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ABSTRACT 

 

Lawrence, Katie N. Ph.D., Purdue University, August 2016. Tuning Optoelectronic 

Properties of Small Semiconductor Nanocrystals through Surface Ligand Chemistry. 

Major Professor: Rajesh Sardar. 

 

 

 

Semiconductor nanocrystals (SNCs) are a class of material with one dimension 

<100 nm, which display size, shape, and composition dependent photophysical 

(absorption and emission) properties. Ultrasmall SNCs are a special class of SNCs whose 

diameter is <3.0 nm and are strongly quantum confined leading to a high surface to 

volume ratio. Therefore, their electronic and photophysical properties are fundamentally 

dictated by their surface chemistry, and as such, even a minute variation of the surface 

ligation can have a colossal impact on these properties. Since the development of the hot 

injection-method by Bawendi et al., the synthetic methods of SNCs have evolved from 

high-temperature, highly toxic precursors to low-temperature, relatively benign 

precursors over the last 25 years.  Unfortunately, optimization of their synthetic methods 

by appropriate surface ligation is still deficient.  

The deficiency lies in the incomplete or inappropriate surface passivation during 

the synthesis and/or post-synthetic modification procedure, which due to the high surface 

to volume ratio of ultrasmall SNCs, is a significant problem. Currently, direct synthetic 

methods produce SNCs that are either soluble in an aqueous media or soluble in organic 

solvents therefore limiting their applicability. In addition, use of insulating ligands hinder
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 SNCs transport properties and thus their potential application in solid state devices. 

Appropriate choice of surface ligation can provide 1) solubility, 2) stability, and 3) 

facilitate exciton delocalization. 

In this dissertation, the effects of appropriate surface ligation on strongly quantum 

confined ultrasmall SNCs was investigated.  Due to their high surface to volume ratio, we 

are able to highly control their optical and electronic properties through surface ligand 

modification. Throughout this dissertation, we utilized a variety of ligands (e.g. 

oleylamine, cadmium benzoate, and PEGn-thiolate) in order to change the solubility of 

the SNC as well as investigate their optical and electronic properties. First delocalization 

of the excitonic wave function 1) into the ligand monolayer using metal carboxylates and 

2) beyond the ligand monolayer to provide strong inter-SNC electronic coupling using 

poly(ethylene) glycol (PEG)-thiolate was explored. Passivation of the Se sites of metal 

chalcogenide SNCs by metal carboxylates provided a two-fold outcome: (1) facilitating 

the delocalization of exciton wave functions into ligand monolayers (through appropriate 

symmetry matching and energy alignment) and (2) increasing fluorescence quantum yield 

(through passivation of midgap trap states). An ~240 meV red-shift in absorbance was 

observed upon addition of Cd(O2CPh)2, as well as a ~260 meV shift in emission with an 

increase in PL-QY to 73%.  Through a series of control experiments, as well as full 

reversibility of our system, we were able to conclude that the observed bathochromic 

shifts were the sole consequence of delocalization, not a change in size or relaxation of 

the inorganic core, as previously reported. Furthermore, the outstanding increase in PL-

QY was found to be a product of both passivation and delocalization effects.  
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Next we used poly(ethylene) glycol (PEG)-thiolate ligands to passivate the SNC 

and provide unique solubility properties in both aqueous and organic solvents as well as 

utilized their highly conductive nature to explore inter-SNC electronic coupling. The 

electronic coupling was studied: 1) as a function of SNC size where the smallest SNC 

exhibited the largest coupling energy (170 meV) and 2) as a function of annealing 

temperature, where an exceptionally large (~400 meV) coupling energy was observed. 

This strong electronic coupling in self-organized films could facilitate the large-scale 

production of highly efficient electronic materials for advanced optoelectronic device 

applications.   

Strong inter-SNC electronic coupling together with high solubility, such as that 

provided by PEG-thiolate-coated CdSe SNCs, can increase the stability of SNCs during 

solution-phase electrochemical characterization. Therefore, we utilized these properties to 

characterize solution-state electrochemical properties and photocatalytic activity of 

ternary copper indium diselenide (CuInSe2) SNCs as a function of their size and surface 

ligand chemistry. Electrochemical characterization of our PEG-thiolate-coated SNCs 

showed that the thermodynamic driving force (-ΔG) for oxygen reduction, which 

increased with decreasing bandgap, was a major contributor to the overall photocatalytic 

reaction. Additionally, phenol degradation efficiency was monitored in which the 

smallest diameter SNC and shortest chain length of PEG provided the highest efficiency. 

The information provided herein could be used to produce superior SNC photocatalysts 

for a variety of applications including oxidation of organic contaminants, conversion of 

water to hydrogen gas, and decomposition of crude oil or pesticides. Therefore, we 



    

  

xxviii 

believe our work will significantly advance quantitative electrochemical characterization 

of SNCs and allow for the design of highly efficient, sustainable photocatalysts resulting 

in economic and environmental benefits.
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CHAPTER 1. INTRODUCTION TO COLLOIDAL SEMICONDUCTOR 

NANOCRYSTALS 

 

 

 

1.1 Motivation 

Semiconductor nanocrystals (SNCs), commonly known as quantum dots (QDs), 

are a class of nanomaterial with one of their dimensions <100 nm, which display size-, 

shape-, and composition-dependent photophysical (absorption and emission) properties. 

Since the development of the hot injection method-based synthesis of monodispersed 

metal (M = Cd, Zn, and Pb) chalcogenide (E = S, Se, and Te) SNCs by Bawendi et al.,
1 

the field of SNC related-research has evolved dramatically over the last 25 years to 

include: (1) development of new synthetic methods, (2) characterization of size-, shape- 

and surface ligand-dependent photophysical properties, and (3) bio-imaging and solid-

state device applications. One of the most interesting features of SNCs is their size- 

dependent optical and electronic properties, which means that ideally, these properties 

can be finely controlled by tuning the SNC diameter without changing its chemical 

composition and/or structure. This concept is so powerful that it has expedited the growth 

of nanotechnological research and development.
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Magic-sized nanocrystals (MSNs) possess thermodynamically stable crystal 

structures
2-8

and have been of substantial interest because of their unique optical and 

electronic properties.  MSNs were first spectrally identified by Peng et al. in 2001 but not 

isolated.
9
 Over the last 15 years, several research groups have (1) studied the growth 

processes (e.g., continuous and quantized) of (ME)x MSNs with 13 ≤  x ≤  34, (2) 

isolated nearly gram scale quantities, and (3) explored their photophysical and electronic 

properties. 
6,10-16

Among the various compositions, CdSe MSNs are the most well studied, 

and have provided a bridge between small molecules and larger QDs therefore improving 

our molecular level understanding and providing the basis for many new 

multidimensional superstructures.
4,17

 (Figure 1.1) Furthermore, it has been shown that 

during synthesis, these MSNs serve as structural intermediates for larger SNCs and 

anisotropic nanostructures (NSs).
6,7,12

 MSNs can be classified as ultrasmall SNCs (<3.0 

nm diameter), however, not all ultrasmall SNCs are MSNs as a thermodynamically stable 

crystal structure is required to be categorized as a MSN. Ultrasmall SNCs have an 

Figure 1.1: Comparison of small molecules, ultrasmall SNCs, and QDs. Magic sized 

SNCs can be classified as ultrasmall SNCs if <3.0 nm, however, not all ultrasmall SNCs 

are magic-sized SNCs as a thermodynamically stable crystal structure is required to be 

classified as a MSN.  
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extremely large surface to volume ratio which increases with decreasing size (e.g. 76 % 

atoms are on the surface for 1.2 nm  SNCs and 45% for 2.5 nm SNCs), eventually leading 

to quantum confinement.
18

  Therefore, their electronic and photophysical properties are 

largely dictated by their surface chemistry, and as such, a minute variation of the surface 

chemistry can have an enormous impact on these properties. 

 These surface ligands can be introduced either through synthesis or post-

synthetic ligand exchange. The synthesis of colloidal ultrasmall SNCs requires the use of 

ligands in order to keep them in solution. These synthetic methods have evolved greatly 

over the past 15 years. In 2001, two methods were introduced to obtain SNCs <2.0 nm. 

Solviev et al.
11

 utilized a single-source molecular approach to synthesize (CdSe)32, while 

Landes et al.
10

 lowered the reaction temperature of Bawendi’s original hot injection 

method
1
 from 360 ̊C to 130 ̊C

 
 to produce SNCs as small as 1.6 nm in diameter. However, 

up to this point, highly toxic dimethyl cadmium was utilized as the predominant source of 

cadmium, and therefore large scale synthesis for practical applications of ultrasmall 

SNCs would require a change in precursor.
6
 Concurrent to Solviev and Landes, Peng et 

al. developed a relatively benign cadmium precursor in which cadmium oxide in the 

presence of alkylphosphonic acid replaced the extremely toxic dimethyl cadmium to 

synthesize high quality cadmium-based ultrasmall SNCs.
12,13

The importance of this new 

precursor is that it slowed nucleation time leading to more controlled growth, and 

therefore a more monodispersed ultrasmall SNC synthesis. Following this breakthrough 

in synthetic design, SNCs have been synthesized using a myriad of methods including, 

but not limited to, high temperature
5,25

, alkylphosphine precursor-based
12,13,16,26

, and low 

temperature nonphosphinated syntheses
27,28

.  
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Strongly quantum confined SNCs exhibit many useful properties such as (1) fast 

charge separation and slow recombination which are important for light harvesting
19,20

 

and (2) deep-trap
8,16,21

 or a combination of deep trap and broad band PL which are key 

for optoelectronic devices,
2,5,22-24 

all of
 
which are strongly surface ligand dependent. 

Therefore, even a minute variation in SNC surface ligand chemistry will have enormous 

impact on their properties. Unfortunately, optimization of their synthetic methods by 

appropriate surface ligation is deficient. 

