety. The 

overall replacement of ligands results in a net loss of passivated binding sites on the NC, likely 

by surface oxidation, and losses in PL QY of up to 20% have been reported.64 To avoid this kind 

of post-synthetic degradation the use of aprotic polar non-solvents (e.g. acetonitrile, methyl 

acetate) is advised.64 In order to make synthetic procedures more reproducible (especially 

when aiming at NCs with high surface to core emission ratios) it is paramount to employ PL QY 

preserving purification methods. 

 PL QY can give a general idea about the quality of surface passivation and the 

motivation of a lot of research is to increase it. However, in order to obtain a more quantitative 

picture of the NC surface, other experimental methods with observables other than the 

absolute PL QY are needed. 

  

1.5 Quantification and study of ligand binding sites 

  

 In addition to new computational methods to elucidate the atomistic nature of the 

surface, there has been recent development in quantitative experimental ligand binding 

studies. In order to form a complete picture of the NC surface, one relies on experimental 

approaches that probe the system in question under realistic conditions. 

  Traditionally NMR is used to study NC ligand binding.   The main issue with NMR studies 

is that they require very high NC concentrations in order to obtain usable signal to noise.65-66 As 

discussed earlier, the surface coverage by bound ligands depends on NC concentration.59 Thus 
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the results obtained from these NMR studies might not be valid at the (much lower) NC 

concentrations used for spectroscopic measurements. An alternative approach to quantify 

different chemical species on the NC surface is to adsorb a charge and/or energy acceptor to 

the NC and monitor changes in PL QY, fluorescent lifetimes, and transient absorption spectra.  

Apart from gaining deeper insights into binding sites67-68 and surface composition effects69, this 

approach has been used to study  photo induced charge transfer70-71 and energy transfer72. 

The basic design of many of these studies is to introduce a new ligand that binds via the same 

functional group as the native ligands of the NCs studied.67-68,73   The number of new ligands per 

NC is commonly calculated using a Poisson distribution. It has been pointed out that in cases 

were the number of new ligands adsorbed approaches saturation, a Poisson distribution 

predicts a non-zero probability of finding NCs with more ligands than available surface sites. 

Since this is a non-physical solution, distributions for systems close to saturation should be 

calculated by binomial distribution, if possible.74  

 

Figure 1.6 Probability of finding a QD with zero adsorbed V2+ ligands (PL/PL0) as a function of the 
total V2+ concentration for NC samples of different concentrations. Black: 1.4 × 10−6 M CdS, red: 

4.6 × 10−7 M CdS QDs, green: 1.5 × 10−7 M CdS QDs, blue: 5.1 × 10−8 M CdS QDs. The dashed lines 
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indicate the fraction of NCs that are not quenched and do not appear to have accessible surface 
sites for V2+. Reprinted with permission from ref. 74 . Copyright (2012) American Chemical 

Society. 

 

 A very common ligand for these quantitative binding studies are functionalized 

viologens (V2+), which have been used to study interfacial NC charge transfer phenomena.71,75-76 

V2+ are electron acceptors, and their presence on the NC surface affects exciton dynamics and 

PL properties.  As the rate of ground state bleach recovery increases upon viologen addition, it 

has been used to calculate the V2+/NC binding constant.71 An analysis of NC PL quenching by V2+ 

has shown that ensemble emission cannot be quenched completely (Fig. 1.6).74 There appears 

to be a subset of NCs that has no available surface sites and remains fluorescent even at high 

V2+ concentrations. The existence of such subset of NCs might be analogous to the observation 

that only a fraction of an NC ensemble remains emissive with increasing temperature (Fig 1.4). 

So far there is no microscopic picture explaining this observation, but fully understanding the 

chemical nature of this subset of NCs would give great insights for how to synthesize highly 

fluorescent and resilient ensembles. 

 With the recent refinements of the understanding of the NC surface, more attention has 

been given to how different NC stoichiometries affect the adsorption of molecules. A study of 

methyl viologen (MV2+) adsorption to CdS NCs with either Cd or S enriched surfaces has shown 

different site-specific binding affinities.69 MV2+either adsorbs by displacing native Z-type ligands 

(in this case Cd-OA complexes) and adsorbing to the underlying core, or by directly adsorbing to 

the exposed NC core. This means that either surface termination allows for MV2+ adsorption. 

However, ab initio calculations from the same paper suggest that MV2+ adsorbs more readily to 

sulphur terminated surfaces. It appears that electron poor nitrogens of the MV2+ bipyridyl core 
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interact with the chalcogenide ions and that the complex formed is interlinked by van der 

Waals interactions rather than a well-defined bond. This approach to surface adsorption 

appreciates differences in surface stoichiometry and allows for a more nuanced evaluation of a 

surface’s resilience to quenching adsorbates. Quantitative research on how ligands bind to the 

NC surface is not limited to these charge transfer studies, and significant work on how NCs 

interact with energy acceptors has been published. 

 Some studies have used fluorescent dyes, in which adsorption of FRET accepting 

molecules is probed by measuring dye emission.67,77-78   A study performing ligand exchange 

between native oleic acid ligands and carboxylate acid functionalized  boron-dipyrromethene 

dye found that NCs have multiple, identical binding sites.67 These sites have identical affinity for 

the new ligand and binding at these sites does not change the ligand affinity of other sites. 

Assuming a Poisson distribution, the authors fit a modified Langmuir isotherm to experimental 

PL data and found that only an isotherm allowing for multiple identical (as supposed to a single, 

or multiple different) binding sites fits the data. In the specific system studied they find that an 

average of 3 dye molecules can bind identically to the NC.67 

There are some limitations to this approach. Single molecular experiments will have to 

be performed to assess whether this is an ensemble or an NC intrinsic property. Currently it is 

not possible to distinguish whether a subset of NCs exists that has high affinity for new ligands 

and other subsets that do not exchange ligands. In addition, it is currently not known if the 

functionalized dye molecules replace existing oleic acid ligands or bind to previously 

unpassivated surface sites.67 As in all quantitative NC studies, the numerical result is somewhat 
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system dependent, but nevertheless this approach allows for a deeper understanding of 

specific surface sites at NC concentrations relevant for spectroscopic analyses 

 The quantitative ligand binding studies discussed in this section give some deeper 

insight on how specific chemical species interact with the NC surface. These are helpful 

complemental analyses to temperature dependent PL and computational studies that allow a 

more complete picture on how the surface effects optical properties of NCs.  

1.6 New directions in NC surface chemistry 

 

 Recent developments have significantly enriched the field of NC surface science. This 

section will discuss ligand orbital mixing, new all-inorganic NC passivations, and applications of 

NC surface emission.  

1.6.1 Ligand Orbital Mixing 

  

 Apart from stabilizing the NC in solution and passivating trap states ligands can influence 

the electron and hole wave functions. In order to obtain an exhaustive picture of the surface 

these ligand/lattice interactions have to be taken into account. Thiols for example have been 

known to extract holes from the surface of CdSe NCs and thus drastically decrease PL QY.79 In 

CdTe NCs on the other hand thiols are used to obtain highly fluorescent and water soluble 

NCs.80 It has been suggested that the reason for  this drastic dissimilarity is the relative 

potential difference of the valence band (the difference over the size range of NCs is about 0.5 

eV81). Since many thiols have oxidation potentials between these two values, only holes from 

the CdSe valence band can relax into the thiol highest occupied molecular orbital (HOMO). 

There are thiol molecules that have higher redox energies than the CdTe valence band edge 
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hence decrease PL QY via ligand hole trapping. 4-Mercaptophenol is an example of a thiol that 

fall into this category.79  

 Phenyldithiocarbamate (PTC) is a ligand known for causing significant bathochromic red 

shifts in CdSe NC absorption spectra.82-83     The HOMO of PTC has the correct energy and spatial 

alignment to strongly mix with the valence band of commonly used semiconductors. This allows 

for a relaxation of the core excitonic confinement via delocalization of the hole into the organic 

ligand shell. This approach allows a fundamental shift in energy of spectroscopic features 

without manipulating the NC core, and red shifts of up to 1 eV for CdS and 220 meV for CdSe 

have been reported.84   

An extensive review article about the role of ligands in determining the exciton relaxation 

dynamics in NC by Peterson et al. represents the current state of the art. 85 

 These examples show that ligands are more than mere passivation groups and can be 

chosen specifically to interact with the NC core wave function and exciton relaxation 

1.6.2 All-Inorganic ligand passivation 
 

 With the rapid advancement of NC devices that are based on inter-particle CT new 

synthetic approaches that allow more control over trap states are needed. Devices that are 

based on injection or extraction of charge carriers to/from NCs require systems in which these 

charges can travel as far as possible without being trapped at defect sites, or encountering 

ligand based tunnelling barriers. Although many passivation schemes employing long chain 

organic ligands have been developed to generate relatively trap free surfaces, the insolating 

nature of the aliphatic moiety of these ligands inhibit interfacial charge transfer.86 In order to 

tailor surfaces specifically for device applications all-inorganic passivations have been 
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developed. These small ligands are far less sterically hindered than traditional organic ligands, 

and high ligand densities are achieved. There are several different groups of inorganic ligands 

that can be used to passivate the NC surface. Amongst the most common schemes are metal 

chalcogenide complexes (SN2S6
4-, AsS3-, …), chalcogenides (S2-, S2, …), and halides (Cl-, I-, ...).  

 Metal chalcogenide complexes (MCCs) were the first modern inorganic NC ligands.87 In a 

generic method that allows the preparation of a large variety of MCCs, bulk metal chalcogenide 

is dissolved in hydrazine with excess chalcogenide.88 In this case the stabilizing counter ion is 

hydrazinium. Although these passivation schemes allow for high electron mobility in NC films89, 

the fluorescent properties are somewhat lacklustre, thus their usage is mostly limited to 

electronic applications.90 Fluorescence blinking studies show that MCC capped NCs display long 

off times. This appears to be caused by the free electrons on the MCC which form stable 

surface hole traps.91 In addition to these ligand intrinsic trap states, the ligand metal ions can 

function as redox partners which can add a new level of complexity to the system.92 

 An effective approach for chalcogenide passivated NCs is to exchange native organic 

ligands by the respective chalcogenide ions. NCs suspended in a non-polar solvent (i.e. toluene) 

are mixed with an immiscible polar solvent containing the ions (i.e. K2S) in formamide.92 The 

ligand exchange is easily monitored as the (coloured) S2- passivated NCs phase transfer into the 

polar solvent. The negatively charged surfaces form an electrical double layer around each NC 

which prevents colloidal aggregation. Unlike sulphur containing thiols, these chalcogenide ion 

ligands are not intrinsic hole traps. In InP NCs it has been shown that S2- ligands allow for higher 

retention of PL QYs at high temperatures and show better PL recovery in cyclic heating 
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experiments.93 The major disadvantage of chalcogenide capped NCs however is their propensity 

to oxidation.87 

  

 

Figure 1.7  (a) A more complete ligand passivation protects the NC from oxidation. (b) 
Compared to other halide ligands and to oleic acid, as widely used organic ligand, the removal 
of iodide with hydrogen protons is energetically less favorable. Reprinted by permission from 

Macmillan Publishers Ltd: Nature Materials (ref. 94), copyright (2014). 

 

 Many NC based devices contain rectifying P-N junction which rely on stable electron-rich 

(n-type) NCs in addition to better investigated hole-rich (p-type) NC. As an alternative to 

unsuitable chalcogenide passivations, air stable halide and pseudohalide ligand exchange 

reactions have been developed.    

A phase transfer reaction approach employs a solution of organic ligand capped NCs in a 

non-polar solvent and a polar solution containing the halide and pseudohalide ligands.95 In a 

different approach that yields partially iodine and organic ligands, oleic acid capped NCs are 

heated with tetrabutylammonium  iodide  in oleylamine.94 This surface modification is reported 
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to increase PL QY by 1.7 times. Compared to bromide and chloride ligands, iodide passivation is 

the most robust to oxidation (Fig. 1.7). It appears that iodide ligands allow for a more complete 

surface passivation than other ligands as they are less likely to desorb from the NC.96  

 In order to obtain a complete picture of the NC surface, these new all-inorganic systems 

will have to be studied with the tools developed for classical organic-capped NCs. 

1.7 Applications  

 

 There have been recent attempts to utilize the dual NC PL from the core and the 

surface. The fact that both emissive bands can spread over the entire visible spectrum make 

small NCs potential phosphors for white light LEDs.97 While the surface PL has already seen 

some early application, its suitability has remained controversial. The central problem in 

applying the surface PL for some application lie in its allegedly undetermined nature arising 

from ill understood defects. If the surface PL were ill-understood, poorly controlled, and of little 

stability, it would have no practical use in applications. These issues are addressed below in 

some initial applications for lighting and temperature sensing.  

 The Kambhampati group has shown that in order obtain an eye pleasing and warm 

white light there has to be a balance between the core and surface peak. By varying 

temperature the colour perceived by the human eye can be varied substantially.39 For example, 

a sample that emits white at room temperature can appear green at low temperatures (Fig. 

1.9). The benefit of creating a broad spectrum using a single NC, rather than a mixture of 

differently sized particles with narrow emissions, is that there is no self-absorption by the 

phosphor.98 Layered nanostructures with different core emission peaks have been proposed as 
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an alternative99, but these structures also self-absorb their blue and green emission bands and 

are much more complicated to synthesize.  

 While there are concerns about the quantum yield and synthetic reproducibility in these 

NCs, there has been an ever increasing effort to optimize these systems. In order to improve 

upon the reproducibility of ultra-small NC synthesis every step of the synthetic procedure has 

to be evaluated. Post synthetic treatment of ultra-small NCs with formic acid increases the PL 

QY to up to 45% without inducing major spectral shifts.100 It is thought that the small and 

sterically unhindered carboxylic acids passivate non-radiative trap sites in-between the native 

ligands. In addition, different cooling techniques can be used to terminate NC growth can 

influence the spectral peak resolution.64, 101 Post synthetic procedures can hugely influence the 

surface composition, and can contribute to the apparent non-reproducibility of ultra-small NC 

synthesis. With increasing knowledge about the atomistic nature of surface trap states, more 

precise synthetic procedures will emerge.  