This deficiency lies in the incomplete or inappropriate surface passivation during 

the synthesis and/or post-synthetic modification, which due to the high surface to volume 

ratio of ultrasmall SNCs, is a significant problem. Currently, direct synthetic methods 

produce SNCs that are either soluble in an aqueous media or soluble in organic solvents 

therefore limiting their applicability. In addition, use of insulating ligands
8,12,16,21-24,26,29-38

 

hinder SNCs transport properties and thus their potential application in solid state 

devices. Appropriate choice of surface ligation can provide 1) solubility, 2) stability, and 

3) facilitate exciton delocalization.  

In this dissertation, the effects of appropriate surface ligation on strongly quantum 

confined ultrasmall SNCs was investigated.  Due to their high surface to volume ratio, we 

are able to highly control their optical and electronic properties through surface ligand 

modification. Throughout this study, we utilized a variety of ligands (e.g. oleylamine 

(OLA), cadmium benzoate (Cd(O2CPh)2)), and PEGn-thiolate) in order to change the 

solubility of the SNC as well as investigate their optical and electronic properties. First 

we explored the dual effect Cd(O2CPh)2 ligands had on CdSe SNCs: 1) delocalization of 

exciton wave functions of the SNC into the ligand monolayer and 2) increased 
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photoluminescence quantum yield (PL-QY). Both delocalization and high PL-QY are 

beneficial to the design of solid state devices.  Next, we utilized poly(ethylene) glycol 

(PEG)-thiolate ligands to provide unique solubility properties in both aqueous and 

organic solvents and  investigated delocalization of the exciton wave function beyond the 

ligand monolayer. Due to the high conductivity and low insulating nature of the PEG-

thiolate ligand, expansion of the SNC wave function beyond the ligand monolayer was 

possible which facilitated inter-SNC delocalization known as electronic coupling. The 

entanglement of inter-SNC wave functions creates artificial solids which are useful for 

enhanced charge transport in solid state devices. Lastly, we utilized the knowledge of 

enhanced solubility and charge transport properties gained in the first two sections to 

characterize the electrochemical properties and photocatalytic activity of ternary copper 

indium diselenide (CuInSe2) SNCs. This knowledge is vital for advanced oxidative 

processes (AOPs) such as alternative energy production (H2 evolution) and 

decomposition of common pollutants. Therefore, our combined work has the ability to 

further enhance bioimaging and solid state device material as well as explore the 

photocatalytic activity of ultrasmall SNCs through the exploration of ligand dependent 

delocalization, electronic coupling, and electrochemical characterization. 

1.2 Electronic Properties of SNCs 

SNCs have confined dimensions that lead to unique physical and photophysical 

properties.
17,23,39-50

 These electronic properties are due to quantum-size effects which are 

a result of quantum confinement, which is the confinement of electrons or photons, or 

from the high surface-to-volume ratio as the size of the SNC decreases.
52

 These two 
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effects are rarely divided and therefore will be discussed in unity throughout this 

dissertation with an emphasis on the surface ligand effects of quantum-confined SNCs.  

1.2.1      Quantum Confinement 

Quantum confinement occurs when an exciton is confined to a very small volume. 

As the size is reduced, the electronic excitations shift to higher energy.
49

 When 

describing this phenomenon, often a “particle-in-a-box” model is used as visualization. In 

this model, the probability of finding a particle at an isolated potential is confined by a 

potential barrier. The energy of this particle is dictated by the particle mass, box size, and 

Figure 1.2: Simplified band gap comparison between metal (no band gap), 

semiconductor (small band gap), and insulator (large band gap). The optical and 

electronic properties of these materials rely on the energy of the bandgap and 

occupancy of their bands. For example, the bandgap of insulators is too large for 

thermal excitation of electrons at room temperature; therefore, no conduction.
52

 Metals, 

on the other hand, are able to conduct electrons readily due to their band overlap. 

Semiconductors lie in between the two extremes. Excitation at room temperature can 

cause the electron in the valence band to be excited to the conduction band thus causing 

conduction. This is why semiconductors, although only mediocre conductors, are so 

important. Their unique atomic structure allows for their conductivity to be highly 

controlled through manipulation surface ligation, electric currents, electromagnetic 

fields, or even light that is applied which makes it possible to make devices that can 

amplify and convert sunlight to usable electricity. 
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principle quantum number; therefore, the energy of the particle can be increased by 

decreasing the particle size.
52

 This same idea can be applied to the quantum confinement 

effect; however, an understanding of the basic band structure of SNCs is required.  

Semiconductors are unique materials whose properties lie between metals, which 

conduct electricity and heat, and insulators, which do not conduct electricity or heat. 

(Figure 1.2) A band structure is the difference between the valence band and conduction 

band.
39,51,52

 A valence band consists of the occupied bonding orbitals while the 

conduction band is made up of the unoccupied anti-bonding orbitals. Although a band is 

considered to contain an infinite number of energy levels, the difference in energy 

between the upper edge of the valence band and the lower edge of the conduction band is 

called the bandgap. In the ultrasmall size range, the spacing between the energy levels is 

large and the upper most energy level of the valence band could be referred as the highest 

occupied molecular orbital (HOMO) and the lowest most energy level of the conduction 

band could be referred as the lowest unoccupied molecular orbital (LUMO).
39,53

 These 

MO levels can be compared to small molecules and as such, ultrasmall SNCs bridge the 

gap between molecule and QD. (Figure 1.1) The quantum confinement effect of SNCs is, 

therefore, observed when an electron is excited to the LUMO and becomes 

electrostatically bound to the hole that was created in the HOMO. This electron/hole (e/h) 

pair can be termed as an exciton and can be formed by association of free carriers 

(unbound electrons or holes) or by direct photoexcitation.
54

 The exciton is then 

delocalized over space, defined as the Bohr radius (ao) (Eq 1.1), where ћ2 is the reduced 

Planck’s constant, κ is the dielectric constant of the material, 𝑚𝑒,ℎ is the mass of the 

electron or hole, and e is the elementary charge.
39
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ao= ћ2𝜅 𝑚𝑒,ℎ𝑒2⁄  (1.1) 

In a nanomaterial such as an SNC, which has a radius smaller than its Bohr 

radius, quantum confinement dictates the energy of the exciton which results in discrete 

energy levels with molecule-like HOMO and LUMO orbitals, as described above.
52,55,56

 

(Figure 1.3)
57

 These discrete energy states  are caused by discontinuity of the bands due 

to the fewer number of atoms present in nanomaterials  and therefore fewer oribtals.
52,56

 

Due to these atomic-like levels, SNCs act like molecules as they interact with light via 

their electronic transition dipoles, classifying them as “molecule-like”.
39,53

 However, the 

Bohr radius is material dependent and thus each material will experience quantum 

confinement at different sizes; as L.E. Brus described in 1984. Brus was the first to give a 

theoretical calculation for SNCs using CdS and CdSe SNCs and therefore demonstrate 

Figure 1.3: Schematic depiction of the transition from bulk semiconductors to SNCs.  

The continuous energy levels shown by the valence and conduction band gives way to 

discrete energy levels more like the molecular level which has a single HOMO-LUMO 

bandgap. (Adopted from reference 57.) 
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that both material and size play an important role; as the size of the SNC increases, the 

bandgap decreases.
56,58

 Using a spherical volume, he defined the wave function 

(discussed in detail below) where 𝐸𝑔(𝑆𝑁𝐶) is the band gap energy of the SNC, 𝐸𝑏𝑢𝑙𝑘 is the 

band gap energy of bulk semiconductor, R is the radius of the SNC, 𝑚𝑒
∗  is the effective 

mass of the excited electron, 𝑚ℎ
∗  is the effective mass of the excited hole, h is Planck’s 

constant, Ɛ0 is the permittivity of vacuum, and Ɛ𝑟 is the relative permittivity. 
56,30

 

𝐸𝑔(𝑆𝑁𝐶) =  𝐸𝑏𝑢𝑙𝑘 +  
ℎ2

8𝑅2 (
1

𝑚𝑒
∗ +

1

𝑚ℎ
∗ ) −

1.786𝑒2

4𝜋Ɛ0Ɛ𝑟𝑅2 (1.2) 

The first term to the right represents the band gap energy of bulk materials (dependent on 

material). The second term represents the energy due to the quantum confinement effect, 

which has an inverse R
2
 dependence on the band gap energy. Lastly, the subtractive term 

stems from the columbic interaction energy of the exciton, which has an inverse R
2
 

dependence. Note: the numerical value comes from the wave function overlap integrals 

and can vary slightly from material to material as discussed by Brus.
56

  

1.2.2      Wave Function 

Due to the highly quantum-confined nature of SNCs, their fundamental 

composition of electrons takes on a wavelike nature. A wave function is a “mathematical 

function used in quantum mechanics to describe the propagation of the wave associated 

with a particle using Schrödinger's equation”.
59

 When simplified, one can find that the 

solution yields all of the wave functions whose amplitudes are zero at the boundary of the 

confinement and their discrete energies associated are given by the following equation 

(assuming a particle in the box model).
39

 Here nj take on integer values and a, b, and c are 

the separation between the energy levels.  
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𝐸 =  
ћ2𝜋2

2 𝑚
(

𝑛1
2

𝑎2 +  
𝑛2

2

𝑏2 +  
𝑛3

2

𝑐2) (1.3) 

“The square of the absolute value of the function evaluated at a given point in 

space is therefore proportional to the probability of finding the particle in that particular 

area” as shown above.
39

 The wave function allows for the transport of excitons making it 

extremely important for electronic devices.
46,60-62

 In smaller SNCs, the kinetic energy of 

the exciton is higher than the coulombic interaction energy of the e/h pair. Therefore, as 

the diameter of the SNC decreases, the exciton wave function more easily fills the core 

and begins to expand past the core boundary (expansion of the confinement dimension or 

“box”). 
48,63,64

 (Figure 1.4) This expansion can cause the wave function to expand into the 

ligand monolayer
46,60,63

 or surpass this layer and entangle with neighboring SNC wave 

functions (electronic coupling) 
64-67

.  The ability for the wave function of ultrasmall SNCs 

to delocalize is in contrast to larger SNCs in which the wave function is confined to the 