 While the broad bandwidth of surface PL may be controlled for lighting and display 

applications, the temperature dependence may be used to serve as a ratiometric temperature 

sensor. In this example of nanothermometry core and surface PL are used, as their ratio is 

temperature dependent as discussed here. In order to render this phenomenon suitable for 

thermometry, this ratio of PL areas should follow a simple monotonic functional form.  
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Figure 1.8 Using intrinsic dual emission as ratiometric temperature sensor. (a) Temperature 
dependent PL of ultra-small TDPA capped NCs. The inset shows the perceived colour (b) ratio of 

integrated surface to core peak fitted to a fourth order polynomial. Adapted with permission 
from ref. 102. Copyright (2015) American Chemical Society. 

 

 Most systems studied do not show a simple monotonic dependence of the ratio upon 

temperature. Nevertheless the Kambhampati group has shown that for certain temperature 

regimes the different temperature responses of the core and surface band can be used to 

create a ratiometric temperature sensor.102 Good calibration curves between 290 K and 100 K 

have been generated with sensitivities ranging from ∼0.69−0.32% K-1 (Fig. 1.8), which is 

comparable to other nanometric ratio based temperature sensors.103 As in the case of any 

application, the device needs to be reproducible and robust. Under the assumption that the 



51 
 

surface PL arises from ill controlled defects, these objectives will not be met. Consistent with 

the emergent picture of surface electronic structure of NC, it shows that the surface of the NC 

maybe indeed sufficiently controllable, reproducible, and robust to serve in a variety of 

applications including temperature sensing.  

1.8 Conclusion 

 

 In conclusion it can be said that there have been genuine advances in the study of the 

NC surface, but that so far no single theory can exhaustively link spectroscopic observation to 

the chemical reality of the surface. While the recently developed semi-classical Marcus-Jortner 

type ET approach to date is the only model that correctly explains temperature dependent 

changes in PL and lifetimes, it is only a minimal and phenomenological model. Differences in 

surface stoichiometries, density of trap states, and ligand-core wave function mixing are 

aspects not taken into account, but will have to be incorporated in future iterations of the 

Marcus-Jortner type model. The following Chapters are examples of experiments that help in 

deepening the understanding of the effects of surface chemistry on emissive properties of NCs. 

Chapter 3 is a temperature dependent PL study of differently passivated small NCs and probes 

how different surface chemistries affect electron-transfer parameters of the Marcus-Jortner 

type model. Chapter 4 examines how surface modifications induced by ligand exchange impact 

NC emissive pathways. Lastly, chapter 5 is a PL quenching study that takes into account both 

core and surface emission and their susceptibility to different quenching mechanisms.  
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Chapter 2: Experimental Section and Data Representation 
 

2.1 Nanocrystal Synthesis 

 

 All NCs described in this thesis were synthesized by the hot injection method.  In this 

approach a selenium precursor solution is rapidly injected into hot coordinating solvent 

containing the cadmium precursor. For the synthetic approach most prevalently used in this 

work, cadmium oxide (CdO) was loaded into a three-neck round bottom flask containing 

trioctylphosphine oxide (TOPO) and tetradecylphosphonic acid (TDPA). The flask was evacuated 

and filled with argon before heating to 300 °C.2 Once TOPO and TDPA had melted, the inner 

side of the flask was rinsed with TOP in order to assure that no CdO was stuck to the glass. At 

about 300 °C the phosphonic acid deprotonated and the phosphonate anions reduced CdO 

(red) to form cadmium phosphonate (clear), which is the active metal precursor in this reaction. 

In order to initiate the NC nucleation a solution of selenium dissolved in TOP (TOPSe) is 

injected. TOPSe is thermally decomposed upon injection, which results in a supersaturation of 

selenium monomers. This supersaturation is relieved by the creation of CdSe nuclei. Once the 

monomer concentration is below the nucleation threshold monomers in solution add to 

existing nuclei (Figure 2.1).3 

This particle growth can be stopped at a desired size (which can be estimated by 

observing the color change from yellow to orange to red) by rapidly cooling the reaction to 

below 150 °C (Fig. 2.1). The reaction can either be cooled by submerging the reaction flask in 

water, and injecting 3 ml of a high boiling solvent (ie. nonanoic acid). Most NCs used for this 
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dissertation had diameters from 1.5 nm to 2.2 nm, meaning that the reaction was quenched a 

few seconds after injection of the selenium precursor solution. In addition to changing the 

reaction time, NC particle size can also be influenced by the precursor concentration and the 

temperature at injection. The range of size of the NCs described in this dissertation were all 

achieved using rapid cooling -rather than changing the reaction conditions- as this method 

allows for more direct control over the average crystal size. 

 

Figure 2.1 Cartoon of NC growth in a hot injection synthesis .With permission from 3 

 

 In order to separate the NCs from excess TOPO and CdO the NCs were transferred into 

a centrifuge tube and precipitated with methyl acetate as a non-solvent and centrifuged for 15 

min at 7000 RPM. The samples were decanted and dissolved in toluene or heptane. The NCs 
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were stored in the fridge and filtered before further use, in order to minimize scatter by 

aggregates.  

2.2 Ligand exchange 

 

Ligand exchange from native TOP/CdTDPA ligands to N-butylamine (BA) (or, for that 

matter, other ligands with high displacement potencies) can be achieved by dissolving the 

natively passivated NCs in the new ligand. For the ligand exchanges employed in this thesis, 

about 3 ml of NC solution was evaporated under vacuum in a 3-Neck round bottom flask under 

stirring on a Schlenk setup. Once dry, the flask was flooded with argon and 3 ml of BA were 

injected. The solution was stirred for at least 15 minutes before the BA was evaporated via the 

Schlenk line vacuum and the NCs were dissolved in toluene or heptane. The solution was 

transferred to a centrifuge tube and was centrifuged at 7000 RPM at 5 °C for 15 minutes and 

then filtered, in order to remove aggregates.  There are three spectroscopic changes that 

indicate that the ligand exchange to butylamine has occurred: 1) The lowest energy absorption 

feature shifts to the blue by up to 80 meV; this shift has been ascribed to BA mediated facet 

edging.4 2) For small NCs, the emission shifts from surface heavy to core heavy. 3) Fluorescent 

lifetimes of the core decrease. Chapter 4 entails a detailed description of the monitoring of this 

reaction using optical spectroscopy. 

2.3 Cryogenic experiments 

 

For the temperature dependent PL measurements, NC polystyrene films were drop cast 

and dried for up to 72 h. Polystyrene was used as it easily dissolves in toluene and forms 
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homogeneous and transparent films. It is important to choose a polymer matrix that dissolves 

well in the solvent the NCs are dissolved in, as otherwise the dried films will display different 

degrees of opaqueness.  When dry, the films were transferred into a He flow cryostat, which 

was constantly evacuated by a turbo molecular pump in order to avoid condensation on the 

optical windows. The measurements themselves were performed using a Fluoromax 2 

fluorescent spectrometer. The samples were excited at the lowest energy absorption feature, 

which blue shifts with decreasing temperature.5 In order to determine the correct excitation 

wavelength for the entire temperature range, absorption spectra were obtained at select 

temperatures and the positions of the lowest energy feature were fit to the Varshni equation. 

This equation describes the temperature dependence of the band gap of bulk semiconductors, 

but is also used for semiconductor NCs5: 

𝐸𝐵𝐸(𝑇) = 𝐸𝐵𝐸0 − 𝛼
𝑇2

(𝑇 + 𝛽)
 (2.1) 

 

 where 𝐸𝐵𝐸0 is the energy of the band edge (or energy gap) at 0K, 𝛼 is the temperature 

coefficient, and 𝛽 is close to the Debye temperature of the material.5  

2.4 Time Correlated Single Photon Counting (TCSPC) 

 

Fluorescent lifetimes were measured using an Edinburgh mini-tau instrument. The 

excitation source was a 405 nm diode laser. The detection windows were chosen by colour 

filters with 50 nm FWHM. The decay curves were fit by reconvolution with an instrument 

response function which was acquired with a blank solvent cuvette. The reconvoluted decay 

was fit to the following formula: 
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𝐹𝑖𝑡 = 𝐵 + 𝛼1𝑒
(−

𝑡
𝜏1

)
+ 𝛼2𝑒

(−
𝑡

𝜏2
)

… (2.2) 

 

 where B is a parameter pertaining to the background, 𝜏𝑖 is the decay time, and t is time. The 

decays were fit to three or four exponentials, which is a common procedure for NC PL lifetime 

measurements6, and even single NC decays have been fitted to multiple exponentials.7 The 

numbers of exponentials were generally chosen in order to obtain reduced χ2 values between 1 

and 1.4, indicating a good fit. The average lifetime was calculated using the following formula8: 

 

𝜏𝑎𝑣 =
∑ 𝛼𝑖𝑖 𝜏𝑖

2

∑ 𝛼𝑗𝑗 𝜏𝑗

=
𝛼1𝜏1

2 + 𝛼2𝜏2
2

𝛼1𝜏1 + 𝛼2𝜏2

… (2.3) 

 

2.5 Determination of NC concentration  

 

 A reasonable approach to determine the concentration (𝐶)  of a molecule in a solution 

is to employ the Beer-Lambert law: 

𝐶 =
𝐴

𝑙𝜖
 (2.4) 

 

where 𝐴 is the absorbance, 𝑙 is the path length of the light through the solution, and 𝜖 is 

molecular extinction coefficient. For molecules, 𝜖 can often be found in reference literature, 

where it is usually defined for a main absorption feature in a specific solvent.9 In the case of 

NCs, 𝜖 is heavily dependent not only on the material of the NC, but it is greatly dependent on 

NC-size, size distribution, and surface composition.10 The standard experimental procedure for 

estimating the concentration of NCs requires an extensive multistep analysis. First, the size of 

the NCs has to be determined via TEM from which the NC volume is estimated (assuming a 

spherical wurtzite structure). Second, a known amount of NC solution has to be digested using 
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aqua regia in order to perform ICP analysis, which yields the total amount of Cd in the sample. 

Then the actual NC concentration can then be calculated by estimating the Se:Cd ratio and 

dividing the total amount of Cd in the sample by the calculated amount of Cd per NC.11 

This procedure is rather impractical and does have to be repeated for every sample. 

Several papers have been published that link the energetic position and absorbance of the 

lowest energy absorption feature to the concentration (and size) of NCs of different 

materials.10-12 Although this approach is somewhat limited (e.g. differences in surface 

passivation are not taken into account), using the size-dependent molar extinction coefficient 

calculated in these publications is a widely accepted practice in the NC community. 

 

2.6 Photoluminescence Quantum Yield (PL QY) 

 

The PL QYs reported in this dissertation were estimated by comparing the NC emission 

to that of a known standard for identical experimental conditions. For most of the small NC 

samples 9,10-Diphenylanthracene in cyclohexane (with a PL QY of 1)9 has been used. Since the 

NCs and the standard are often in different solvents, the differences in indexes of refraction has 

to be taken into account. To calculate the PL QY the following formula was used8: 

 

𝑃𝐿𝑄𝑌 = 𝑃𝐿𝑄𝑌𝑆  
𝐼

𝐼𝑆

𝑂𝐷𝑆

𝑂𝐷

𝑛2

𝑛𝑆
2 

 

(2.5) 

 

, where the subscript S refers to the standard fluorophore, I is the integrated PL intensity, OD is 

the optical density (the optical density of the solutions were kept at ~0.05 OD in order to 

minimize inner filter effects), and n refers to the refractive index of the solvents used.  
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2.7 Determination of CIE coordinates 

 

Figure 2.2 Color matching functions13 determined by split screen experiments for the CIE 1931. 

 

The quantitative comparison of the spectral composition of light and how it is perceived 

by the human eye is a key factor in developing new lighting sources. A common approach to 

this quantification of perception is based on translating a spectral composition to a specific 

point on a colour space. The first color space was developed in 1931 by the Commission 

internationale de l'éclairage, the CIE 1931 colour space.14 Although there are some limitations 

to the CIE 1931 and many other color spaces have been developed since, it is still a widely used 

metric in the nanostructure lighting literature.15-17   

The human eye has three different types of color sensitive cones with spectral 

sensitivity maxima at three different wavelengths. Since there is some spectral overlap 
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between the cones, light of any visible wavelength is detected by at least two different types of 

cones. Thus, color is perceived by the brain as the relative stimuli of the three different cones.  

Like most quantifications of human perception (e.g. the Scoville scale of hotness of chilli 

peppers), the creation of a color space relies on the feedback of a cognisant test subjects. For 

the creation of the CIE 1931 color space, test subjects had to match a light source on a split 

screen by adjusting the intensity of three primary color light sources on the other half of the 

screen. From the relative chromatic response of the observer color matching functions can be 

calculated, the so called “standard observer” (Fig. 2.2).14 In order to translate these three 

response curves into a two dimensional color space the tristimulus values have to be 

transformed in terms of a set of matching imaginary stimuli: 

 

𝑋 = ∫ 𝐼(𝜆)𝑥 ̅(𝜆)
780

380

𝑑(𝜆) 
 

(2.6.1) 

𝑌 = ∫ 𝐼(𝜆)𝑦 ̅(𝜆)
780

380

𝑑(𝜆) (2.6.2) 

𝑍 = ∫ 𝐼(𝜆)𝑧 ̅(𝜆)
780

380

𝑑(𝜆) (2.6.3) 

 

where 𝜆 is the wavelength in nm and 𝐼(𝜆) is the spectral power distribution of the stimulus. The 

integrals extend from 380-780 nm, which roughly represents the visible spectrum. As �̅� is very 

similar to the spectral luminous efficiency function (the measure of how bright a specific light is 

perceived) and as this aspect was integrated into the original color matching experiments, the 

perception of color can be further fragmented into two measurable quantities, namely 

luminosity and chromacity. The latter of which can be expressed by coordinates on a 2-

dimentional space, by 
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𝑥 =
𝑋

(𝑋 + 𝑌 + 𝑍)
 (2. 7.1) 

𝑦 =
𝑌

𝑋 + 𝑌 + 𝑍
 (2. 8.2) 

 

With these two coordinates the chromacity of every color perceivable by the human eye 

can be expressed. An example of a broad “white light” spectrum and its corresponding CIE-

Diagram is given in Figure 2.3. The “whites point” of the CIE s1931 color space has the 

coordinates x=0.33, y=0.33. The CIE-color spaces in this dissertation were produced using an 

openly accessible MATLAB script.18  

  

Figure 2.3 a) Spectrum of Illuminant D651, a CIE standard that represents the average outdoor 

illumination in Central Europe and b)it’s corresponding CIE diagram, the CIE coordinates are x=0.313, 

y=0.329. 
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Chapter 3: Chemical and Thermodynamic Control of the Surface of 

Semiconductor Nanocrystals for Designer White Light Emitters 

 

 

3.0 Introduction 

 

This chapter was adapted with permission from Krause et al., “Chemical and 

Thermodynamic Control of the Surface of Semiconductor Nanocrystals for Designer White Light 

Emitters” ACS Nano 2013, 7, 5922-5929. Copyright 2013 American Chemical Society. 