Figure 1.4: Expansion of the wave function outside of SNC core upon decrease in SNC 

diameter resulting in an increase in exciton delocalization and inter-SNC coupling 

potential. 
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core and therefore undergoes no exciton delocalization.  This will be discussed in greater 

detail in section 1.4. Additionally, the extent to which delocalization of the wave function 

can occur is dependent on surface ligation. 
46,60

  

1.3 Surface Modification of SNCs 

SNCs are rarely unpassivated (unless in vacuum); a ligand passivates the surface 

and provides unique optical and electronic properties.
37

 Surface passivating ligands (1) 

stabilize the nonradiative trap states, (2) solubilize the SNC to maintain their colloidal 

states, and (3) improve charge transport properties in thin-films. Since ultrasmall SNCs 

have a large surface to volume ratio and ligands affect the energy of the surface states, 

Figure 1.5: Simplified molecular orbital diagram of quantum-confined CdSe SNC 

with surface states. Due to fewer electron-donating pairs present on the surface of 

CdSe SNCs, cadmium surface states (blue) are lower in energy compared to the 

core cadmium energy states. Likewise, there are more electron-accepting pairs 

present at the surface of CdSe SNCs; therefore, surface selenium sites (red) are 

higher in energy than their core counterparts. *Image drawn using ChemDraw and 

not drawn to scale. (Adopted from reference 52.) 
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altering or removing these molecules can largely dictate the overall optical, electronic, 

and electrochemical properties of the SNC.  

As the ratio of surface to core atoms increases, the properties of these surface 

atoms begin to dominate the entire particle, and as such, the surface atoms are chemically 

different than their core atoms. (Figure 1.5) This is due to the termination of the 

semiconductor lattice at the surface. If these surface sites are left unpassivated, dangling 

bonds are created which are unbounded orbitals that protrude from the surface of the 

SNC and are the origin of trap states.
39

 For example, fluorescence emission can be 

significantly modulated by changing the nanocrystal surface. It’s often comprised of two 

emission bands, one at higher energy which is a property of direct recombination (band 

edge emission) and another at lower energy resulting from recombination at intraband 

Figure 1.6: Depiction of trap state effects. Left: Combination of band edge (green) 

and broad band (red) emission. Right: Route of excited electron upon relaxation. Solid 

green arrow represents excitation (absorption), dashed green arrow signifies radiative 

recombination (band edge emission), and red arrows represent possible trapping of the 

relaxing electron into midgap states (broad band emission). *Images drawn using 

ChemDraw and not drawn to scale. 
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defect sites located on the surface of the SNC (broad band emission). (Figure 1.6) When 

considering CdSe SNCs, deep trap emission arises when Se
2-

 sites are left unpassivated 

making the nanocrystals prone to surface trapping of holes that reside on the sp
3
 orbitals 

of the selenium.
40

 This leads to the broad band emission stemming from surface defects. 

(Figure 1.5 and 1.6) However, upon passivation of these sites, the surface defects are 

extinguished and the fluorescence spectrum is one of band edge. Therefore, proper choice 

of surface ligation can strongly enhance the SNCs optical and electronic properties.  

Surface passivating ligands can be introduced both during synthesis or post-

synthesis to enhance solution dispersion, stability, and to expand their potential 

applications by modulating the SNCs properties.
37

 Several synthetic methods have been 

developed to prepare group II–VI
2,5,8,16,21,24,68-70

 and IV–VI
25

 SNCs and further tune their 

PL properties by controlling their surface ligand chemistry.
38

 Currently, long-chain 

hydrocarbon-containing aliphatic amines, phosphine, phosphonic acids, and phosphine 

oxide are utilized during synthesis to stabilize the SNC and impart controllability of size 

and morphology.
8,12,16,21-24,26,29-38

 However, SNCs passivated by long hydrocarbon chain-

containing ligands are only soluble in organic solvents, which are incompatible with 

biological systems. They are also electrically insulating, which leads to poor carrier 

mobilities and conductivities therefore rendering them useless as materials for many solid 

state devices such as thin-film-based optoelectronic devices. Thus, most commonly a 

post-synthetic ligand exchange reaction in which the bulky native ligands are replaced 

with smaller organic ligands
45,71,72

 inorganic ions
66,73-75

 , and/or metal chalcogenide 

complexes
44,76,77

 is performed. However, these exchange reactions often suffer from (1) 

structural rearrangement of the SNCs 
37,45,65

, (2) discontinuity of the electron transport 
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process, (3) lack of electronic coupling, and/or (4) addition of trap states.
30,75

  

Furthermore, SNCs coated with small molecules are often unstable leaving them 

vulnerable to rapid oxidation even in ambient environments
45

 as well as only soluble in 

high boiling solvents
44-46,66,78,79

 making device fabrication extremely difficult.  Lastly, the 

above ligands are not water-soluble and therefore, cannot be used in biological systems. 

In order to use SNCs for nanobiotechnology, additional ligand exchanges or a process of 

encapsulation must be employed. Encapsulation of hydrophobic ligand-coated SNCs with 

phospholipids or polymers made of poly(ethylene glycol) (PEG) have been used to 

prepare water soluble SNCs.
35,80-83

 In this manner, the SNC is encased in the water 

soluble media in order to transport the SNC through an aqueous solution. However, 

during the encapsulation process, the hydrodynamic radii of the SNCs increases which 

can cause a severe reduction in renal clearance and eventual cellular death. On the other 

hand, post-synthetic ligand exchange reactions using various thiolate ligands have been 

widely utilized to enhance their solubility without a significant increase in hydrodynamic 

radii. However, thiols are known to quench the PL-QY due to trapping of the 

photogenerated holes that prevents radiative recombination of excitons.
84

 Table 1.1 

provides an overview of some commonly used ligands, their binding site, and their 

drawbacks.  

Due to these drawbacks, common methods of ligation for materials used in 

bioimaging and solid state devices are currently deficient. In this dissertation, the effects 

of appropriate surface ligation are extensively studied. In chapter 2, we discuss the dual 

nature of metal carboxylates for surface passivation and delocalization into the ligand 

monolayer. Next, we introduced  a direct synthesis and purification procedure for 
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poly(ethylene glycol) thiolate-coated SNCs, which allow the SNCs to be soluble in a 

wide range of solvents both aqueous and organic in nature while maintaining stability, 

promoting electronic coupling, and crack-free film preparation.  The solvent-like 

character of PEG, along with their low hydrodynamic radii, allow for strong inter-SNC 

interaction though entanglement of excitonic wave functions, discussed in greater detail 

in chapter 3.  Lastly, we utilize prior knowledge gained to study the electrochemical and 

 Table 1.1: Overview of commonly used surface ligands.  
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photocatalytic properties of ternary SNCs due to enhanced charged transport properties 

stemming from exciton delocalization into the ligand monolayer. 

1.4 Exciton Delocalization and Electronic Coupling 

As mentioned above, ligands can impart solubility, stability, and conductivity to 

the SNCs; however, recently it has been demonstrated that these ligands are also capable 

of tailoring the bandgap of SNCs by facilitating electron delocalization. Exciton 

delocalization is the process in which the electronic wave function expands outside the 

SNC core. (See Figure 1.4) When an exciton delocalizes, it utilizes the wave function to 

“displace” the exciton from the confined core in the ground state, which reduces the 

excitonic bandgap that is observed by a marked red-shift of the peak position. Exciton 

delocalization has been of immense interest since the early work of Frenkel
85

 and  

Wannier
86

 due to their applicability in electronic device fabrication. As briefly 

mentioned, excitons that are formed readily by photoexcitation can dissociate into free 

carriers which are unbound electrons and holes and can be used for photovoltaic devices 

whereas excitons that remain bound can emit light and are used for laser media.
40,54

 If the 

interaction between the electron and hole is assumed negligible, which is determined by 

the expansion of the wave function, then the e/h pair is considered to be comprised of 

free carriers. However, when attractive coulombic interaction binds the e/h pair, it is 

deemed an exciton. Excitons are set apart from free carriers by the spatial magnitude of 

the electronic excited state being increased through sharing of the excitation among the 

core and ligation of the material which is determined by entanglement of the excitonic 

wave functions.
54

 However, in nanoscale materials the physical dimensions of the 

material, not the Coulomb interaction of the e/h pair, dictates the delocalization of these 
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excitons. The kinetic energy of the excitons is higher than Coulomb interaction of the e/h 

pair in strongly confined ultrasmall SNCs than intermediate or weakly confined larger 

SNCs, therefore smaller SNCs have greater ability to undergo delocalization of exciton 

wave function which results in the expansion of the confinement box. (Figure 1.1) The 

exciton delocalization can therefore cause the wave function to expand to the ligand 

monolayer or surpass this layer and entangle with neighboring SNCs (electronic 

coupling).   

In order for the SNCs to participate in strong electronic coupling, their electron 

and/or hole wave functions are required to expand past the SNC and ligand monolayer, 

overlap, and entangle with neighboring SNC wave functions. Strong inter-SNC electronic 

coupling is a prerequisite for enhanced charge transport properties
46,60

 either to or from 

the material which can result in an increase in solid-state device efficiency. Due to the 

high surface to volume ratio of ultrasmall SNCs, surface ligation plays a critical role in 

delocalization of the exciton and ultimately inter-SNC electronic coupling, as discussed 

previously. If the ligand is bulky or insulating in nature such as the long-chain aliphatic 

ligands, the wave function will be unable to extend past the ligand monolayer and thus 

the SNC will be unable to interact with neighboring SNCs. On the other hand, if the 

ligand doesn’t provide adequate protection, the SNC can undergo oxidation. Luther et al., 

reported that exposure to air resulted in blue shifting and weakening of the first excitonic 

transition in the absorption spectra of SNCs film thus indicating a reduction in their inter-

SNC coupling and possibly overall SNC size.
71

 Upon changing the SNC size, the 

electronic and electrochemical properties are significantly altered; therefore, a rational 
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approach to obtain desired optoelectronic properties of SNCs should involve appropriate 

surface passivation without changing SNC size, shape, or core composition.  

Exciton delocalization has been demonstrated by a few groups, including Weiss et 

al.
87

 and Teunis et al.
63

, in which both groups achieved hole delocalization causing up to 

220 and 610 meV absorbance red-shifts, respectively, using strong coordinating ligands 

(phenyldithiocarbamate) attached to II-VI and IV-VI NCs. Likewise, modification using 

thiol, selenol, or tellurol has also shown similar effects.
37,63,64,67,88

Although delocalization 

into the ligand monolayer as proven to be successful at modulating the band gap, 

enhancing electronic coupling, and facilitating charge transport,  to date, the covalent 

bonding nature of the post-synthetic ligand exchange, as well as size and/or structural 

rearrangement of the SNC, has rendered this process irreversible.
63,87

 

1.5 Electrochemical Determination of Bandgap 

1.5.1   Current Methods 

In order to determine if a SNC is capable of participating in exciton delocalization 

with ligand monolayers, it is necessary to determine their energy level positions, (e.g. 

HOMO and LUMO) which cannot be determined by optical absorption measurements. 

Energetic positions of these orbitals are determined by the material and size of the SNC 

as well as the surface chemistry, therefore, understanding their electronic structure is vital 

for future applications. Theoretical determination of orbital positions by various 

techniques including  ionization and electron affinities have been based on effective mass 

approximations (EMA)
89

, tight-binding (TB)
90

, charge patching
91

, and semi-empirical 

pseudopotential (SEMP)
92

 models. For example, theoretical calculations are often used to 

calculate the bandgap of the material such as those reported by Zhang et al., in which 
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they utilized the local density approximation (LDA) to calculate the bandgap of silicon.
93

 

However, it is well known that LDA values are ~ 40% underestimated, and as such, 

should not be considered ideal quantitative approximations of the HOMO and LUMO 

positions.
94-96

 Likewise, many other theoretical approximations, such as density 

functional theory (DFT) and other hybrid systems also underestimate SNC bandgap
97

, 

whereas, some calculations including EMA, consistently overestimate orbital positions.  

In combination with theoretical approximations, many analytical techniques have been 

used. The most popular analytical techniques are (1) X-ray photoelectron (XPS) and (2) 

ultraviolet photoemission (UPS) spectroscopy measurements, and (3) cyclic voltammetry 

(CV) 
98-109

. UPS is often used due to its ability to “map out the entire valence band 

structure, including the band-edge and surface state contributions”.
110

  However, the high 

intensity and high energies of the ultraviolet radiation used in UPS measurements may 

induce shifts in these energetic positions as reported by Yi et al.
111

  Additionally, XPS is 

often coupled with UPS, which uses synchrotron radiation to investigate the empty 

conduction band states.
98,99,107,112

 However, of the above three methods, cyclic 

voltammetry is the most convenient due to its (1) ambient conditions, (2) low cost, and 

(3) ability to analyze thin films as well as colloids.
107,108

 Therefore, electrochemistry 

proves to be the most versatile and accurate method of determining energetic orbital 

positions. 

1.5.2      Electrochemistry 

Figure 1.7 demonstrates how solution phase electrochemistry occurs as the 

current flows between the working (or indicator) and counter (or auxiliary) electrode. In 

our system we utilize a three electrode system; therefore, the potential of the working 
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electrode is varied with respect to the reference (nonpolarizable) electrode. This 

controlled potential causes the chemical species in solution to be oxidized or reduced. 

Therefore, changes in potential vary the energy level of the working electrode in order to 

allow for the exchange of electrons from the HOMO of the SNC to the working electrode 

(oxidation) when a positive potential is applied (Figure 1.7 AB) and from the working 

Figure 1.7: Representation of (A) decrease in potential energy (red arrow) of the 

working electrode and the subsequent (B) reduction, in which the electron is transferred 

from the working electrode to the LUMO of the SNC in solution (curved arrow). 

Reverse process representation (C) increase in potential energy (red arrow) of the 

working electrode and the subsequent (D) oxidation, in which the electron in the HOMO 

of the SNC in solution is transferred to the working electrode (curved arrow). *Electrons 

are represented as black arrows, representing their opposite spin states.
113
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Figure 1.8: Schematic representation of the CV technique. The reduction process 

occurs from (A) the initial potential to (C) the switching potential. Here the potential is 

scanned negatively to cause a reduction (cathodic current). At (B) the maximum 

reduction potential of the species has been reached resulting in a peak. The scan then 

switches potential at (C) and scans positively to point (E). In this region, oxidation 

occurs (anodic current). At point (D) the maximum oxidation potential has been 

reached resulting in a peak.  

 

electrode to the LUMO (reduction) upon decreasing the potential (Figure 1.7 CD).
113

 

This SNC electron transfer can then be measured by the changes in current as the 

potential of the electrode is varied. CV technique allows one to observe both the forward 

and reverse reactions simultaneously, e.g. oxidation and reduction potentials. Figure 1.8 

is an example of a typical voltammogram. As the scan progressively increases the 

negative potential, the current rises to a peak and then decays in a regular manner. This 

peak is the product of an alignment between the working electrode potential and the 

LUMO of the SNC allowing for the transfer of electrons (Figure 1.7 C D). The CV 

switching potential is then reached (change in potential sign) and the scan progresses to 
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more positive potential causing an oxidative (anodic) peak due to the appropriate 

alignment between the working electrode potential and the SNC HOMO (Figure 1.7 

AB). However, the utility of CV is highly dependent on the analyte being studied.  

1.5.3      Limitations of Electrochemistry by Sample Preparation 

There are many size- and composition-dependent electrochemical determinations 

of various SNCs using CV technique where the SNCs were deposited as a film onto an 

electrode surface, such as with copper-based ternary (CuInSe2, Cu2SnSe3, and CuZnSeS) 

SNCs
100-103

 or many other chalcogenide (CdSe or CdS).
47,113-116

 However, current sample 

preparation does not accurately represent the electrochemical characteristics such as 

HOMO and LUMO positions of diffused and isolated SNCs for a variety of reasons. 

First, these SNCs, usually deposited as a film, are presented in their aggregated state and 

therefore no longer follow the quantum confinement effects, meaning they now act as a 

bulk material and lack distinct orbitals.
113

  Also, these films are typically comprised of 

SNCs coated in an insulated ligand coating such as OLA or dodecanethiol (DDT). 

Insulating ligands cause a dramatically slowed electron transfer that could trigger 

chemical byproduct reactions inside the film causing an overall change in morphology 

and degradation of the sample. Therefore, quantitative information about the HOMO 

and/or LUMO positions is seldom accurately portrayed.  

On the other hand, using dispersed SNCs would overcome the limitations faced 

by the above mentioned films. However, commonly used ligand-passivated SNCs are 

only soluble in solvents such as toluene, hexane, and/or chloroform, and due to their 

narrow potential window, these solvents are not suitable for electrochemical 

characterization of large band-gap ultrasmall SNCs. 
47,50,104,108,113,114,117-120

 Reports of 
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dispersed SNCs (CdSe
47,104,108,114,117,118

, CdTe
117,119,120

, CdSxSe1-x
119

, and CdSexTe1-x
50

)  

all used N,N-dimethylformamide (DMF)/electrolyte solution, which has a small potential 

window presenting problems as the SNC decreased in size and consequently increased in 

oxidation and reduction potential peak separation. Also, in all of these cases, multiple 

peaks were observed, which could be due to a poorly cleaned (presence of free, unbound 

surface passivating ligands) or a poorly passivated (surface trap states) SNCs.
104-106

 

Lastly, in contradiction to the rules of quantum confinement, the electrochemical 

bandgap (𝐸𝑔𝑎𝑝
𝑒𝑙 ) was found to be smaller than the optical bandgap (𝐸𝑔𝑎𝑝

𝑜𝑝𝑡
).  Eq. 1.4 clearly 

illustrates the relationship in which 𝐸𝑔𝑎𝑝
𝑒𝑙   is the sum of the 𝐸𝑔𝑎𝑝

𝑜𝑝𝑡
 and the coulombic 

interaction. Here the coulombic interaction is represented by 𝐽𝑒/ℎ, which can be defined 

as the electrostatic interaction between the e/h pair.
103

 

𝐸𝑔𝑎𝑝
𝑒𝑙 = 𝐸𝑔𝑎𝑝

𝑜𝑝𝑡
+ 𝐽𝑒/ℎ (1.4) 

1.5.4      Enhanced Electrochemical Analysis 

In order to overcome current sample preparations resulting in electrochemical 

limitations for the determination of HOMO and LUMO positions, the above mentioned 

PEG-thiolate ligand modification was developed, which allows for high solubility in a 

wide range of solvents such as electrochemically friendly acetonitrile or 

dichloromethane.
113

 PEG is a solvent-like ligand allowing for not only solubility in 

various solvents but also enhanced charge transport ability
64,121-123

, characteristics 

pertinent to accurately portray the solution phase electrochemistry. Solubility gained 

from the use of PEG-thiolate as a ligand allows for a large potential window to accurately 

capture and quantitate the HOMO and LUMO positions from the oxidation and reduction 
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peaks of the solution phase voltammograms. The solution acquired voltammograms can 

then be used as onset potentials from which the oxidation and subsequent reduction peaks 

appeared. (See Figures 1.7 and 1.8) Therefore, PEG allows the SNCs to undergo 

electrochemical determination of the HOMO and LUMO orbitals in an electrochemically 

friendly solvent without aggregation and provides the necessary conductivity to allow for 

fast electron transport to and from the electrode. This process provides vital information 

about the SNCs’ orbital positions and ability to delocalize and therefore, can be applied 

to a variety of applications.     