As shown in the introduction, a large body of research has been dedicated to explaining 

how the surface influences NC emissive pathways. The Kambhampati group is the first to have 

presented a comprehensive model that can explain temperature dependent changes in core 

and surface PL using an electron transfer approach.1-2 The original publications by Mooney at al. 

however focused on a rather unsuitable material for the study of surface emission, 

conventionally sized, commercially available NCs that had been optimized to display little to no 

trap emission at room temperature. In order to further validate the model it needed to be 

shown that it applies not only to standard materials, but to the extreme case of NCs with 

heavily surface dominated PL spectra even at room temperature.   

The work presented in this chapter shows that changing from a TOP/Cd-phosphonate 

passivation to an N-butylamine passivation alters the reorganization energy of the surface state 

and the energy difference between the core excitonic state and the surface state which leads to 

a change in the energy barrier along the classical polarization coordinate which carriers must 
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overcome in order to relax into the surface state. In addition to a proof of concept and 

validation of the efforts put forward by Mooney et al, this chapter also shows that the spectral 

output of small NCs makes them a viable material for white light generation. Although this had 

not been the first account of the fact that the broad surface spectrum lies within the white 

region of the CIE diagram, this study established the idea that the spectral output can be 

rationally tuned to whiter or more colored outputs. As the approach of utilizing surface or trap 

emission for any potential application had been decried as “purely by chance” in the past3, 

there was a need to show that rational manipulations were possible. This chapter shows that by 

adjusting synthetic procedures, temperature, and ligand passivation the core to surface ratio 

can be tuned in order to achieve a whiter or more colored emission. Lastly, this paper also laid 

the foundation for the use of the ratio of core to surface emission as a temperature sensor, 

published by Jethi at al.4 

Since the publication of this manuscript there have been major advances in how the 

physical chemistry community views ligand passivation. As mentioned in the introduction, the 

native ligands on the nanocrystals described in the original manuscript are not TOPO, but rather 

TOP and cadmium phosphonates. The manuscript has been partially rewritten and the word 

TOPO passivation has been replace with “native ligands”. Parts of the discussion about the 

fitting parameters obtained from the Marcus-Jortner ET model have been rewritten as well. 
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3.1 Motivation 

 

The motivation for studying NCs for white light applications is that illumination accounts 

for 20% of the world’s energy consumption. In the next two decades, electricity consumption 

for lighting alone is expected to rise by 60%.5 To sustain and ease this development increasing 

focus is being placed on the development of sustainable, energy efficient lighting solutions, e.g. 

white light creation via light emitting diodes (LEDs).  

Following the seminal work of Bawendi and Bulovic,6 a wide variety of NC based LEDs 

have been developed.7-9 In some display applications, a critical figure of merit of an eye 

pleasing light source is a broad and well-balanced spectrum as benchmarked by the 

Commission Internationale de l'Éclairage (CIE) coordinates.  

There are a few primary approaches toward creating broad emission spectra with target 

CIE coordinates using semiconductor nanocrystals as an active element. The first approach is to 

produce a white light spectrum by mixing NC of different emission color.10 However, 

multilayered devices created in this manner are susceptible to efficiency loss due to self-

absorption.11 Another approach is to synthesize multi-shell NC that emit a white light spectrum 

from the combination of different colored light from distinct shells.3  This approach results in 

NC with high photoluminescence (PL) quantum yields, but requires a complicated multistep 
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synthesis. A third approach is to create very small CdSe NC that have both some distribution of 

band edge excitonic (core) PL and a broad deep trap (surface) PL.12 The benefit of this approach 

is that it only requires a simple single step synthesis.  

This chapter describes a study that uses temperature dependent photoluminescence 

(PL) spectroscopy on small CdSe NC with various surface chemistries so as to identify the 

microscopic mechanism by which white light emission from nanocrystals may be engineered 

and rationally controlled. CdSe NC were synthesized following the work of Peng and Peng13 with 

slight modifications. Previously, Rosenthal argued that these small NC emit white light at room 

temperature due to a presumed broad distribution of surface defects.12  The ligand exchange 

from TOP/Cd-phosphates* to N-butylamine and choice of temperature dramatically alter the 

relative amounts of surface vs. band edge excitonic PL. It is shown that these results can be fully 

explained using the Marcus-Jortner type model. 

3.2 Results and Discussion 

 

Figure 3.1 shows absorption and PL spectra of small CdSe NC before and after post-

synthetic ligand exchange to butylamine. The absorption spectra (Fig. 3.1a) shows the lowest 

absorption features (band edge exciton) at 2.87 eV for TOPO capped NC and at 2.92 eV for 

butylamine capped NC. As the energy of this absorption feature is directly related to the 

quantum confinement of the exciton within the nanocrystal, one can determine the size of the 

nanocrystal from the energy of the absorption feature.14  From the energy of the first 

                                                           
 

* As pointed out in the introduction, these NCs have a mixed passivation of TOP and cadmium 

phosphonates, not TOPO as originally referred to in the manuscript.  
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absorption feature it is estimated that the NC both have a diameter of ~1.8 nm, before and 

after the ligand exchange.14 

  

Figure 3.1 Room temperature a) absorption and b) photoluminescence (PL) spectra of the 
natively passivated NC, before and after ligand exchange with butylamine 

 

The blueshifting of the band edge exciton (Figure 3.1a) can be explained by either a 

reduction in size of the NC (edging) caused by some surface atoms being stripped from the 

crystal by the ligand exchange,15-16 or by a redistribution of electronic density of the NC core.17 

In order to determine the reason for this shift, a ligand exchange from butylamine back to the 

native ligand passivation was performed.17 Since the absorption feature did not shift back to 

the original position, but further to the blue, it can be concluded the shifting is caused by 
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edging of the NC surface atoms caused by the ligand exchange reaction. Chapter 4 contains an 

in depth analysis of this ligand exchange reaction. Other than this small blueshifting as expected 

from a ligand exchange, the spectral features in the absorption spectra are largely unchanged. 

Hence the ligand exchange can be considered to preserve the electronic structure of the CdSe 

core excitonic states.  

Fig. 3.1 b) shows the PL spectra of the native ligands and butylamine capped NC. Both 

samples were excited at 360 nm (3.44 eV) and the spectra were normalized to their absorbance 

at this wavelength, in order for the intensities to reflect the relative quantum yields. Both 

spectra exhibit two distinct PL peaks. The narrower peak at higher energy (2.70 eV for the NC 

passivated with native ligand passivation, 2.78 eV for butylamine capped NC) is due to PL from 

the core band edge exciton, whose electronic structure is now well understood. The surface 

band is redshifted from the core band. Historically the surface PL band is thought to arise from 

selenium defect sites on the nanocrystal surface,18-19 and Chapter 4 of this dissertation gives 

additional insights into the role of Z-type ligands in surface trap emission. 

While the absorption spectra for the differently capped NC are very similar, there are 

large differences between the PL spectra. The majority of the radiation for the natively 

passivated NC comes from the surface, and the spectrum is very broad (with FWHM of ~ 0.6 

eV). In case of the butylamine passivated NC the core radiation is enhanced by 68% and the 

surface radiation is substantially decreased.  

 

To understand the spectral outcomes for differently passivated NCs one has to take a 

closer look at the ligand passivation process. Amine ligands have been known to increase the PL 
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quantum yield of NC relative to the native passivation used in the synthesis.17 Previous work 

has suggested that poor surface passivation is the cause of non-radiative relaxation pathways, 

which decrease the quantum yield.16, 20 Since butylamine binds strongly to the NC surface and is 

less sterically hindered than the native passivation, higher capping densities are achieved.21   

 

 

Figure 3.2 Surface passivation dictates the thermodynamics of the PL spectra. a) PL spectra 
upon excitation of the natively passivated NC resonant with the band edge exciton, inset shows 

core peak at select temperatures. Only selected spectra are shown for clarity  b) Same as a), 
upon excitation of the butylamine passivated NC. c) The integrated spectral lineshapes (see text 

for details) vs. temperature. d) Same as c), for the butylamine passivated NC. Points are data 
and lines are fits to a semiclassical electron transfer surface trapping model (see text for 

details). 
 

Figure 3.2 shows the temperature dependent PL spectra of the two NCs of different 

passivation. In both systems, t  he surface band monotonically increases in intensity as 
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temperature is lowered, ultimately saturating at some maximum value. In contrast, the PL 

response of the band edge exciton here is quite complex. In the case of the natively passivated 

NC, the core PL initially increases as temperature is lowered, precisely as expected. Remarkably, 

the core PL then decreases in intensity by an order of magnitude as temperature is lowered 

from 250 K to 70 K, only to increase again as the NC is further cooled to below 50 K.  Butylamine 

capped NC display a similar trend for the surface emission. However, for the core radiation 

peak the intensity never decreases to the noise level and can be observed throughout the 

temperature range of the experiment. The blueshift and narrowing of the core and surface PL 

bands with decreasing temperatures is consistent with prior work.12, 21 

Figure 3.2 c) and d) show the integrated intensities of the core radiation and surface PL 

bands at different temperature, for natively passivated and butylamine passivated NC. Before 

integration the spectra were converted into spectral lineshapes to factor out the 3 

dependence to spontaneous emission, to give a better representation of the actual carrier 

populations that lead to core and surface radiation.22  

The data clearly shows a thermodynamic relation of the two distinct bands. Traditionally 

the surface radiation had been thought to arise from a broad distribution of mid-bandgap deep 

trap states,22-23,24 but this mechanism does not account for the temperature dependence of the 

surface quantum yield, these trends however can be explained by the Marcus-Jortner type 

model.22 In classical electron transfer theory, internal configurational changes are disregarded 

and only low-frequency modes representing interaction with the medium are considered.25  

This approach has been shown to not adequately account for electron transfer rates over the 

entire temperature regime in several  
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Figure 3.3 a) Cartoon of the model. λ refers to the reorganization energy, ΔG* is the activation 
barrier to the surface, and ΔG refers to the energy gap between the first excitonic state and the 
surface. b) The ratio of integrated lineshapes of the core PL and the surface PL bands, plotted 

against temperature. The lines connect temperature pairs at which the PL ratio is equal for 
differently passivated nanocrystal. c) Spectra for which the ratios of core to surface radiation are 

the same. Spectra are normalized in intensity and energy to account for the temperature 
dependent energy of the PL 

 
systems.25  In the Marcus-Jortner type electron transfer approach to surface trapping 

the vibrational modes of the system are modeled by partitioning into a single mean high-

frequency mode representing internal vibrations and a single mean low-frequency mode 

representing interactions of the exciton with the medium/ligands. 
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In NCs, a single core excitonic state (band edge exciton) is coupled to a single surface 

state via these two modes.  The classical mode corresponds to interactions involving the ligand 

and the bath, whereas the quantum mode corresponds to the longitudinal optical (LO) phonon 

internal to the NC.   Tunneling through the potential barrier is allowed via this quantum mode, 

a significant point in determining ET behavior at low temperature which is neglected in classical 

ET theory. For the classical mode, a small free energy difference ΔG and activation barrier ΔG* 

(Fig. 3a) between the 1S band edge exciton and the surface state dictates the thermodynamics 

of the populations. In electron transfer theory, this activation barrier ΔG* emerges 

mathematically from the free energy difference ΔG and the reorganization energy λmedium, a 

parameter representing the energy difference between the two parabolic free energy surfaces 

at any given configuration coordinate (Fig. 3.3a).  However, the quantum mode, in which 

vibrational energy levels are larger than thermal energy, is singularly characterized by the 

Huang-Rhys coupling parameter S = λintenral/(ħω).  The large broadening and redshifting of the 

surface band arises from Franck-Condon progressions due to LO phonons (quantum mode) 

being strongly coupled to the surface state (Fig. 3.3a). This approach has been validated by us in 

detail in model II-VI NCs.22  Recently a similar Marcus-Jortner approach has been used to 

describe metalloprotein electron transfer.26 The couplings to the relevant phonon modes have 

also been investigated in detail by us using femtosecond pump/probe spectroscopy and 

resonance Raman spectroscopy.27-29  
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This model is the basis for explaining the different radiative trends for differently 

passivated NC shown in Figure 3.2.   The data was fitted to said model and the fits are displayed 

in Figure 3.2 c) and d). The fits indicate that the model can suitably account for the complex 

temperature dependence of the spectra for both bands for both ligand systems.  The free 

energy differences ΔG, activation energies ΔG*, and couplings (S, λ medium) to the relevant 

modes for both ligand passivations  were calculated from the Marcus-Jortner type model(see 

Table 3.1). The main difference between the two ligand passivations is the reorganization 

energy for the classical mode  (λmedium) which corresponds to the low-frequency phonon modes 

of the ligands and bath, while the coupling along the quantum mode (S) is only marginally 

affected.25  

Table 3.1 Calculated Variables for the two different ligand passivations 

 Native Ligands BA 

λ 96 meV 9 meV 

S 19.5   20.1  

ΔG 54 meV 72 meV  

ΔG* 5 meV 110 meV  

λ =displacement along the classical coordinate, S= Huang-Rhys parameter, ΔG=energy 
difference of the excitonic to the surface state, ΔG*= activation barrier from the excitonic to 
the surface state. 