1.6      Applications of SNCs 

Due to their size-dependent electronic and optical properties, as discussed 

previously, SNCs have gained considerable attention for their applications in solid state 

devices such as light-emitting diodes (LEDs)
5,17,124-127

, photodetectors
128-131

, field-effect 

transistors (FET) 
75,132,133

, and photovoltaics
36,134-136

. They have also gained a great deal 

of attention for their use in bioimaging
42,121

 or as photocatalysts
137-139

 for conversion of 

water to hydrogen gas, oxidation of organic contaminants, or decomposition of crude oil 

or pesticides. (Figure 1.9) As discussed, these versatile colloidal SNCs can be modified 

using different surface passivating ligands for specific applications. For example, SNCs 

passivated by water soluble ligands can be used for bioimaging, drug delivery systems, or 

even as photocatalysts. Whereas, those stabilized by small organics or polymers are often 

used for optical or electronic purposes such as solid state devices, photovoltaics or 

photodiodes.  
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1.6.1      Solid State Devices 

Solid state devices such as LEDs and FET are widely used in our society and are 

transforming the field of semiconductor-based nanotechnology. SNC LEDs have narrow 

emission bands and have shown nearly 30% efficiency in converting electrical power to 

light. They have also shown long-term stability against photochemical and current-

induced degradation when compared with their bulk counterparts.
53

 As discussed 

previously, because of their quantum confinement effects, SNCs act more like molecules 

as they interact with light via their electronic transition dipoles, yet their ability to 

delocalize causes unique  photophysical properties over molecules. For example, in 

Figure 1.9: Depiction of the many versatile SNC applications. 
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molecules, the wave function is localized on just one or a few bonds whereas in SNCs, 

the wave function is delocalized over many unit cells with little probability density at the 

surface. Therefore, barring no defects internally or on the surface, a SNC has the 

capability of near unity PL-QY and partial protection from environmental quenching.
53

 

Therefore, SNCs show extreme promise as materials for bright LEDs, such as those 

produced by Rosenthal, et al.
5,124

 In 2010, their group reported one of the first examples 

of ultrasmall SNC (<2.0 nm) electroluminescence and pure white light emission (0.333, 

0.333). This work has long been explored and expanded by many researchers and is 

currently comprised of LEDs of the entire color spectrum with external quantum 

efficiencies improving yearly.
17,125-127

 Likewise, FET has also benefitted from strongly 

quantum-confined SNCs. Such as the work by Murray et al. in which PbSe SNC FETs 

allocate reversible switching between n- and p-type transport providing options for 

compatible metal oxide semiconductor circuits allowing for range of low-cost 

applications.
133

  

1.6.2      Solar Cells 

Another SNC application is the photovoltaic or solar cell. There has been 

immense research done on solar cells since 1839 when Alexandre-Edmond Becquerel 

observed the first interaction between semiconductors and solar radiation via an electrode 

in a conductive solution exposed to light.
140,141

 This, indirectly, established the basis of 

the photovoltaic effect which is the principle that photovoltaic devices such as solar cells 

follow.
142-145

 The name photovoltaic describes the cells ability to convert light from the 

sun directly to electric power also known as the photovoltaic effect.
144

 The basic 

workings of the solar cell include: absorption of photons, formation of electron hole pair, 
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electron hole pair diffusion to the junction, charge separation, charge transport to the 

cathode by electrons and to the anode by the holes, and lastly, a direct current supply for 

the load.
146 

(Figure 1.10) This basic understanding of this process is required in order to 

tailor SNCs to more efficiently undergo the photovoltaic effect and transform sunlight 

into usable energy, since the excitons must have the same energy as that of the incident 

rays from the sun.
147

  There are three major types of SNC-based photovoltaic devices: (1) 

polymer hybrid solar cells, (2) metal junction solar cells, and (3) QD-sensitized solar 

cells.
148-152

 The polymer hybrid solar cells utilize blends of conducting polymers and QDs 

for charge transport and separation. In the second type of solar cell, the metal junction 

solar cell, charge separation upon visible laser excitation is achieved at the metal-

Figure 1.10: Depiction of the photovoltaic effect in a photovoltaic device. 2D model of 

the basic workings of the photovoltaic cell provided. First absorption of photons occurs, 

followed by the formation of e/h pairs, e/h pair diffusion to the junction, charge 

separation, charge transport to the cathode by electrons and the anode by the hole, and 

lastly, direct current supply for the load. (Adopted from reference 144.) 
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semiconductor interface. The third type of SNC solar cell, the QD-sensitized solar cell, 

works by injecting excited electrons from SNCs into a large bandgap semiconductor, 

such as TiO2 or ZnO, and the holes are scavenged by a redox couple.
148 

SNCs have been 

used as the intermediate energy level in solar cells to control the size of the bandgap 

which improves efficiency by providing an intermediate energy level that allows for low 

energy photons to still generate electron-hole pairs.
41

 Additionally, SNCs have been 

reported to emit linearly polarized light with a large stokes shift, which is the separation 

between the absorption and emission maxima.
153

 The large stokes shift reduces light 

reabsorption which is important for many optoelectronic and photovoltaic applications.
 

Therefore, SNCs for solar cell application is being actively pursued.  

1.6.3      Bioimaging 

SNCs can also be used for bioimaging and biosensing applications as they are 

known to be highly resistant to photobleaching and have a high surface to volume ratio 

allowing for biofunctionalization.
154

 For these reasons, SNCs have been used for cell 

tracking and multichannel and multimodual imaging such as that reported by Alivisatos, 

et al. Their group utilized SNCs as fluorescent probes for biological staining and 

diagnostics in mouse fibroblasts.
155

 They stated that ideal probes for multicolor 

experiments should be able to emit at spectrally resolved energies while having a narrow 

emission spectrum and furthermore the entire group of probes should be excitable at a 

single wavelength, which was possible using SNCs. When considering SNCs’ biological 

purposes there are two important factors: (1) colloidal stability in an aqueous 

environment, and (2) potential toxicity. The first is accomplished using a phase transfer 

procedure or post-synthetic ligand exchange as described previously. The second, 
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however, is complicated due to the intrinsic potential toxicity of SNCs themselves. 

Despite this toxic nature, it was reported that SNCs with <6.0 nm hydrodynamic radii 

have (1) low toxicity in biological systems, (2) faster diffusion into cells, and (3) faster 

renal clearance.
121,156

 Therefore, proper choice of ligand modification, size and shape, 

delivery method, and dosage all play a major role in this consideration making 

overcoming toxicity difficult, yet achievable for ultrasmall SNCs in bioimaging 

applications.
154

  

1.6.4      Advanced Oxidative Processes 

SNCs have been applied to recent photocatalytic research using advanced 

oxidation processes (AOPs) for the decomposition of organic contaminants, conversion 

of water to hydrogen gas, and decomposition of crude oil or pesticides. AOPs rely on 

solar energy-driven in-situ generation of reactive radical species such as superoxide (O
●-

) 

and hydroxide (HO
●
) radicals that facilitate the photodecomposition.

157
 For this reason, 

sunlight conversion efficiency is extremely important, and thus, the choice of 

photocatalytic material is pivitol.
43,158-161

 

1.6.4.1      Photocatalytic Activity of Binary SNCs 

A photocatalyst is defined as a chemical substance which is activated by an 

adsorbed photon and created e/h pairs that increases a chemical reaction rate without 

being consumed or chemically altered.
162

 The photogenerated electron and hole could 

perform reduction and oxidation reactions, respectively. (Figure 1.11)
163

  For example, 

during catalytic water splitting, the photocatalyst, such as anatase TiO2, initiates the 

following reaction: 2𝐻2𝑂 → 2𝐻2 + 𝑂2. The first application of TiO2 as a photocatalyst 

was introduced by Bard et al. in which they demonstrated the oxidation of CN
-
 and SO3

2-
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in an aqueous medium under sunlight.
164

 Even today, metal oxides (TiO2 and ZnO) are 

the most commonly used materials for various photocatalytic reactions.
137,162,165,166

  

However, metal oxides lose energy through light reflection and can only absorb 

ultraviolet light which accounts for less than 5% of the total solar radiation.
157

 Therefore, 

binary SNCs (e.g. CdS and ZnSe) have been used since their bandgaps are more 

compatible with the solar spectrum. 

A bandgap of <3.0 eV is required to effectively utilize sunlight, and as mentioned 

previously, there is an inverse relationship between diameter of the SNC and the 

bandgap. 
167

 Therefore,  large band-gap SNCs, such as CdS and ZnS are capable of 

Figure 1.11: Schematic representation of anatase TiO2 under sunlight illumination. 

General bandgaps are >3.0 eV. The excited electron can undergo photooxidation whereas 

the hole can undergo photoreduction as shown above. Recombination (blue) is also 

possible, but attempts to minimize this process should always be taken. (Adopted from 

reference 163.) 
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effectively absorbing solar energy; however, they undergo photochemical decomposition 

without the addition of sacrificial electron and hole donors.
168

 Additionally, when 

considering the use of a photocatalyst for AOPs, the idea of green chemistry (non-toxic) 

plays a critical role as the photocatalyst will be applied to our water supply. Therefore, 

Cd and many other binary SNCs are inadequate photocatalytic material.
169

 Recent 

developments have aimed at improving these binary photocatalysts through: (i) doping 

and formation of solid solutions, (ii) introduction of co-catalysts, and (iii) development of 

a support structure.
157

 Additionally, there has been significant interest in using ternary 

SNCs in order to improve bandgap position, decrease toxicity, and increase overall 

photocatalytic efficiency.   

1.6.4.2      Photocatalytic Behavior of Ternary SNCs 

Ternary SNCs provide many advantages over binary SNCs including direct 

bandgaps, high absorption coefficients, superb stability, and large separation of charges 

(slowed recombination rates).
170-175

 However, composition, size, and surface chemistry 

determine the overall catalytic efficiency. Semiconductors composed of metal ions with 

partially filled orbitals show little to no photocatalytic activity due to the ions acting as 

catalytic centers for electron-hole recombination and therefore do not produce the 

radicals necessary to generate photocatalysis. However, exceptions to that rule include 

diamagnetic ions with d
10

 configurations such as Ag
+
, Zn

2+
, and Cu

2+
, as well as those 

ions with an s
2
 configuration such as Pb

2+
 and Bi

3+
.
168

 For these reasons, copper-based 

ternary SNCs (e.g., CuInSe2,CuInS2, CuSbS2, and CuSbSe2) have long been used for 

photovoltaic devices to replace environmentally toxic elements (e.g., Cd and Pb), but not 

until recently have these materials been explored for their potential use in 
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photocatalysis.
36,139,176-183

 Moreover, all reports of ternary SNCs have been used in order 

to sensitize wide bandgap semiconductors (e.g., ZnS, ZnO, and TiO2) or in conjunction 

with a cocatalyst (Pt). 
36,138,171,184-186

 For instance, Wang et al. used ZnO microspheres 

sensitized  by CuInSe2 (20 nm) and CuInS2 (3.5 nm) SNCs to determine the 

photodegradation of rhodamine B under irradiation.
171

 Results showed that the 

photocatalytic activity was much higher for the sensitized SNCs versus ZnO 

microspheres alone most likely due to the large bandgap of the ZnO material (3.37 eV) 

and fast recombination rate of the photogenerated e/h pairs. ZnO/CuInS2 also produced 

higher photocatalytic efficiency than ZnO/CuInSe2 as a direct result of a more suitable 

bandgap to utilize sunlight by CuInS2 SNCs and the large surface area stemming from the 

SNC size regime. Similarly, Xie et al. demonstrated that CuInS2 in conjunction with Pt as 

a cocatalyst was able to achieve higher average hydrogen production than previously 

reported.
138

 

However, since all reports of ternary SNCs are in the form of sensitized wide 

bandgap semiconductors or in combination with a cocatalyst, much remains unexplored 

as to the significance of the ternary SNCs themselves. Therefore, the principle activity-

controlling factors for photocatalysis, as explained by Osterloh
168

, have been identified 

for semiconductor-heterostructures but not for ternary SNCs alone. The dependence of 

the photocatalytic activity on the structural and electronic features at the surface of the 

ternary SNCs are unknown. These areas represent significant opportunities for improving 

AOPs. A better understanding of the quantum size effects can lead to the tailoring of the 

electronic structure as well as the reactivity of the SNC, thus producing higher efficiency 
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overall. In this thesis, the effect of size and surface modification of CuInSe2 for the 

purpose of photocatalytic decomposition of pollutants is explored.  

1.7       Purpose and Specific Aims of Dissertation 

The purpose of this work is to better understand the electronic and 

electrochemical properties of colloidal SNCs, specifically those that are in the strong 

confinement regime. By modulation of surface ligand chemistry and core composition, 

we can tailor SNC properties to meet their specific application. In the chapters to follow, 

we explore the following specific aims: (1) investigate the delocalization of exciton wave 

functions of SNCs into the ligand monolayer, (2) explore ligand-controlled electronic 

coupling of SNCs both in colloidal and solid states, and (3) characterize solution-state 

electrochemical properties and photocatalytic activity of ternary SNCs as a function of 

their size and surface ligand chemistry. 

In Chapter 2, we demonstrate the delocalization of the exciton wave function 

through appropriate selection of surface passivating ligands. We present reversible 

delocalization of exciton wave functions of molecule-like CdSe SNCs due to attachment 

of Z-type ligand onto their surface. It was hypothesized that passivation of Se sites of 

metal chalcogenide SNCs by Z-type ligands (e.g., cadmium benzoate (Cd(O2CPh)2)), 

would have a two-fold outcome by (1) facilitating the delocalization of exciton wave 

functions into ligand monolayers (through appropriate symmetry matching and energy 

alignment) and (2) increasing fluorescence quantum yield (through passivation of midgap 

trap states).  An ~240 meV red-shift in absorbance was observed upon addition of 

Cd(O2CPh)2 as well as a ~260 meV shift in emission with an increase in PL-QY to 73%.   
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These observations were reversible upon displacement of Cd(O2CPh)2 complex with 

N,N,N’,N’-tetramethylethylene-1,2-diamine. 
1
H NMR and FTIR characterizations of the 

SNCs demonstrate that the OLA remained attach to the surface of the SNCs during the 

reversible exchange of Cd(O2CPh)2 and based on surface ligand characterization, we 

propose that these bathochromic shifts are a consequence of the delocalization as opposed 

to originating from a change in the size or relaxation of the inorganic core. Furthermore, 

increase in radiative lifetime and PL-QY was proven to be a combination of passivation 

and delocalization effects. This section has been submitted to Chemistry of Materials 

(2016). 

In Chapter 3, we explored the ligand-controlled electronic coupling of SNCs 

through the use of PEG-thiolate. PEG chains can impart liquid crystalline characteristics 

to ligand-coated SNCs, which can improve SNCs packing into thin-films and is 

imperative for solid state device fabrication. This “solvent-like” nature of PEGs coupled 

with a low hydrodynamic radii, allow for strong inter-SNC interaction through the 

entanglement of the excitonic wave function. Here, the inter-SNC electronic coupling 

through manipulation of exciton delocalization using a systematic variation of size and 

surface ligation was studied.  This strong inter-SNC electronic coupling coupled with 

high solubility, such as that provided by PEG-thiolate-coated CdSe SNCs, can increase 

the stability of SNCs during solution-phase electrochemical characterization. This 

enhanced stability provides quantitative information about the electrochemical oxidation 

and reduction potentials and enables the control of the generation and transfer of charge 

carriers for applications such as photovoltaic and photocatalytic applications. The work 
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presented in this section has been published in RSC Advances (2014, 4, 30742-30753) 

and Nanoscale (2015, 7, 11667-11677). 

The last section utilizes the previous two sections in order to perform 

electrochemical analysis of CuInSe2 SNCs and investigate their visible light driven 

photocatalytic activities. These studies provide some of the most pristine solution phase 

electrochemistry available and serve as the first reports of the effects of structural 

parameters of CuInSe2 SNCs on visible light driven photocatalytic degradation of 

pollutants under homogenous conditions. CuInSe2 SNCs provide: (1) high absorption 

coefficients, (2) environmentally nontoxic, (3) tunable optical bandgaps in the visible to 

NIR region of the solar spectrum through size and composition (as stated in previous 

sections), and (4) low bandgap energy, which will allow more effective generation of 

electron-hole pairs, and prevent recombination, which are prerequisites for nanomaterials 

to be used in AOPs. In order to efficiently evaluate the bandgap and for eventual use in 

an aqueous environment a solution-phase, post-synthetic ligand exchange replacing 

insulating, bulky OLA with PEG-thiol to prepare PEGn-thiolate-coated (n=6-150) 

CuInSe2 SNCs was used to enhance their solubility in water. Electrochemical 

characterization of our PEG-thiolate-coated SNCs showed that the thermodynamic 

driving force (-ΔG) for oxygen reduction, which increased with decreasing bandgap, was 

a major contributor to the overall photocatalytic reaction using CuInSe2 SNCs as a 

photocatalyst.  Additionally, phenol degradation efficiency was monitored and a two-fold 

increase from 30-60% was achieved by varying the diameter of the CuInSe2 SNCs from 

5.3 to 1.8 nm. Surface ligand dependency of the photocatalytic efficiency was also 

investigated on CuInSe2 SNCs where shorter chain lengths of PEG produced the highest 
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photocatalytic efficiency.  The information provided herein could be used to produce 

superior SNC photocatalysts for a variety of applications including oxidation of organic 

contaminants, conversion of water to hydrogen gas, and decomposition of crude oil or 

pesticides. Therefore, we believe our work will significantly advance quantitative 

electrochemical characterization of SNCs and allow for the design of highly efficient, 

sustainable photocatalysts resulting in economic and environmental benefits. This final 

section has been published in Chemistry of Materials (2016, 28, 1107-1120).  

1.8      Outlook 

 The work presented in this thesis has the ability to facilitate the design of 

bioimaging, solid-state, and photocatalytic materials through appropriate choice of 

surface ligation without changing the core chemical or structural integrity. This 

knowledge can further be applied to various SNCs for a myriad of applications including 

AOPs. While ternary CuInSe2 SNCs provided us with a means to study the structural 

parameters of SNCs on visible light-driven photocatalysis, the high cost and low earth 

abundance of indium makes its use in AOPs questionable. On the other hand, ternary 

copper antimony chalcogenide SNCs (CuSbE2 (E=S or Se)) are emerging as an 

alternative to many ternary and quaternary indium based SNCs due to their relative 

abundance and non-toxic composition.
185,187-192

 Many promising reports of CuSbS2 and 

CuSbSe2 SNCs as photovoltaic material are available, however, to date; there are no 

reports on their photocatalytic activity.
185,187,188,191-193

 Additionally, there are no reports in 

which low-temperature synthesis is utilized for CuSbE2 and very few reports of colloidal 

synthetic methods
194-197

. Therefore, using our previously gained knowledge, a low 

temperature synthesis of CuSbS2-xSex SNCs could be achieved in which proper ligation 
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could be utilized in order to perform electrochemical characterization and study their 

photocatalytic behavior. Furthermore, our knowledge of surface chemistry could be used 

to produce hybrid NSs
158

 between localized surface plasmon resonance (LSPR) active Au 

nanoprisms (NPs) and our CuSbS2-xSex SNCs to further enhance their photocatalytic 

behavior. Hybrid NSs require (1) plasmonic NSs with defined geometric features that are 

able to enhance the surrounding medium yet robust enough to withstand treatment with 

the semiconductor and (2) the ability to easily integrate such structures with a 

semiconductor material.
198

Au NPs provide extraordinary stability under light, a well-

defined prismatic shape, and unique LSPR properties in the 700-900 nm region. Likewise 