 

Since the coupling to the classical mode refers to the coupling to the bath, is seems 

highly intuitive that changing between ligands with different chemical and steric attributes 

would mainly affect the coupling to the external medium. The ligands N-butylamine and the 

native ligand system produce substantially different chemical environments at the surface of 

the nanocrystal which physically translate into different the energy requirements (i.e. 
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reorganization energies) to transition between the core and the surface state at a fixed 

configuration.  

These indicate that the medium reorganization energy for the mixed TOP/cadmium 

phosphonate ligand mixture is substantially greater than that for butylamine.  Such a result is 

qualitatively consistent with theoretical predictions.  Marcus originally invoked dielectric 

continuum theory to model outer sphere reorganization energy.30 In this theory, the 

reorganization energy is proportional to outer sphere polarization (dielectric constant).31-32 In 

this experiment, the bonds of cadmium phosphonates near the surface of the NC are 

substantially more polar than those for butylamine, which is expected to result in a much larger 

reorganization energy. Previous studies have shown that the reorganization energy of the 

surface state is linearly correlated to the polarizability of the solvent system34, and that it is 

proportional to the work required to reorient permanent dipoles in the outer sphere medium.33 

TOP as a bulky multi carbon chain molecule requires more energy to reorient its dipoles than 

the quasi one dimensional butylamine.  

Apart from previous work by the Kambhampati group only one group has measured 

reorganization energies for ET to nanocrystal surface states.  The values of reorganization 

energy found by the Scholes Group are consistent with those obtained in this experiment.34 The 

activation energy (ΔG*) is inversely proportional to the coupling to the classical mode and is 

also hugely affected by the choice of passivating ligands.  Finally, the energy gaps between the 

first excitonic and the surface state are slightly different (22 meV) for the different passivation 

cases. This can be explained by the fact that different ligands create different potentials for 
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charge carriers on the NC surface. DFT calculations have shown that average binding energies 

for amine and phosphine ligands are different, but on the same order of magnitude.35  

 

From Figure 3.2 it can be seen that there are three distinct temperature domains, with 

different ratios of the two radiative pathways, which can be easily explained using the Marcus-

Jortner type model. At high temperatures (~300 K to ~100 K) for natively passivated dots there 

is enough thermal energy for carriers to overcome the energy barrier (5 meV) from the band 

edge exciton to the surface state, as well as back transfer. Hence both core and surface 

radiation are present in this temperature range. Since the surface state is lower in energy (54 

meV) the majority of carriers emit from the surface into the ground state. In the mid-

temperature regime (from ~100 K to ~70 K) there is still enough thermal energy (5 meV) for the 

forward charge transfer (CT) but not the reverse. In this case the core PL band drops to the 

noise level. In the cold temperature regime (> 70 K) the forward CT reaction does not take place 

with efficiency due to the energy barrier (5 meV). This leads to re-emergence of detectable core 

emission, which in the mid-temperature regime was not present. 

In the case of the butylamine capped NC, the main difference is that the core PL at all 

temperatures relative to the surface radiation is more intense than in the case of the native 

ligands. Additionally the core PL never vanishes. Since the energy barrier is much higher than in 

the case of the native ligand passivation (110 meV vs. 5 meV), a majority of carriers does not 

overcome the barrier at any temperature in the range studied and the surface radiation is more 

result of carriers tunneling from the band edge exciton to the surface state. However, the large 
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energy difference of the two states (72 meV) makes tunneling back to the band edge excitonic 

state improbable.  

 

Based upon the similarities of the absorption spectra and core PL spectra, in conjunction 

with the success of the Marcus-Jortner type ET model in reproducing the functional forms of 

the PL response, one is poised to glean insight into how the surface may be controlled for key 

applications thereby enabling rational implementation of these NC system into optoelectronic 

devices such as LEDs and displays. The PL spectra in Fig. 3.2a-b would suggest in the prevailing 

deep trap picture that the natively passivated NC merely have more surface defects than their 

amine counterparts. If this were the case, indeed it would indeed be difficult to rationally 

control these systems by suitable ligand systems. However, this model suggests a very simple 

way to reconcile the clear difference in the room temperature PL spectra. The effect of the 

ligand appears to be a shift the thermodynamic equilibria rather than causing any selective or 

chemically specific “degradation” of the surface.  

In order to further explore this idea, the relative intensities of each system in Fig. 3.3 

need to be addressed. In both systems, the amount of core PL is a small fraction of the total PL 

(1 – 10 %). Both systems also follow a similar functional form with some critical temperature at 

which there is a minimum in the relative core PL. Similar behavior in a family if II-VI NC of a 

range of sizes has been reported.22 Within this scheme, the idea is that changing the surface 

ligands merely controls the position of the surface state in the relevant configuration 

coordinate diagram. In this picture, the only difference between the two systems as reflected in 
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their PL spectra is the population equilibrium which is governed by the energy barrier 

differences which are the quantities that are chemically controllable by ligand exchange.  

 

Indeed one finds horizontal lines which connect the relative PL intensities of the native 

ligand system to the amine system at some different temperature, Fig. 3.3a. Fig. 3.3b shows the 

PL spectra of the two systems at different temperatures. At room temperature, one might 

mistakenly conclude that the native ligand system has a more defect laden surface than the 

amine system due to a much more prominent surface band. Essentially, the native ligand 

system near room temperature is spectrally the same as the amine system at low temperature 

as dictated by equivalent population distributions at the dissimilar temperatures. The PL 

spectra would be still more similar were thermal broadening effects taken into account.36 

In the past ultra-small CdSe NCs have been thought of as being fundamentally different 

from “normal-sized” NCs.37-38 Because most of the atoms are on the surface of the NC it has 

been suggested to treat these NCs as large molecules. The results in this chapter show that 

ultra-small NCs PL can be explained by the same semiclassical electron transfer model used for 

NCs of bigger sizes. Ultra-small NCs are merely a subset of normal NCs. These small NC are 

merely a limit to semiconductor nanocrystals in which the surface area is maximized for some 

application – white light emission in this case.  
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Figure 3.4  Synthetic control of PL spectra and color rendering capacity. a) Normalized PL 
spectra of two NC batches using different cooling techniques. b) Commission Internationale de 
l’Éclairage (CIE) coordinates for the different spectra. The externally cooled reaction yielded NC 
with CIE coordinates of x=0.356, y=0.398. The externally+injection cooled reaction yielded NC 

with coordinates of x=0.340, y=0.335, which equates to a perception of white light to the 
human eye. 

 

Figure 3.4 a) shows the PL spectra of two natively passivated nanocrystal samples 

synthesized under slightly different conditions. The only difference in the two methods was 

how the reaction was terminated using cooling. One reaction was cooled by submerging the 

reaction flask in water (external cooling only method) to quench the reaction, whereas the 

other reaction was quenched by external cooling and simultaneously injecting 3 mL of nonanoic 

Acid (injection+external cooling method). The latter cooling technique produces a spectrum 

with a more defined core and surface peak. One possible explanation for this difference is a 
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smaller size distribution of the NC as this technique employs a more uniform cooling. When 

comparing the first absorption features of different NC batches synthesized employing both 

cooling techniques, the FWHM of the first absorption feature of the NC cooled with the 

injection+external method is smaller. This indicates a smaller size distribution.39  Figure 3.4 b) 

shows the corresponding CIE coordinates. As can be seen from the figure, the more defined 

spectrum creates a light that is perceived as very white.  

 In previous publications the core emission has been described as biasing the white light 

emission to a certain color12. From Figure 3.4 it can clearly be seen that an adequate mixture of 

core and surface emission gives a well-balanced white light. This means that to generate high 

quality white light emitting NC both radiative pathways have to be understood and taken into 

consideration. 

In light of the capacity to rationally control the relative populations of emitting states 

the core and the surface of the NC, the thermodynamic control of the CIE coordinates is 

explored. Since the spectra are highly temperature dependent, the perceived emission color of 

the NC can be varied with temperature. Temperature dependence of the CIE coordinates is 

pertinent to real applications of NC white light emitters, since different devices would work 

differently in distinct temperature regimes.  Fig. 3.5 shows the thermodynamic control of the 

color rendering of differently passivated NC. The temperature dependence of the effective 

emission color of the samples is result of two distinct processes. The primary cause is the 

changing ratio of core to surface emission with temperature. The secondary process is the blue-

shifting of the PL with decreasing temperature.36 This shows that apart from chemical control, 

the CIE color rendering of a sample can be thermodynamically controlled.  
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Figure 3.5 Thermodynamic control of PL spectra and color rendering capacity CIE diagrams for 
different temperatures. The arrows mark the change of color from cryogenic to room 

temperature. b) Shows the color of butylamine passivated NC at room temperature in the 
blue/violet color region in addition to the color trajectory.  

 

3.3 Conclusion 

 

This chapter shows that performing a ligand exchange from native ligands to N-

butylamine shifted the emission from a surface dominated to a core dominated spectrum. 

Using temperature dependent PL showed that there is a free energy change of the surface state 

upon ligand exchange and that the ratio of core to surface radiation can be controlled with 

temperature. Further, all observations from room temperature to cryogenic temperatures 
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could be explained using the Marcus-Jortner electron transfer model.  Finally it is shown that a 

good white light emitting NC needs a well-balanced ratio of core and surface radiation. These 

results demonstrate that the emission of small white light emitting CdSe NC can be understood 

the same way as the emission of normal-sized CdSe nanostructures and that surface chemistry 

and thermal energy can be utilized to rationally design single white light NC emitters.  
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Chapter 4: Re-examining the understanding of the NC surface via N-

butylamine ligand exchange 

4.0 Introduction 

 

This chapter was partially adapted with permission from Krause et al., “Ligand Surface 

Chemistry Dictates Light Emission from Nanocrystal” J. Phys. Chem. Lett. 2015, 6, 4292–4296. 

Copyright 2015 American Chemical Society. As seen in Chapter 3, changing from TOP/Cd-

phosphonate ligands to N-butylamine greatly affects the NC emission spectrum. The fact that 

the emission shifts from surface dominated to core dominated as the spectral features blue 

shift indicates a fundamental change to the chemistry of the NC surface. As described in 

Chapter 2.1, new insights into ligand exchange chemistry allow for a deeper analysis of this 

process. In the current Chapter the TOP/Cd-phosphonate to N-butylamine ligand exchange 

reaction is monitored using PL and elemental analyses. The study reveals that as Z-type 

cadmium phosphonate ligands are stripped from the surface, the core emission peak blue shifts 

and the surface emission diminishes.  
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4.1 Motivation 

 

There is a broad body of work dedicated to the study of ligand exchange from native L-

type trioctyphosphine (TOP) and Z-type cadmium phosphonate ligands to L-type amines, 

especially butylamine (BA), which because of little steric hindrance has one of the highest 

displacement potencies of all ligands.1 Although early studies showed that BA functions as a 

photoluminescence (PL) quencher 2-3, several publications show that amine passivation can lead 

to an increase in photoluminescence quantum yield (PL QY).4-7 There are several accounts 

showing that in some systems there appears to be a threshold amine concentration, at which 

PL intensity decreases if surpassed.8-10 The large variation in accounts of this seemingly benign 

procedure serves as an indicator that this ligand exchange reaction is far more intricate and 

impactful to the NC surface than originally thought. 

 Here we employ new paradigms in surface chemistry to not only explain the differences 

between previous studies, but also to link emissive pathways to specific chemical groups.  In 

this study fluorescent spectroscopy, X-ray photoelectron spectroscopy (XPS), and Energy-

dispersive X-ray spectroscopy (EDX) are used to monitor the ligand exchange reaction from 

native TOP/Cd phosphonate ligands to BA of three distinct NC samples. “Conventional” CdSe 

NCs that only emit from the core excitonic state are compared to two small NCs which display 

both core and surface emission, but have different cadmium to selenium surface ratios. This 

study shows that the emission originating from the NC surface can be linked to the presence of 

Z-type cadmium phosphonate ligands bound to surface selenium sites. Further it is 

demonstrated how the contradictory accounts regarding the quenching effects of BA on NC 

emission can be explained by inadequately chosen experimental conditions.  At high 
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concentrations of BA and NCs displaced ligands cause scatter that decreases the observed PL 

intensity. 

4.2 Results and Discussion  

 

In order to explore the impact that the addition of BA has on the emissive properties 

and the surface stoichiometry of NCs, this study compares conventional NCs that nearly 

exclusively display core PL to small dual (core and surface) emitting NCs with both selenium and 

cadmium enriched surfaces. All three NC samples have both cadmium lattice terminations 

which are binding sites for native TOP molecules, and selenium terminations to which Cd-

phosphonate ligands can bind. In this study “cadmium enriched” refers to NCs with higher 

amounts of Cd-phosphonate ligands than “selenium-enriched” NCs, but both systems display 

Cd and Se lattice terminations (see supplement for synthetic procedure).  

Figure 4.1 shows the change in PL after waiting for 3 h following the addition of different 

amounts of BA for the three distinct CdSe NC samples. This wait time was chosen to ensure that 

the ligand exchange reaction had reached equilibrium. In the case of the conventional NCs (Fig. 

4.1a) the PL QY steadily increases with increasing amounts of BA, up to three times at the 

highest concentration used in this study (Fig. 4.1d). In the case of NCs that display significant 

amounts of both core and surface emission, the changes in emissive behavior are more 

intricate. While the core peak increases in intensity for the both Se-rich (Fig. 4.1b) and the Cd-

rich (Fig. 4.1c) NC samples, the surface peak diminishes in both cases. The change in total PL QY 

(core and surface peak) shows an initial increase up to a threshold concentration of 5.0x10-5M 

BA, followed by a decrease upon addition of more BA (Fig. 4.1d). Looking at the PL spectra it 
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can be seen that at low BA concentrations both core and surface peaks are enhanced as 

compared to the neat sample, and that at higher concentrations only the core peak increases, 

while the surface peak diminishes. This diminishment is accompanied by a blue shift of the core 

emission band. To understand the changes in emissive behavior requires a more nuanced 

appreciation of the ligand exchange chemistry.  

 

Figure 4.1 PL spectral changes after the addition of different amounts of BA to natively 
passivated NCs. 

 

The addition of an L-type ligand with strong displacement potency (BA) to an NC sample 

with L-type ligands (TOP) attached to surface cadmium, and Z-type ligands (cadmium 

phosphonates) attached to surface selenium results in two distinct concurring processes. The 

new L-type ligand passivates surface cadmium sites. This entails the bonding to previously 

unpassivated sites and the exchange of the native L-type ligands from these sites, which results 

in a net-increase in surface passivation. This addition leads to decrease in unpassivated surface 
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cadmium sites, which function as non-radiative electron traps, and thus an increase in core PL 

QY is observed.9  

In concert with this passivation of cadmium lattice terminations, the new L-type ligands 

also promotes the removal of Z-type ligands from surface selenium sites. In this displacement 

reaction the Lewis base ligand bonds to the cadmium moiety of the Z-type ligand and there is 

no addition of the L-type ligands to surface selenium, thus it represents a net decrease in 

surface passivation. Both these reactions are reversible and their equilibrium depends on 

factors like ligand and NC concentrations and temperature. It has been shown that the addition 

of L-type ligands to surface cadmium drives the equilibrium of Z-type displacement; when BA is 

added to NCs with native TOP/Cd phosphonates ligands NCs cadmium  surface sites are 

passivated first, followed by a displacement of Z-type ligands.1  
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Figure 4.2 Changes in PL over time for Cd-rich NCs after the addition of a) 5.0x10-5M  and b) 
8.4x10-3M BA. 

 

As this kind of ligand exchange takes place over tens of minutes to hours at room 

temperature, the reaction can be easily monitored by acquiring PL spectra at different time 

intervals. Figure 4.2 shows the small Cd-rich NC samples after the addition of 5.0x10-5M BA (Fig. 

4.2a) and 8.4x10-3M BA (Fig 4.2b). At low BA concentrations the surface emission is not 

depleted and increases in intensity simultaneously with the core peak, which shifts by ~19 meV 

(Fig. 2c). In comparison, at high BA concentrations, the surface peak diminishes in concert with 

a large core blue shift of ~53 meV. This blueshift is an indicator of Z-type displacement. 

Increasing the amount of surface cadmium in form of Z-type ligands has been shown to redshift 

the lowest energy absorption feature and the core PL1, 11, which means that these ligands not 

only passivate surface selenium atoms, but they also form part of the exciton confinement in 
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semiconductor nanocrystal. Conversely, the removal of these ligands leads to a spectral 

blueshift.  

In the low BA concentration case (Fig. 4.2a), the excess of BA to NC is about ~200 fold, 

which is the same order of magnitude as the total number of cadmium binding sites for NCs in 

this size regime.1, 9, 12 The equilibrium between bound and free ligands is shifted toward free 

ligands at low concentrations, thus it can be assumed that most BA molecules are either bound 

to surface cadmium or free in solution, thus an increase in PL intensity is observed as Cd sites 

are passivated. Since there is not enough BA to drive the Z-type displacement only a small 

blueshift is observed. At high BA concentration (-33000 fold excess) the cadmium sites are 

passivated and there is enough excess BA in solution for displacing up to 95% of Z-type ligands,1 

hence both an increase in core PL and a large blueshift are observed. 

In addition to the removal of Z-type cadmium ligands, amine induced edging of surface 

selenium has been reported. When NCs are exposed to air, some of the surface selenium 

oxidizes. SeOx species are acidic and they dissolve in the basic amines over time.13 However, the 

instantaneous blueshifting of the core PL upon addition of BA described in this study is most 

likely caused by the removal of cadmium, rather than oxidized selenium species. There are 

several indicators to support this conclusion. First, detailed studies of amine-assisted facet 

edging show that the bluehsifting of spectral features occurs over a time scales of tens of hours 

at elevated temperatures after the complete ligand exchange13, and not instantaneously at 

room temperature as in this study. A digestion of the NCs takes place if stored for several days 

at room temperature after the ligand exchange to BA, but this does not account for the 
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immediate blueshift upon ligand addition. This slow edging can most likely be attributed to be 

the removal of oxidizing surface selenium.  

Secondly, XPS and EDX measurements before and after a complete BA ligand exchange 

(see supplemental information for synthetic details) shows a relative increase of surface 

selenium, which shows that surface Cd, rather than Se is removed (Table 1). A SeO2 peak 

appears in the in all three BA exchanged NCs (See Appendix B). Lastly, the NCs with a cadmium 

enriched surface (Table 4.1) display a somewhat higher blueshift than the Se-riched NCs, which 

is consistent with the idea that if there are more Z-type ligands on the native NC, more Z-type 

ligands are removed during the BA exchange. These three consistent and complimentary 

observations lead us to the conclusion that the observed blueshift (and the simultaneous 

decrease in surface emission) is caused by the loss of surface cadmium, not surface selenium. 
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Table 4.1 Changes in the Cd/Se ratio after complete BA exchange* 

* See Appendix B for details 

 
 
 

The observation that the removal of Z-type cadmium phosphonate ligands from the 

surface is accompanied by a decrease in surface emission is unexpected. Z-type ligands are 

thought to increase (core) PL QY1, 14 by passivating Se-hole trapping sites15. It has been reported 

that adding surface cadmium decrease trap emission, but since this addition also increases the 

NC size as well, it is difficult to isolate the exact causation of this effect.11 Yet it appears that the 

presence of Z-type ligands is a condition for surface emission and it highlights the fact that 

chemical nature of radiative surface traps is not fully understood. 

Traditionally surface emission has been ascribed to dangling surface Se bonds that 

function as hole traps.16-17  Recent DFT calculations show that the nature of surface traps is 

more complicated. Simulation of small clusters show that filled, dangling Se bonds are not 

inherently trap states and can contribute to the band structure.18 For bigger and more realistic 

DFT models, crystal orbital overlap population analysis has shown that the trap states 

associated with selenium facets on the NC surface can be linked to anti-bonding Cd-Se orbitals19 

and are delocalize over several chalcogenide surface atoms.18 As an alternative to this theory it 

has been proposed that TOP-bound surface selenium functions as trap state,6 but it since has 

Sample XPS-native EDX-native XPS-BA EDX-BA Max Blueshift 

Conventional 2.06 1.22 1.67 0.67 39 meV 

Se-enriched 0.57 0.43 0.52 0.54 45 meV 

Cd-enriched 1.25 1.00 0.73 0.25 74 meV 
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been pointed out that TOPSe is not as strong a ligand as previously thought and only attaches 

to surface Cd in the absence of other ligands.20 

The decrease in surface emission upon ligand exchange with a primary amines has been 

explained with the idea that the methylene group next to the amine moiety of a ligand bound 

to a neighboring Cd atom somehow partially passivates selenium hole traps.21 This explanation 

however is somewhat unlikely. Firstly, this argument would also apply to the native TOP 

ligands. Secondly, the passivation of hole traps by the methylene group of neighboring ligands 

only applies to mixed facets; pure Se facets that make up large parts of the total surface 

selenium21 are not accounted for. Thirdly, Figure 4.2a shows an increase of surface emission in 

concert with increasing amine passivation of surface cadmium sites.  

Explaining the connection between the removal of surface cadmium and the decrease in 

surface PL requires an analysis of NC carrier dynamics. The Marcus-Jortner type model can 

account for these changes in surface emission.22-23 As described earlier, the energy barrier for 

charge carriers from the core excitonic state to the emissive surface state depends on the 

relative difference in energy of the two states and the surface state’s reorganization energy. In 

case of native cadmium phosphonate and TOP ligands the energy barrier is an order of 

magnitude lower than for butylamine passivated NCs.24 This model predicts that the removal of 

Z-type ligand would increase the energy barrier and make the radiative surface state less 

accessible for trapping charge carriers.  

 
The recent advances in the understanding of NC surface chemistry allows for the re-

evaluation of seemingly contradictory accounts. There exist two impactful papers, as they have 

been cited several hundred times, that wrongly classify BA as a hole-trapping, static quencher.2-
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3 Over the years the papers’ conclusion that N-butylamine occupies hole sites and thus blocks 

radiative recombination has either been accepted, or the contradictory conclusion with other 

accounts has been rationalized by etching or surface reconstruction,13, 25 by the solvent used in 

the experiments (toluene)5, or by NC size dependent response to BA.6, 8, 26 The data presented 

in these papers and the description of their experimental design suggest a different conclusion.  

First, the ligand titration experiments were performed on NC solutions with optical 

densities of 0.1 OD at the first absorption feature at 533 nm. Since the absorption cross-section 

increases steeply in the continuum part of the NC absorption spectrum, it can be assumed that 

at the excitation wavelength of 400 nm the optical density was ≥0.12-.0.15, which is out of the 

linear Beer-Lambert’s regime. For accurate PL measurements an OD≤ 0.05 at the excitation 

wavelength should be chosen.27 Secondly, the authors report to have acquired optical spectra 

straightaway after the addition of BA, which does not give enough time for the PL increasing 

effect of BA to set in.  Figure 4.2 shows that the ligand exchange of BA at room temperature 

takes up to 3h hours to complete. Since the experiments in the original accounts were 

performed at NC concentrations ~5x higher than in this study, the reaction time would be even 

slower, as the equilibrium between native bound and free ligands goes toward the bound state 

with increasing concentrations.9  Thirdly, the authors report that there is no shift in the energy 

of the absorption or the PL spectra after the addition of BA, which contradicts the notion of NC 

edging. Further, they show that the PL lifetime of the NCs stays constant. Both the removal of 

surface selenium and cadmium leads to a blueshift in absorption and PL.  
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Figure 4.3 Reproduction of experimental design of ref. 2 

 

These factors suggest that the reason for the observed quenching is scatter caused by 

native ligands that are displaced within the first few seconds after the addition of BA. The 

experiments reported were performed at very high BA concentrations (up to 0.04 M) and high 

NC concentrations (OD at 0.1 at the first absorption feature). This means that even when only a 

small fraction of surface ligands is replaced the amount of scatterers is still high enough to 

perturb PL measurements. Figure 4.3 shows a reproduction of the experiment. Adding large 

amounts BA to a high concentration NC solution causes an immediate decrease in PL intensity, 

but over time (~15 min) the PL QY is recovered and the characteristic spectral shifts are 

observed.  To support this hypothesis, dynamic light scattering measurements were performed 

on the solution directly after the addition of BA and detected particles with an effective 

diameter of ~440 nm (polydispersity of 0.23, count rate 26.3 kcps), which are likely aggregates 

of displaced ligands. 
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4.3 Conclusion  

 

In conclusion, the fact that the removal of Z-type ligands is accompanied by a strong 

decrease in surface emission suggests that these cadmium species play a role in radiative 

carrier combination on the NC surface.   Additional time resolved transient absorption 

spectroscopy combined with DFT calculations of Z-type passivated Se surface sites will have to 

be performed in order to fully explain this phenomenon.  Further it can be said that the long 

standing ideas that BA can function as a static quencher is a misconception originating in 

scatter of displaced ligands caused by wrongly chosen experimental parameters  in the original 

publications. 
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Chapter 5: Unraveling photoluminescence quenching pathways in 

semiconductor nanocrystals 

5.0 Introduction 

 

This chapter was partially adapted with permission from Krause et al., “Unraveling 

photoluminescence quenching pathways in semiconductor nanocrystals”, Chemical Physics 

Letters 2015, 633, 65-69. Copyright 2015 Elsevier. 

As shown in Section 1.2, the notion of a single surface state is a new idea and thus 

requires additional experimental evidence in order to become a universally accepted model. 

The following chapter is a fluorescence quenching study that analyses the response of both the 

core and the surface emission band to two different quenching pathways, namely charge 

transfer quenching and the external heavy atom effect. The study reveals that the decrease in 

surface PL upon addition of a charge transfer acceptor is uniform and does not change the 

spectral shape of the emission band. This result further discredits the “deep-trap” model, as 

charge transfer quenching of a continuum of states would induce strong spectral redshift. 

Further it is shown that the driving force for charge transfer quenching is more efficient for the 

core excitonic state than for the surface state, which is consistent with the parameters of the 

Marcus-Jortner type model. 
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5.1 Motivation 

 

Photoluminescence quenching studies of semiconductor nanocrystals have been used to 

investigate ligand passivation1-3, high-bandgap shell barriers4-5, and the interactions of NCs with 

different nanoparticles (NPs).6-9 In short, the changes to PL intensity and lifetime can be a 

marker for the interaction of the NC with its environment. Towards this application of sensing, 

one aims to quantify the PL response of the NC to some model quenching system. Such model 

systems should establish the mechanisms by which PL quenching takes place.  

A key problem in PL quenching studies is that many of the commonly used quenchers in 

these studies may chemically alter the surface and thereby obfuscate understanding of the 

quenching process. For example, in the past N-butylamine has been used for PL quenching 

studies, which as shown in Chapter 4 does not function as a quencher.10-11 Besides the increase 

in QY via ligand addition, amines are also known to assist in facetted edging of CdSe NC.12 This 

means that amines, or for that matter any traditional quenchers that can function as 

passivating ligands with high displacement potencies13, are an unsuitable choice as PL 

quenchers for studying semiconductor NCs. If the quencher used fundamentally changes the 

passivation (and in some cases surface composition) of NCs, changes in emissive behavior 

cannot be exclusively accounted for by standard fluorophore/quencher interactions. In the case 

of NC-quenching by other NPs9, the additional difficulty is that instead of a well-characterized 

chemical, less well-understood NPs are used.  