NPs provide strong electromagnetic (EM) field enhancement at their sharp tips and large 

absorption cross-section.
199-201

 This is extremely important for hybrid NSs as it has been 

reported that emergent photoprocesses are most active in the regions of high EM field 

strength.
202

 Additionally, the second requirement is extremely important as the ability to 

connect both the Au NPs with the SNCs while still providing adequate electron transfer is 

vital. The use of PEG-dithiol as the insulating interlayer and covalent bond between the 

nanoprisms and the ternary structures would provide the necessary connection while 

allowing for electron transfer from the Au NP to the SNC. Since Au NPs are 

plasmonically active, a drastic increase in efficiency coming from the sharing of 

concentrated energy contained in the localized plasmonic oscillations is expected. To the 

best of our knowledge, there are no reports of the photocatalytic behavior of CuSbS2-xSex 

SNC-Au NP hybrid NSs. We believe that these hybrid NSs would more effectively 

capture sunlight than SNCs alone, and as such, they offer a unique and environmentally 

sound solution to current obstacles in AOPs. 
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CHAPTER 2. DUAL ROLE OF METAL-CARBOXYLATE LIGANDS: REVERSIBLE 

EXCITON DELOCALIZATION AND PASSIVATION OF NONRADIATIVE TRAP-

STATES IN MOLECULE-LIKE CDSE NANOCRYSTALS 

 

 

 

2.1      Synopsis 

This chapter details the dual role of metal-carboxylate ligands and reports large 

bathochromic shifts up to 240 meV in both the excitonic absorption and emission peaks 

of oleylamine (OLA)-coated molecule-like (CdSe)34 semiconductor nanocrystals (SNCs) 

caused by post-synthetic treatment with electron accepting Cd(O2CPh)2 at room 

temperature. These shifts are found to be reversible upon displacement of Cd(O2CPh)2 

complex with N,N,N’,N’-tetramethylethylene-1,2-diamine. 
1
H NMR and FTIR 

characterizations of the SNCs demonstrate that the OLA remained attached to the surface 

of the SNCs during the reversible exchange of Cd(O2CPh)2. Based on surface ligand 

characterization, X-ray powder diffraction measurements, and additional control 

experiments, we propose that these red-shifts in peak positions are a consequence of the 

delocalization of strongly confined exciton holes into the interfacial electronic states that 

are formed from interaction of the HOMO of the SNCs (electron donors) and the LUMO 

of the Cd(O2CPh)2 (electron acceptors) as opposed to originating from a change in the 

size or relaxation of the inorganic core.  Furthermore, attachment of Cd(O2CPh)2 to the 

OLA-coated (CdSe)34 SNC surface increases the photoluminescence quantum yield from
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5% to an unprecedentedly high 73% and causes a three-fold increase in radiative lifetime, 

which are attributed to both passivation of nonradiative surface trap states and exciton 

delocalization. Taken together, our work demonstrates the unique aspects of surface 

ligand chemistry in controlling the excitonic absorption and emission properties of 

ultrasmall (CdSe)34 SNCs, which could expedite their potential applications in solid-state 

device fabrication. 

2.2      Introduction 

The surface ligand chemistry of semiconductor nanocrystals (SNCs) has profound 

influence on their optoelectronic properties.
1-4

 Such properties can be successfully 

tailored by selective manipulation of surface chemistry
1-3,5-7

 to achieve large 

photoluminescence (PL) quantum yields (PL-QY),
8-10

 high carrier mobility
6,11

, and fast 

charge transport
3,11,12

 to facilitate optoelectronic
13,14

 and photovoltaic device 

fabrication
12,15

. Surface ligands are generally introduced during the colloidal synthesis of 

SNCs,
9,10,16-20

 however most of the ligands, long-chain aliphatic amines and phosphines 

(neutral 2-electron donating L-type) and long-chain aliphatic carboxylate and 

phosphonate (1-electron donating X-type) ligands,
16,21-35

 are insulating in nature. 

Therefore, in order to enhance their charge transport properties and their biological 

imaging detection, post-synthetic surface ligand exchange is routinely carried out. 
20,36-42

 

The ligand exchange reaction strongly affects their emission properties (PL-QY and 

radiative lifetime)
43,44

 and excitonic absorption characteristics.
3,6,34,45-47

 Recently Weiss et 

al.,
43,45

 our group,
3
 and others

3,6,48-50
 have shown that post-synthetic ligand exchange on 

CdSe and/or CdS SNCs with X-type ligands induces the delocalization of quantum 

confined holes causing a red-shift in the first excitonic absorption peak, which can be 
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characterized as an “increase in the confinement box size”.
3,4,6,43,45,48-50

 However, such 

change in the optical properties was found irreversible. In this chapter, we report for the 

first time that the post-synthetic surface ligand treatment of oleylamine (OLA)-passivated 

“molecule-like” (CdSe)34 SNCs with the Cd(benzoate)2 ((Cd(O2CPh)2), a 2-electron 

accepting Z-type ligand) (1) produces mixed ligand-passivated SNC Cd(O2CPh)2-OLA-

passivated (CdSe)34 SNCs, and (2) induces a red-shift of the excitonic absorption and 

emission peaks that can be restored upon removal of Cd(O2CPh)2 through N,N,N’,N’-

tetramethylethylene-1,2-diamine (TMEDA) treatment (Figure 2.1) in which the red-shift 

is caused by delocalization of excitonic holes. 

In contrast to X-type ligand exchange where irreversible change in the optical 

spectra has always been observed, Buhro et al. recently reported reversible shifts of 140 

meV in the absorption and emission peaks of two-dimensional CdSe and CdS quantum 

Figure 2.1: Reversible surface modification of OLA-passivated (CdSe)34 SNC with 

Cd(O2CPh)2. The red circles represent amine head group of OLA, the blue circles and 

pink dots represent Cd and phenyl rings of Cd(O2CPh)2.*The illustration of (CdSe)34 

SNC structure does not correspond to the actual core-cage structure.  
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belts upon fully exchanging L-type ligands (octylamine) with the Z-type ligands 

(Cd(oleate)2).
51

 The shift in optical spectra is attributed to a combination of change in 

strain state (structural relaxation of the inorganic core) and exciton delocalization. The 

magnitude of change in the confinement dimension is remarkably large considering that 

only an ~4 meV change is observed in the absorption spectra by Owen et al. for CdSe 

SNCs quantum dots (QDs) under similar experimental conditions.
52

 However, reversible 

change in the confinement dimension of three-dimensional SNCs solely due to 

delocalization of excitons upon attachment of metal-complexes without compromising 

the original surface chemistry of SNCs has yet to be demonstrated. In this chapter, we 

report that attachment and detachment of Cd(O2CPh)2 to surface Se sites of (CdSe)34 

SNCs without displacing the original OLA attached to the surface Cd sites produces a 

reversible change in the SNC absorption and emission peaks up to 240±12 meV for at 

least five cycles. 

Our experimental results and proposed molecular orbital (MO) theory of SNC-

metal complexes demonstrate that the reversible change in the optical spectra of mixed 

OLA- and Cd(O2CPh)2- passivated (CdSe)34 SNCs is not controlled by change in 

dimension, crystal, or strain states. It is, however, a consequence of delocalization of hole 

wave functions into the hybrid MOs that are formed from the interaction between 

HOMOs of OLA-passivated (CdSe)34 SNCs and LUMOs of Cd(O2CPh)2. The wave 

function’s delocalization process is further supported by a three-fold increase in PL 

lifetime.
43

 Furthermore, our particular surface passivation increased the PL-QY from 5% 

to 73%, which is the highest PL-QY reported in the literature for such ultrasmall SNCs,
8,9
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therefore, illustrating the dual role of Cd(O2CPh)2 in both spectral modulation and trap 

state passivation. 

Taken together, our results provide new insights into how optoelectronic 

properties (absorption and emission spectra, PL-QY, and radiative lifetimes) can be 

controlled through post-synthetic surface modification without replacing the surface 

ligand of the original SNCs. Thus, this research provides a rational approach in obtaining 

the desired optoelectronic properties of SNCs through selective surface passivation 

without changing their size, shape, or inorganic core composition.  

2.3      Materials and Methods 

2.3.1      Materials 

Cadmium acetate dihydrate (Cd(OAc)2•2H2O) (98%), cadmium oxide (99.9%), 

benzoic acid (99.5%), benzoic anhydride (95%), tetrahydrofuran (THF) (99.9%), 

oleylamine (OLA) (70%), cadmium chloride (CdCl2) (99%), 1-hexanethiol (HT) (95%), 

toluene (HPLC grade), elemental selenium (99.99%), N,N,N′,N′-tetramethylethane-1,2-

diamine (98 %) (TMEDA), acetonitrile (MeCN) (HPLC grade), chloroform (HPLC 

grade), dichloromethane (DCM) (>99%), hexanes (95%), hexadecylamine (HDA) (90 

%), and trioctylphosphine (TOP) (90%), oleic acid (OA) (99 %), n-nonanoic acid (98%),  

and 1-octadecene (90%) were purchased from Aldrich and used without further 

purification. Methanol (99.98%) was purchased from Fisher Scientific. Cadmium stearate 

(90%) was purchased from STREM Chemicals and used without further purification.  

2.3.2      Optical Spectroscopy 

UV-vis absorption spectra were collected using a Varian Cary 50 UV-vis 

spectrophotometer over a range of 800-300 nm. Prior to sample measurements, the 
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baseline was corrected with pure solvent. The emission spectra were acquired using a 

Cary Eclipse fluorescence spectrophotometer from Varian Instruments with an excitation 

of 380 nm. 
1
H NMR was recorded on a Bruker AVANCE III 500 instrument at 500 MHz 

frequency. Approximately ~2 mg of sample were dissolved in 0.6 mL of CD2Cl2 at room 

temperature and a minimum of 1000 scans were collected.  