In this study compares the quencher/NC interaction, focusing upon iodine (I2) and 

iodobenzene (PhI) interacting with CdSe NC. These quenchers are used as they present a 

relatively unreactive alternative. Unlike Lewis bases these compounds do not participated in L-
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promoted Z-type ligand displacement, nor in the edging of selenium oxide.  This allows for 

cleaner evaluation of the mechanisms by which the quenching takes place. Iodine and iodides 

have been widely used and described as a universal quenchers, and their quenching 

mechanisms are well described for many different fluorescent systems.14 These characteristics 

make them suitable candidates to investigate the emission coming from the NC surface.  

For the NC, this study focuses on CdSe as it has been one of the main systems used to 

study surface excitonics. However, a key aspect remains missing from most quenching studies 

of NCs, even for CdSe NCs. As shown in the previous chapters, in order to obtain a full picture of 

exciton dynamics in NCs, both core and surface PL have to be taken into consideration. 

Moreover as the quenching may be a phenomenon intrinsic to the surface, it is essential to 

include surface PL in the quenching analysis. There have been many quantitative quenching 

studies, many using viologens,15-17 but in none of these studies has the relative quenching of 

core and surface been taken into account.  

5.2 Results and Discussion 

 

There are two general quenching mechanisms, namely static and dynamic quenching. In 

static quenching, a quencher forms a permanently non-fluorescent (or less fluorescent) 

complex with a fluorophore; the PL intensity decreases, and in theory the PL lifetime stays 

constant (this is only the case if the fluorophore is completely quenched). In dynamic (or 

collisional) quenching the PL lifetime decreases in concert with the PL intensity since the longer 

a fluorophore is in the excited state, the more likely it is to collide with a quencher molecule 
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and be temporarily non-fluorescent. The different regimes can give information about the 

chemical nature of the quencher/fluorophore system as well as the mechanism(s).   

NCs quenching is to some degree sample dependent. Even though synthetic 

reproducibility for small NCs can be increased by careful procedures (i.e. using aprotic polar 

solvents in the precipitation stage18), these systems still show some sample specific difference, 

e.g. completeness of ligand passivation and  colloidal aggregation, which make this study a 

qualitative analysis. 

Figure 5.1 Stern-Volmer plots of two sizes of NC quenched by I2 and PhI. a) D = 1.8 nm, b) D = 
5.1 nm, c) D = 1.9 nm d) D = 5.1 nm. Insets are the respective PL spectra (λexc = 405 nm) from no 

quencher added (blue) to final NC/quencher ration (red). 
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Figure 5.1 shows general trends in NC PL quenching via the effect that incremental 

increases of I2 and PhI have on PL intensities and 𝜏av of NCs of different sizes in Stern-Volmer 

(SV) representation. The first general observation is that I2 quenches much more efficiently than 

PhI, while for both cases smaller (D < 2 nm) NCs are quenched more efficiently than larger (D > 

5 nm) NCs. Another main difference between both quenchers is their effect on average lifetime, 

𝜏av. Figure 5.1a) shows a decrease of 𝜏av in concert with the decrease in PL intensity for small 

NCs, whereas for larger NCs (Figure 5.1b)) the change in 𝜏av is far small than the decrease in PL 

intensity. In the case of PhI quenching (Figure 5.1b)) 𝜏av changes for both size regimes. 

In order to properly interpret the SV plots, one has to look at the specific quenching 

mechanisms of I2 and PhI. Several experimental observations suggest that I2 is adsorbed to the 

NC surface and that the quenching mechanism is static, meaning that adsorbed quencher and 

NC form a permanent complex with a decreased PL intensity (depending on the amount of 

quenchers). First, in non-polar solvents (i.e. heptane, toluene) I2 disperses to form a purple or 

red/purple solution, indicating elemental I2. When this solution is added to a NC solution, the 

spectral I2 features disappear, indicating adsorption to the NC surface. Second, with increasing 

I2 concentrations the first absorption feature (band edge) of the NC redshifts (see Appendix B). 

Chemicals adsorbed onto the surface of NCs have been known to have the potential to induce 

redistribution of electronic density in the semiconductor core.19 As iodine is a Lewis Acid, it is 

most likely adsorbed to surface selenium sites. In comparison, PhI shows no shift in the 

absorption, indicating that the iodide group does not interact strongly enough with the NC core 

to contribute to redistribution of electronic density. Because of the absence of change in 

absorption spectra and the quasi in concert decrease in 𝜏av and PL intensity, it can be concluded 
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that PhI does not adsorb to the NC and the quenching is dynamic for all size regimes. Hence 

two different PL quenchers function with different mechanisms.   

A more complete understanding of the quenching behavior exhibited requires an 

analysis of the physical mechanism underlying the two types of quenching discussed.  Iodine 

(and iodide species) are known to quench emission via the heavy atom effect (HAE), which 

occurs when a heavy atom approaches a fluorophore and the emission is quenched via 

increased spin-orbital interaction.20 This interaction increases the rate of inter-system crossing 

into the forbidden triplet state (in NCs it is more probable that the HAE increases the influence 

of the dark exciton state, rather than a non-radiative triplet state).21 In addition to the HAE, 

iodide has been known to form charge transfer complexes (CT) with organic fluorophores.22 

From Raman studies of Iodine adsorbed to graphene surfaces it is known to be reduced to form 

iodide anions upon charge transfer and form I3
- and I5

- with excess neutral I2
23, which are both 

quenching species. It can be concluded that iodine quenches semiconductor NCs in an iodide 

like fashion. In comparison, in PhI the iodine atom is in its coupled from (as supposed to ionic 

form) and PhI quenches only via HAE and not via CT, which has been demonstrated by 

fluorescence correlation spectroscopy.22  

The size-dependent differences in 𝜏av upon addition of quencher as shown in Figure 1 a) 

and b) are a direct result of CT-style PL quenching. In this kind of static quenching interaction, 

the fluorophore does not fully quench the emitter and a partial effect on the fluorophore’s 

lifetime may be observed.  It is known from different semiconductor nanocrystal CT studies that 

PL lifetimes decrease with increasing CT acceptors adsorbed to the surface.24-25 For larger NCs 

𝜏av changes to much smaller degree relative to intensity (another indicator that I2 is adsorbed to 
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the NC surface), while the smaller NC sample shows a decrease in 𝜏av that surpasses the 

decrease in PL. On first observation one might conclude that small NCs quench dynamically and 

large NCs quench statically, but dynamic quenching alone cannot cause the 𝜏av to decrease to 

more than the PL.  

One could conclude that NCs with adsorbed I2 function as collisional quenchers for NCs 

without I2, and that small NCs display a higher degree of dynamic quenching as they have higher 

diffusion rates. This interpretation of the SV-plot is inadequate as the collision frequency of 

colloids on the nanometer scale is essentially size independent,26 meaning that smaller NCs are 

not more likely to collide among each other than larger NCs. The difference in the decrease of 

𝜏av is caused by CT rather than dynamic quenching. Since the rate of charge transfer increases 

with decreasing particle size15, small NCs display a bigger decrease of 𝜏av upon addition of a 

charge acceptor. This means that the decrease in PL lifetime observed in Figure 5.1 is most 

likely due to increased CT, rather than dynamic collisional quenching. Figure 5.1 c) and d) show 

NC quenching employing PhI. As discussed, in contrast to the iodine system, 𝜏av decreases in 

concert with PL in both sizes. This observation (in addition to the absence of band edge exciton 

shifts upon quencher addition) indicates that PhI quenches NCs dynamically. 

Figure 5.2 a) shows the relative amounts of Iodine required per NC to quench total PL. 

Iodine was chosen for this study, as it quenches more efficiently than iodobenzene.  
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Figure 5.2 Relative PL decrease as a function of the quencher/NC ratio for different-sized 
NCs. a) shows the PL decay relative to the amount of I2 added to solutions of NCs of different 

sizes. The concentrations were calculated form the absorption spectra.27 b) Compares the 
functional from of the tunneling probability of a confined electron in a well of different sizes to 

the relative PL quenching of NC at different sizes. 
 

 The smaller the NC the less quencher is required to completely quench the PL. This 

phenomenon has been observed in CdSe/ZnS NCs.5 Since the size of the semiconductor NC is 

smaller than the Bohr radius of the exciton, the exciton experiences quantum mechanical 

confinement, which is the origin of the NC’s defined energy levels.28-29 As the potential barrier 

between the lattice and its environment is not infinite, some part of the core wavefunction 
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leaks out from the lattice. Smaller NCs have excitonic wavefunctions with higher energy, which 

increases the probability of carrier tunneling.30 Higher wavefunction overlap with the quencher 

increases the degree of spin interactions and CT.31 In addition to wavefunction leakage the size 

dependence of Iodine quenching is intensified by the fact that quantum confinement shifts the 

potential of the conduction band of NCs to higher energy. With increasing potential difference 

between quencher and NC, the rate of CT increases, which increases quenching efficiency.6 This 

means that both CT and EHA effect increase with decreasing particle size. 

Figure 5.2b) shows the electron tunneling probability from NCs with different sizes 

calculated from a basic one dimensional quantum well. This approach was chosen to give a 

simple graphic representation of tunneling probability to give a qualitative comparison to the 

data presented.  The parameters for the calculation were taken from a finite depth spherical 

well model.30 Plotted on the second y-axis is the fraction of PL quenched after addition of 0.1 I2 

per NC. This concentration was chosen to minimize multiple quencher/NC interactions. At 0.1 I2 

per NC according to Poissonian distribution 99.5% of NCs have one or fewer quenchers 

adsorbed. This is no attempt to fit the data, and figure 2b) is merely an illustration that overall 

size dependent quenching has a similar functional form as the increasing tunneling probability 

with size, but that for smaller NC the size dependent quenching effect is larger than expected. 

This is a graphic representation of the fact that both EHA and CT based quenching increase with 

decreasing NC-size. 
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Figure 5.3 Quencher dependent spectra changes of ultra-small NCs for a) I2 and c) PhI. The 
spectra are normalized to the core emission peak maxima. b) d) are the ratio of the integrated 

surface to core peaks, the NC concentrations are ~9x10-7 M for I2 and ~4x10-7 M for PhI. 

 

Figure 5.3 shows the PL of ultra-small CdSe NCs with a diameter ≤ 1.8 nm after addition 

of the respective quenchers. NCs in this size regime have about 80% of their core atoms on the 

surface.32 These ultra-small NC are thus good test cases for explaining the nature of the core-

surface interaction. 

Whereas in Figure 5.3a) (I2) the core is quenched more efficiently than the surface, in 

Figure 3b) PhI quenches both emission bands equally. This observation shows the fundamental 

difference between CT and EHA quenching mechanisms. As mentioned before, the rate of 

charge transfer increases with the potential difference between the semiconductor and the 
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acceptor. The redox potentials for iodide species have been studied in different solvent systems 

and mostly lie between 0 and 1.3V.33 The CdSe NCs have conduction band potentials of  -1V to -

2V34-35 (depending on NC size) whereas the surface state has lower potentials. Potential 

difference to the core excitonic state between 50 meV and several hundred meV have been 

reported35-36 and thus the rate of CT from this state is lower. This energetic difference affects 

the driving force behind CT and would lead to a slower rate of charge transfer. Once a carrier is 

in the surface state it is slightly less likely to undergo CT and hence a relative change in surface 

to core emission is observed over the course of the quenching experiment. This result is in 

agreement with previous quenching studies employing CT.6, 22 PhI quenching on the other hand 

is a pure heavy atom effect, and thus quenches core and surface indiscriminately. 

These quenching experiments further yield insight into the nature of the surface PL 

band and substantiate the Marcus-Jortner type model, which accounts for the large surface 

bandwidth by homogenous broadening via phonon progressions.37 Since there no major 

spectral shifts of the surface band are observed in iodine quenching, one would expect a single 

surface state rather than a random energetic distribution of trap states.  

Throughout these experiments no major changes in shape of the surface emission peak 

are observed. All PL spectra display a slight redshift of the core and surface peak with increasing 

quencher concentration. This is likely due to more efficient quenching of smaller NCs within the 

size distribution. If the conventional view of the surface emission arising from distributions of 

trap states within the bandgap were true, one would expect a major red shift of the surface 

emission with increasing quencher concentrations, as energetically higher traps would be more 

efficiently quenched than lower ones, by more efficient CT.  
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5.3 Conclusion  

 

In summary, this chapter shows that Iodine and Iodobenzene both exhibit size 

dependent NC-quenching efficiencies. Iodine quenching displays charge transfer and external 

heavy atom effect, whereas PhI only quenches via the latter. The study shows that the surface 

band is caused by a state that competes with NC external charge transfer. Carriers in the 

surface state are less likely to participate in external charge transfer than carriers in the core 

state. The fact that throughout the CT quenching experiments no major spectral red shift of the 

surface band is observed serves as a further indicator to discredit the “deep trap” model of 

surface fluorescence. 
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Summary, Future Directions, and Concluding Thoughts 
 

Summary 

This thesis employs different PL spectroscopy techniques to explain how the surface 

chemistry of NCs impacts carrier dynamics. 

 Chapter 3 employs temperature dependent PL to analyze how spectral changes induced 

by different ligand passivations can be accounted for by the change of electron-transfer 

parameters such as reorganization energy and even energy difference between the core and 

surface state itself. Further, the chapter shows how the tuning of synthetic conditions can yield 

NCs with very white emission spectra. 

Chapter 4 contains an in-depth analysis of how the alteration in surface stociometry 

induced by the ligand exchange from TOP/Cd-phosphonate ligands to N-butylamine effect NC 

carrier dynamics. This chapter shows the previously unknown link between the presence of Z-

type ligands on selenium binding sites to the radiative recombination of surface trapped holes.  

Further, Chapter 4 debunks the long held idea that N-butylamine functions as a hole trapping 

static quencher, by showing that the experimental conditions in the original publications 

starting this notion lead to a large amount of scatter.  

Chapter 5 uses charge transfer and external heavy atom quenching as benchmark 

experiments to evaluate the Marcus-Jortner type electron-transfer model proposed by the 

Kambhampati group. The fact that neither quenching experiment induces spectral changes to 

the surface emission band indicates that the existence of a single surface state is more likely 
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than the traditional view of “deep-trap” emission, i.e. a myriad of defects at slightly different 

energies. Further it is shown that the driving force for core quenching is higher than for the 

surface state.  

Future Directions 

 A major aspect missing from this dissertation and previous work by the Kambhampati 

group on the semi-classical Marcus-Jortner type model for NC carrier dynamics is experimental 

evidence that the broadness of the surface PL is indeed caused by phonon progressions. As 

described in the introduction, so far this model is the only theory that can account for the 

temperature dependent emissive trends and there is no experimental evidence (in this thesis or 

otherwise) that directly contradicts this model, but there is also no direct evidence that verifies 

the theory.  As the individual phonon lines are blurred out in an ensemble measurement one 

would require a low temperature fluorescence microscope setup. 

Low temperature single molecular NC spectroscopy  

 The model suggests that the broad surface band with FWHM of ~600 meV is composed 

out of 15-20 individual phonon lines that are both homogenously and inhomogenously 

broadened in ensemble at room temperature (Figure C1). The homogenous broadening effects 

are temperature dependent and are caused by exciton-phonon and bath interactions (see 

Appendix A.1). Inhomogenous broadening effects are an ensemble phenomenon and are cause 

by sized distribution, local NC environment, and difference in ligand densities. By using single 

molecular fluorescent microscopy the spectral broadening can be narrowed down to 

homogenous broadening effects exclusively. Resolving the individual phonon lines would 
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require cooling down the sample to a temperature at which the individual NC’s surface 

emission intensity is high enough (i.e. not below 10 K) for a low temperature microscopic setup 

to spectrally resolve large part of the PL band, but low enough that the homogenous 

broadening effects to be small enough to not smoothen out the spectrum.  

There are two major obstacles that might prove this experiment impossible. First, as such 

microscopic setups usually require high single NC emission intensities such a goldilocks 

temperature range might not exist, and secondly the individual phonon lines might still be 

blurred out due to spectral diffusion effects. 

 

Figure C4 Individual phonon lines make up the broad surface band. Reprinted (adapted) with 
permission from Chapter 1 ref. 41. Copyright 2013 Publishing LLC. 

  

Concluding Thoughts 

Over the course of my PhD there has been a significant maturing of the semiconductor 

nanocrystal field. When I started in 2010 the physical chemistry community saw colloidal NCs as 

small spheres of semiconductor that somehow had ligand molecules (i.e. TOPO) adsorbed to 
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their surfaces; and there was nothing that these little spheres could not do. From lighting and 

display technologies1, to biological labeling2, to photovoltaics3, to more esoteric applications 

like quantum computing4 and quantum cryptography5, the only limit was one’s own 

imagination.  Since then the field has somewhat cooled and the biggest remnant of this nano 

bonanza is the first sentence of every paper published in the field: “Semiconductor nanocrystals 

have been studied for a wide range of applications…..”, followed by a forest of citations.  

 To date the applications that actually made it to market are mostly based on exploiting 

NCs’ emissive properties. Most notably there are TVs (e.g. Sony XBR-65X900A) and e-readers 

(e.g. Kindle Fire HDX) which use NCs in their displays and they are available at vendors as 

pedestrian as Best Buy. Apart from consumer applications, laboratory supply companies (e.g. 

Thermo Scientific Fisher) sell wide varieties of NCs for biological labeling. For these applications 

NCs have proven to be an advantageous material, due to their tunable spectral output, 

functionalizeable surfaces, and high photo stability. There are some regulatory hurdles for 

these technologies to overcome. Recently the EU announced that it would re-evaluate the use 

of cadmium based NCs in electronic applications.6  Obstacles like this will be remedied by the 

development of new NC materials free of chemicals perceived as dangerous to the average 

European. As for NC applications that are not based on emissive properties the future is looking 

somewhat less bright (pun intended). For many of these applications the field has moved on to 

newer and seemingly better suited materials. Perovskite based solar cells for example are the 

new favorite child of the nano community and their steep increase in reported efficiency, from 

~4% to ~18% in three years, and their natural ability to form thin films have somewhat shifted 

focus away from NC based photo voltaics.7 
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 Even though the marketability of many NC applications have not lived up to the initial 

hype, NCs remain a rich system for fundamental research. With their high surface to volume 

ratio they are ideal candidates for surface chemical studies on charge transfer phenomena, 

catalytic sites, and basic surface effects on quantum confined excitons.  By connecting the 

chemical environment of the NC surface to specific emissive properties this thesis forms part of 

a rich body of fundamental surface research that will help the graduation of NC materials from 

an overhyped technology of the future to a staple in fluorophore applications.  
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Appendix A: Changes of the Spectral Form of the Surface Emission Band 

 

The study of surface emission is to a large degree focused on how experimental 

variables can influence the relative amount of surface to core PL. A factor largely ignored so far 

in this dissertation (and by most publications about the topic) is the fact that the spectral 

position and FWHM of the surface band is also affected by chemical and thermodynamic 

changes to the system. The models explaining surface emission summarized in chapter 1 (the 

“deep-trap” model, the classical Marcus model, and the semi-classical Marcus-Jortner-model) 

cannot account for these spectral effects, and future holistic models will have to address these 

changes to the surface band. This appendix contains a comparison of TOP/TDPA and thiophenol 

ligands, and spectral analyses of the temperature dependence of the surface’s FWHM.  

The ligand exchange from native ligands to Thiophenol (PhS) was performed using the 

Figure A.1  UV/Vis Absorption spectra of batch of ultra-small NCs before 
and after ligand exchange with PhS, inset shows x/y normalized spectrum 
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same procedure as the butylamine exchanges described in the experimental section (Chapter 

2). Apart from a redshift of the lowest-energy absorption feature, all features display some 

degree of spectral broadening (Fig A.1). Spectral redshifting with an increasing amount of thiol-

ligands has been previously reported.1-2 The reason for the spectral redshift is that the frontier 

orbitals of thiols have the right energy alignment and spatial symmetry to mix with the valance 

band of the NC, which relaxes the hole confinement.3  

 

Figure A.2 PL spectra excited at 360 nm before and after ligand exchange. The spike at 400 nm is 
an artifact from the PL spectrometer and is more pronounced in the PhS spectra, as the 

intensity is very low. 

 In addition to the changes to the absorption features, the PL spectra also show major 

differences before and after ligand exchange (Fig. A.2). The first and most striking observation is 

that the PL QY decreases drastically after exchanging to PhS ligands. Thiols are known to be 
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hole traps, and thus inhibit radiative exciton recombination. This is the case since their redox 

energies lie above the CdSe valance band, which energetically favours hole trapping. 4  

The second observation is that PhS passivated NCs emit exclusively from the surface and 

thus have no observable core peak. The reason for this is that since most holes are trapped on 

the ligands, radiative exciton recombination is most likely to occur on the surface.  Lastly, the 

surface peak redshifts significantly after the exchange. Currently no theory describing NC 

surface emission can account for such intense spectral shifting of the surface band caused by 

different passivation schemes. 

 

 

 Another important and previously unaccounted observation is the fact that the FWHM 

of the surface peak is temperature dependent. In (bigger) NCs with core dominated PL spectra, 

spectral sharpening with decreasing temperatures have been reported for the core emission 

band exclusively. The observed changes range between 20%-30% (ΔFWHM ≈ 40 meV) for 

Figure A.3 Temperature dependent PL spectra excited at band edge for a) TDPA passivated NCs 
and b) PhS passivated NCs. 
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different NC samples.5  In small NCs that have surface dominated emission spectra, decreases 

of the surface FWHM of up to 50% (ΔFWHM ≈ 350 meV) from room temperature to 8 K can be 

observed (Fig. A.4). The temperature dependence of the FWHM of the core excitonic emission 

peak is well described by the formula6: 

  

Γ(𝑇) = Γ𝑖𝑛ℎ + 𝜎𝑇 + Γ𝐿𝑂(𝑒
𝐸𝐿𝑂
𝑘𝐵𝑇 − 1)−1 

 

(A.9) 

 

where Γ𝑖𝑛ℎis the inhomogeneous broadening (material variations), 𝜎 represents the exciton–

acoustic phonon coupling coefficient, and Γ𝐿𝑂and 𝐸𝐿𝑂are the exciton-LO-phonon coupling 

coefficient and LO-phonon energy. Values of 𝜎 are on the order of 100 µeV/K6-7; the main factor 

contributing to spectral sharpening is the exciton-LO-phonon interaction. Reported values for 

Γ𝐿𝑂 lie between 20 meV7 – 50 meV (bulk CdSe)8, and the reported values for 𝐸𝐿𝑂 lie between 

23.8meV – 26.0 meV (26.1 meV is the value for bulk CdSe).6 While the sharpening of the core 

peak with decreasing temperatures can be well described by Formula A.1,6-8 attempted fits to 

the data shown in Figure 4 with this formula do not converge. It appears that the large change 

in the FWHM of the surface peak cannot be explained by the exciton-phonon coupling of a 

single surface state.  

 The extreme sharpening of the surface PL band cannot be accounted for by any of the 

models summarized in chapter 1. As explained earlier, the “deep trap” model would predict a 

reddening of the peak rather than a sharpening. In addition, even if the individual trap-states 

were to sharpen with decreasing temperature, since the broadness of the surface band (in this 
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model) is caused by many individual emission lines, only the outer most lines (highest and 

lowest energy) would have an impact on the FWHM of the entire surface peak. In comparison, 

the classical Marcus model does not account for the broadness of the surface band at any 

temperature, and thus is not equipped to explain the changes. In contrast, the semi-classical 

Marcus-Jortner type model does account for a broad surface peak, but since this broadness is 

accounted for by a manifold of emission lines created by a phonon progression of a single core 

state (analogous to the “deep trap”-model), only the sharpening of the outer most peaks would 

have an effect on the FWHM of the surface band.  

 The reason for the extreme changes of FWHM of the surface emission band could be 

caused by several individually broadened and overlapping emissive states that have activation 

barriers of different energies. At this stage this explanation is pure speculation, but the 

observations highlighted in this appendix show the need for a new model describing the 

interplay of core and surface emission. 
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There is an additional observation to be made about the temperature dependent 

emissive behavior of PhS passivated NCs that pertains to the interplay of core and surface. In 

chapter 3 it was shown that for small and surface dominated TDPA capped NCs the core 

emission band vanishes at an intermediate temperature, but reappears at very low 

temperatures. A similar trend can be observed for normal sized NCs that display a surface 

dominated emission spectra caused by PhS-passivation (Fig. A.5). Only at very low 

temperatures can an emerging core emissive band be observed.  

Figure A.4 Changes to the surface FWHM for differently caped NCs. The data 
from the TDPA and BA capped NCs was extracted from the PL spectra from 

Chapter 3. The PhS data points are extracted from the spectra in Figure 3 b). 
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Figure A.5 Select temperature dependent PL spectra of PhS passivated NCs. 
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Appendix B: Supplemental Information 

 

This Appendix is composed of the experimental sections and supplemental Information 

as published with the original manuscript that make up the chapters of this dissertation. 

Supplemental Information for Chapter 3 

Synthetic Procedures 

Trioctylphosphine oxide (TOPO, 99% Aldrich), Cadmium Oxide (CdO, 99.99% Sigma 

Aldrich), Selenium Powder (Se, 99.5%, 100-mesh Aldrich), Trioctylphosphine (TOP, 97% Aldrich), 

Butylamine (BA, 99.5% Sigma Aldrich) and Tetradecylphosphonic acid (TDPA, 99% PCI) were 

used as received. The injection solution was made by dissolving 0.3560 g of Se in 2 g of TOP 

under Argon. 

The synthesis is adopted from Peng 11. 0.523 g of CdO, 3.96 g of TOPO, and 0.211 g of 

TDPA were transferred to a 3-neck round bottom flask which then was evacuated and Argon 

was introduced. Under stirring the flask was heated to 300 ° C and the sides of the flask were 

rinsed down with ~2 g of TOP once the temperature was reached. The flask was heated to 325 ° 

C until the solution was clear and the heating mantle was removed and replaced with an empty 

basin. At 310 ° C the Se/TOP solution was swiftly injected and after 2-5 seconds the reaction 

was cooled by simultaneously injecting 3 mL of Nonanoic acid and flooding the basin with 

water.  Once the reaction had cooled to 80 ° C ~5 ml of Nonanoic acid was added. The reaction 

mixture was transferred to a centrifuge tube and was fractionally centrifuged by adding ~5 ml 

of MeOH and centrifuging at 7000 RPM for 20 minutes to remove larger NC. The mixture was 
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decanted into a second centrifuge tube and ~40 mL of MeOH was added. After 20 minutes at 

7000 RPM the centrifuge tube was drained and the NC were dissolved in toluene.  

For the ligand exchange ~3ml of Nanocrystal/Toluene solution were transferred to a 3-neck 

round bottom flask which was put under vacuum until all Toluene had evaporated and 

consequently filed with Argon. The neat NC were dissolved in ~3 mL of butylamine and the 

solution was stirred for 2 days. As in previous research not a full ligand exchange is assumed, 

rather that a large majority of ligand sites are exchanged16, 30   

 

Experimental Procedures 

The Absorption spectra were taken on a Cary 5000 UV-Vis Spectrometer. A Fluoromax 2 

PL Spectrometer was used to acquire PL spectra. All room temperature spectra were taken in 

Toluene. The NC were transferred to a polystyrene solution in toluene and drop cast in a petri 

dish. After about 2 days of drying the film was transferred into a flow cryostat. In order to find 

the temperature dependent first absorption feature, absorption spectra at selected 

temperatures were obtained and the energies of the temperature dependent absorption 

feature were recorded and fit to the following equation Eg(T)=Eg(0)-(αT2)/(T+β)  (the Varshni 

Model), where Eg(0), α and β are material constants34. The sample was excited at the energy 

of the first absorption feature at the respective temperature. 

Calculation of reverse rates of electron transfer 

 Reverse rates of electron transfer were calculated via detailed balance: 

 

1

𝜏𝐸.𝑇.(𝑓𝑜𝑟𝑤𝑎𝑟𝑑)
=

1
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(
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1
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Calculation of activation energy 

 

 The Energy Barrier from the core to the surface state was calculated the following way1 

ΔG ∗= (𝜆 − 𝛥𝐺)2/4𝜆 

Magnitude of Uncertainties 

The uncertainties on the values calculated with our model for the case of the TOPO 

passivated NC are large in part because the core radiation is orders of magnitude smaller than 

the surface radiation and essentially vanishes for the mid-temperature regime. See Table S1 for 

values.  

Table S1. Uncertainties of output parameters from fits 

 TOPO BA 

δλ 542 meV 10 meV 

δS 5.7 5.7 

δΔG 21 meV 20meV 

δ ΔG* 92 meV 163 meV 

λ =displacement along the classical coordinate, S= Huang-Rhys parameter, ΔG=energy 

difference of the excitonic to the surface state, ΔG*= activation barrier from the excitonic to 

the surface state. The numbers in brackets are the uncertainties on the values. 
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Supplemental Information for Chapter 4 

 

Synthesis and ligand exchange 

 

The NCs were synthesized as previously described and dissolved in heptane.1 For the Cd 

and Se enriched samples the NCs were dispersed in ODE for further processing.  For the Cd-

enriched NCs 0.5g of CdO and 0.2g TDPA were heated under argon to 150°C until the solution 

was clear and the NCs in ODE were added to the solution and stirred at that temperature for 15 

minutes. For the Se-enriched NCs, 0.35g of Se was dissolved in 2g TOP and added to the NC 

ODE solution at 150°C and stirred for 15 minutes. Both samples were crashed out using 

methylacetate, centrifuged, and redissolved in heptane. 

 The complete ligand exchange from native ligands to BA was performed by evaporating 

3 ml NC solution on a Schlenk setup under vacuum while stirring, followed by filling the reaction 

flask with argon. The solid NC sample was redissolved in 3 ml BA and stirred for 15 minutes. The 

solution was evaporated under vacuum and after the introduction of argon redissolved in 3 ml 

heptane. Following the ligand exchange the sample was chilled in an ice bath and centrifuged 

for 15 min at 8k RPM at 5 °C. The solution was decanted and syringe filtered and stored in the 

fridge until usage. XPS and EDX were taken before and after this exchange.  

Spectroscopic measurements  

 NC solutions were diluted to concentrations of ~3x10-7 M, determined by the energetic 

location and absorbance of the lowest energy absorption feature.2 PL spectra were acquired 

using a Agilent Cary Eclipse and the temperature was kept constant using a Agilent Peltier 
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Multicell Holder. UV/Vis absorption measurements were acquired before and after the BA 

titration using a Cary 100 UV/VIS. Over the course of the experiment the absorbance at the 

excitation wavelength changed ~3% and thus did not greatly affect the PL. 

 

DLS

 

The dynamic light scattering experiments showed two sup-populations of scatterers after the 

reproduction of Landes et. al.3 averaging a size of 440 nm.  

XPS 

For the XPS measurements, P-doped silicon oxide wafers were cleaned with an AMI  

(Acetone, Methanol, Isopropanol) washing protocol and were dried under nitrogen.  150 uL of 

the quantum dot suspension in heptane was drop-cast onto a wafer, and the wafer was dried 

under vacuum for 48 hours prior to XPS measurements. 

 XPS spectra were taken on a Thermo Scientific K-Alpha spectrometer (Al Kα).  The X-ray spot 

size was 400 um2, and a low-energy electron flood gun was employed for charge neutralization.  

High resolution scans of the Cd and Se regions were taken using a 0.1 eV bandpass and analyser 
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pass energy of 50 eV.  Peaks areas were determined using the Thermo Scientific Avantage 

software. 

As stated in the text, all NC samples displayed a SeO2 signature before and after the complete 

ligand exchange with BA. Below is a table with the relevant spectral region: 

Sample Befor BA exchang After BA exchange 

 

 

 

 

Cnv 

  
Cd 

  



141 
 

 

 

 

 

Se 

  
 
 
TEM/EDX 
 

For TEM and EDX data samples were drop cast on TEM grids and dried under vacuum for 

24hrs prior to the measurements. Jeol JEM-2100F equipped with an EDX system was used to 

obtain the presented data and was analyzed using the INCA software by Oxford. 

 

As for the TEM immages, the most noticable change was that after the ligand exchange 

the NCs seem to aggregate more while drying on the TEM grid. This is likely because of the fact 

that the aliphatic chane in N-butylamine is much shorter than in the case of native ligands. The 

TEM for the conventional NCs are shown, as they have the best contrast. 

 
 
 
 
 
 
 
 
 
 
 



142 
 

Native Ligands: 
 

 
 
 

N-Butylamine Ligands: 
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Additional Data: 
 

 
All PL spectra obtained for a) Conventional, b) Se-rich, and c) Cd-rich NCs. 
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Supplemental Information for Chapter 5 

Experimental Section 

Materials 

Trioctylphosphine oxide (TOPO, 99% Aldrich), Cadmium Oxide (CdO, 99.99% Sigma 

Aldrich), Selenium Powder (Se, 99.5%, 100-mesh Aldrich), Trioctylphosphine (TOP, 97% Aldrich), 

Butylamine (BA, 99.5% Sigma Aldrich), and Tetradecylphosphonic acid (TDPA, 99% Aldrich) 

were used as received. The injection solution was made by dissolving 0.3560 g of Se in 2 g of 

TOP under Nitrogen. 

 

Synthesis  

The synthesis is adopted from Peng.1 In a typical reaction 0.523 g of CdO, 3.96 g of 

TOPO, and 0.211 g of TDPA were transferred to a 3-neck round bottom flask which then was 

evacuated and Argon was introduced. Under stirring the flask was heated to 300 ° C and the 

sides of the flask were rinsed down with ~2 g of TOP once the temperature was reached. For 

small samples the flask was heated to 310 ° C and the Se/TOP solution was swiftly injected. 

Different sizes were achieved by varying the post-injection heating time. 

The reaction mixture was split into two centrifuge tubes and between and ~40 ml of 

methylacetate was added and the samples were centrifuged. The centrifuge tubes were 

decanted and the NC dissolved in toluene and stored at 7 ° C for a day. Before further 

processing the NCs were cold-filtered to remove excess TOPO from the toluene solution.  
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Spectroscopy 

The Absorption Spectra were acquired using a Carry UV/VIS absorption spectrometer. 

The fluorescence spectra were acquired using a Carry Eclipse. In the case of PhI-quenching 

inner filter correction was used to account for the minor absorption at 405 nm. The 

Fluorescence lifetimes were acquired using a filter based Edinburgh Instruments Mini-Tau 

TCSPC Fluorescence Lifetime Instrument.  

Absorption Features 

 

Figure 5 Normalized absorption spectra. I2 induces a shift in the lowest energy absorption 
feature, PhI does not.  In Figure 1 b) the increased OD to the blue of the absorption feature is 
caused by light absorption of PhI.  
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Fluorescence lifetime

 

Figure 2 

Fluorescent Lifetimes of NC samples in same order as Figure 1 of the main article. τav is more 

precise for the larger NC-samples. The reasons for this is the fact that in smaller samples there 

is some spectral overlap of surface and core radiation in our detection window. Since larger NCs 

do not display any surface emission, τav for these samples is purely core radiation. 

𝝉av was calculated using the following equation 

𝝉𝒂𝒗 =
𝝉𝟏

𝟐𝑩𝟏 + 𝝉𝟐
𝟐𝑩𝟐 …

𝝉𝟏𝑩𝟏 + 𝝉𝟐𝑩𝟐
…

 

See below the individual fit results for the data displayed in Figure 2: 
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2 a) 

I2/NC 𝜏1 (ns) 𝜏2 (ns) 𝜏3 (ns) 𝜏4 (ns) B1 B2 B3 B4 Χ2 

0 1.4 7.47 29.02 102.38 0.22 0.07 0.06 0.03 1.034 

0.8 1.29 7.65 31.58 111.01 0.3 0.07 0.05 0.03 1.113 

2.4 1.24 7.39 27.58 100.82 0.3 0.05 0.04 0.02 0.974 

4.7 1.01 6.15 26.91 102.22 1.18 0.05 0.03 0.02 1.056 

7.9 0.74 5.12 24.95 95.43 1.38 0.04 0.02 0.01 1.324 

10.5 0.67 4.63 22.86 97.51 0.48 0.02 0.01 0 1.168 

  2 b) 

I2/NC 𝜏1 (ns) 𝜏2 (ns) 𝜏3 (ns) B1 B2 B3 Χ2 

0 1.02 9.36 32.42 0.07 0.05 0.03 1.165 

1.1 0.89 8.22 29.85 0.07 0.04 0.03 1.155 

3.2 0.84 7.39 27.38 0.08 0.05 0.03 1.23 

7.5 0.69 6.07 24.45 0.09 0.05 0.03 1.314 

13.9 0.64 5.14 21.15 0.11 0.05 0.03 1.251 

22.4 0.46 3.71 16.47 0.13 0.04 0.03 1.436 
2 c) 

PhI/NC 

x106 
𝜏1 (ns) 𝜏2 (ns) 𝜏3 (ns) 𝜏4 (ns) B1 B2 B3 B4 Χ2 

0 0.81 7.34 42.2 143.92 0.18 0.02 0.03 0.02 1.056 

0.72 0.79 7.46 40.74 140.3 0.18 0.02 0.03 0.02 1.056 

2.2 0.75 5.99 38.44 131.58 0.19 0.02 0.03 0.02 1.032 

3.6 0.66 5.37 37.81 128.29 0.23 0.03 0.02 0.02 1.041 

5.7 0.38 4.04 34.2 117.25 0.31 0.03 0.02 0.02 1.042 
2d) 

PhI/NC 

x107 
𝜏1 (ns) 𝜏2 (ns) 𝜏3 (ns) B1 B2 B3 Χ2 

0 1.03 8.12 28.29 0.07 0.04 0.04 1.104 

1.4 1.07 7.75 27.08 0.07 0.04 0.04 1.111 

8.6 0.87 6.65 23.75 0.08 0.05 0.03 1.129 

14 0.9 6.18 22.48 0.08 0.05 0.03 1.033 

23 0.87 6.02 21.76 0.08 0.05 0.03 1.142 
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Appendix C: Quantification of Rhodamine B adsorbed to the NC surface 
 

A common theme in NC surface research is to study CT and FRET between an NC and 

fluorescent dye molecules adsorbed to its surface.  

There are different techniques to insure that dye molecules added to an NC solution 

actually are adsorbed to the crystal surface rather than just dissolved alongside the NCs, but an 

exceptionally elegant way of doing so has been developed by the Lian group.1-2 Their studies 

demonstrate how CT and FRET are competing processes in this charge transfer complex. 

 For this technique NCs with passivations similar to these used in this dissertation are 

dissolved in heptane and solid Rhodamine B (Rh) is added to the solution. Since Rhodamine B is 

insoluble in heptane it remains as a suspension in the NC solution. The solution is then 

sonicated and the amount of Rhodamine B adsorbed to the NC surface increases over time. In 

order to remove the unadsorbed dye the solution is syringe filtered. The increasing amount of 

Rhodamine can be monitored with the emergence of a peak at about 567 nm in the absorption 

spectrum (Fig. C1).  
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Figure C. 6 Absorption spectra of an NC sample with increasing amounts of Rhodamine B 
adorbed to the surface. The spectra are normalized to the first absorption feature. The labels 

are arbitrary. 

  

When exciting the NC/Rh charge transfer complex at 400 nm, a wavelength at which the 

absorption cross-section for Rh is close to 03, the core excitonic NC emission is observed, 

alongside an Rh emission band caused by FRET (Fig. C.2). At low Rh concentrations this second 

emission band increases with increasing amount of Rh on the surface, whereas the NC band is 

quenched by CT quenching. At high Rh concentrations both bands are quenched. 
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Figure C.7 PL spectra normalized to the absorption at the excitation wavelength. 

 

The quenching of the Rh is likely caused by self-quenching  due to high local dye concentrations 

and excimer stacking.4 Even if the Rh is directly excited at its absorption maximum, the PL QY 

decreases with increasing amounts of Rh (Fig C.3). 
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Figure C.8  Direct excitation PL spectrum of adsorbed Rhodamine 

 

In the original publication the average number of Rh molecules per NC was calculated 

using the literature extinction factor of Rhodamine B at 550 nm in Ethanol. There are two 

problems with this approach. Firstly, the chemical environment for a molecule adsorbed to the 

surface of an NC is sufficiently different than from that of a molecule dissolved neatly at low 

concentrations, thus the it is fair to assume that the extinction coefficient changes. Secondly, as 

the Rh absorption feature redshifts with increasing Rh concentrations because of excimer 

stacking (Fig C.4). 
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Figure C.9  The Rh absorption feature shifts by 20 meV over the course of the experiment. 

 

The novel and more precise technique to determine the amount of Rh in this type of 

charge transfer complex sample proposed in the appendix is to remove the Rh from the NCs 

with MeOH and determining the Rh concentration in the wash solution. As MeOH and heptane 

are not miscible (and NCs do not dissolve in MeOH) all of the Rh can be removed from the 

sample and accounted for (Fig. C5). The concentration of Rh can then be determined by 

absorption spectroscopy or by weight (after the removal of MeOH). 
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Figure C. 10 PL spectra of charge transfer complex after removal of Rh.. Surprisingly The QY 
increases slightly over the experiment. 
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