The PL-QYs of the synthesized OLA-passivated (CdSe)34 SNCs before and after 

exciton delocalization were calculated via a comparison technique using coumarin-30 as 

a standard fluorophore. Coumarin-30 exhibits UV-Vis absorption maximum at 407 nm 

and an emission maximum at 482 nm when excited at 380 nm with a PL-QY of 55.3% in 

acetonitrile.
53 

All samples were prepared in toluene and the optical density of the samples 

was kept to a similar level (~0.08-0.1). The emission data were collected from 400-700 

nm and the area of the PL peak was determined. The following equation was used to 

calculate the PL-QY of the (CdSe)34 NCs:
16 

 

 

          (2.1) 

 

Here QYNC, ANC, and ENC represent the calculated quantum yield, measured absorbance, 

and integrated emission intensity of the (CdSe)34 NCs, respectively. QYSTD is the 

quantum yield of coumarin-30 and the s refer to the refractive indices of the two 

solvents.  
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2.3.3      Ground State Photoluminescence, Excited State Lifetime, and Absolute 

Quantum Yield Measurement 

PL spectra were acquired using a Cary Eclipse fluorescence spectrophotometer 

from Varian Instruments. The lifetime measurements were recorded using a Time-

correlated single photon counting (TCSPC) experimental set up. The data acquisition 

card (DAQ) was from Edinburgh Instrument (TCC900). The laser was a 405 nm pulsed 

laser from PICOQUANT (LDH-D-C-405M, CW-80MHz) with pulse width < 100 ps. 

The detector was a photomultiplier tube (PMT) from the HAMAMATSU (H7422-40, 

<250 s). The samples were excited at maximum absorption wavelength and the lifetime 

decay was measured at the emission wavelength maxima. The following stretch 

exponential equation was used to determine the excited state lifetime using a TCSPC 

experimental set up: 

 (2.2) 

Here I(t) and I0 are the PL intensities at time t and zero.  and  are the dispersion factor 

and emission decay time, respectively. For the limiting case where 1, a single 

exponential decay was achieved with a characteristic lifetime of . 

2.3.4      Structural Characterizations 

Fourier transform infrared spectroscopy (FTIR) measurements were taken using a 

Thermo Nicolet IS10 FTIR spectrometer.  For FTIR analysis, samples were prepared 

using a 1:10 ratio of sample to KBr, ground using a mortar and pestle, and pressed into a 

pellet.  A minimum of 300 scans were collected and all data was processed using Omnic 

FTIR software. 
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X-Ray Diffraction measurements were obtained using a Bruker D8 Discover X-

Ray Diffraction Instrument with a IµS microfocus X-ray source and the operating voltage 

and current are 50 kV and 1000 mA. The measurements were taken by preparing a thin 

film, or fine powder, of the material on a clean glass slide. 

2.3.5      Synthesis of OLA-passivated (CdSe)34 SNCs 

SNCs were synthesized using our laboratory’s previously published synthesis and 

purification with minor modifications.
19

 In brief, 0.2 g of cadmium acetate dihydrate 

(Cd(OAc)2•2H2O) was  dissolved in 5 mL of oleylamine in a 100 mL two-neck round 

bottom under reduced pressure while stirring. The Se-precursor stock solution was 

prepared by adding 0.12 g of freshly ground selenium in a 5 mL round bottom with 1.57 

mL OLA and 0.43 mL of HT under N2 atmosphere until all the Se has dissolved.  Once 

all Cd salt has dissolved, 5 mL toluene was added to the reaction mixture. Then 1 mL of 

the prepared Se-precursor was added and the reaction and stirred for 1h under N2 

atmosphere. The reaction was quenched by diluting with 20 mL of toluene and adding a 

mixture of MeCN/MeOH (1:1 v/v) dropwise until cloudy. The mixture was then 

centrifuged at 7000 r.p.m. for 5 min. The resulting bright yellow precipitate was 

redissolved in 20 mL of toluene and stored in the refrigerator for up to 2 weeks.  

2.3.6      Synthesis of Cadmium Stearate Passivated (CdSe)34 SNCs 

SNCs were synthesized using a previously published procedure with minor 

modifications.
30

 Briefly, 0.56 g of cadmium stearate (0.5 mmol) was combined with 9.66 

g hexadecylamine (HDA) (40.0 mmol) in a 25 mL Schlenk flask and heated at 100 ̊C 

under N2. When fully dissolved, 1 mL of TOPSe (1 mmol) stock solution was swiftly 

injected. This reaction was allowed to proceed at this temperature and was monitored by 
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UV-Vis spectroscopy and PL in chloroform using the above mentioned parameters. Upon 

completion, the solution was diluted in 25 mL chloroform and ethanol was added 

dropwise until cloudy. The solution was then centrifuged for 5 min at 7000 rpm. The 

resulting yellow solid was dissolved in chloroform and used immediately.  

2.3.7      Synthesis of Cadmium Benzoate Cd(O2CPh)2 

Cd(O2CPh)2 was synthesized using a previously published procedure with minor 

modifications.
54

 Briefly, 6.0 g (47 mmol) cadmium oxide, 34.4 g (282 mmol) benzoic 

acid, and 12.7 g (56 mmol) benzoic anhydride were combined in a Schlenk flask and 

stirred under N2 at 180 C̊ until a colorless melt occurred. The clear solution was allowed 

to cool to room temperature while stirring and then 100 mL toluene was added over ice. 

To remove unreacted products, the solid was collected on a fritted filter while washing 

with toluene (3 x 200 mL) and DCM (3 x 200 mL). The white powder was redissolved in 

a mixture of 1:3 THF to DCM in a round bottom flask. The solution was concentrated by 

rotary distillation. The resulting milky white suspension was then filtered again and 

cleaned with a 1:1 mixture of DCM and toluene (3x 100 mL). The white powder was 

dried under high vacuum at 100 ̊C overnight. Yield: 6.52 g (79 %).  

2.3.8      Synthesis of Cadmium Nonanoate (Cd(nonanoate)2) 

 Cd(nonanoate)2 was synthesized using a previously published for Cd(O2CPh)2 

above. 
54

 Briefly, 3.0 g (23.5 mmol) cadmium oxide, 22.3 g (141 mmol) n-nonanoaic 

acid, and 6.4 g (28 mmol) benzoic anhydride were combined in a Schlenk flask and 

stirred under N2 at 180 ̊C until a colorless melt occurred. The resulting colorless melt was 

allowed to cool to room temperature while stirring and then 100 mL toluene was added 

over ice. The solid was collected on a fritted filter while washing with toluene (3 x 200 
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mL) and DCM (3 x 200 mL). The white powder was redissolved in a mixture of 1:3 THF 

to DCM. The colorless solution was then concentrated by rotary distillation. The resulting 

milky white suspension was then filtered again and cleaned with a 1:1 mixture of DCM 

and toluene (3x 100 mL). The white powder was dried under high vacuum at 100 ̊C 

overnight. Yield: 7.21 g (72 %).  

2.3.9      Synthesis of Cadmium Oleate (Cd(oleate)2) 

Cd(oleate)2 was synthesized using a previously published procedure with minor 

modifications.
55

 Oleic acid (2.5 mL, 2.8 mmol) and CdO (0.09 g, 0.7 mmol) were 

combined in a 3-neck r.b. and degassed at 100 ̊C. Next the mixture was heated at 190 ̊C 

under N2 for 20 min until a colorless melt was achieved. Then the solution was cooled to 

100 ̊C and degassed 20 min.  The clear product was allowed to cool to room temperature 

and then was precipitated using dropwise addition of acetone. The gluey white product 

was centrifuged for 5 min at 7000 rpm and the clear supernatant was discarded. The 

purified Cd(oleate)2 was washed an additional 2x with a 1:1 mixture of hexane:acetone 

and dried under vacuum overnight.   

2.3.10      Post-synthetic Surface Modification with Z-type Ligand 

The molar extinction coefficient was calculated using the literature empirical 

formula
56

 to be 2.33 × 10
4
 M

−1
 cm

−1
, a 0.25 mM  stock solution of OLA-coated (CdSe)34 

SNCs was prepared in toluene. To the solution, 0.25 g (0.7 mmol) prepared Cd(O2CPh)2 

was added. The reaction mixture was stirred under N2 atmosphere for 24 h then 

centrifuged to remove any unreacted Cd(O2CPh)2. The exciton delocalization and surface 

passivation of the yellow solution was monitored using UV-Vis spectrometry and PL 



63 

 

  

using the above mentioned parameters. Post-synthetic surface modification controls were 

ran using the same parameters replacing Cd(O2CPh)2 for Cd(nonanoate)2 or Cd(oleate)2. 

2.3.11      Displacement of Z-type Ligand using L-type Ligand Modification 

0.25 mM stock solution of the Cd(O2CPh)2 modified OLA-passivated (CdSe)34 

SNCs was prepared in 10 mL toluene. To the solution, 524 uL (0.03 mmol) TMEDA was 

added while stirring under N2 atmosphere. The solution was allowed to stir for 1 hr. The 

displacement of the Z-type ligand was monitored using UV-Vis spectrometry, PL, and 
1
H 

NMR. Time dependent 
1
H NMR of the displacement was run using the above mentioned 

parameters.  

2.3.12      Rebinding of Z-type ligand 

To the Cd(O2CPh)2 displaced (CdSe)34 SNCs (0.25 mM), 100 uL (0.3 mmol) 

OLA was added while stirring under N2. The mixture was allowed to stir 15 minutes. 

Then 0.35 g (1.0 mmol) was added and allowed to stir overnight. Again the resulting 

exciton delocalization was monitored using UV-Vis spectrometry and PL using the above 

mentioned parameters.  

2.3.13      Theoretical Calculation of HOMO and LUMO Positions 

Orbital energy calculations were performed with QChem 3.1 software using a 

LANL2DZ effective core potential for Cd
2+

 with the matching basis set of 6-311+G** for 

C, O, and H atoms and B3LYP functional. 
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2.4      Results and Discussion 

2.4.1      Surface Treatment of OLA-Coated Molecule-like (CdSe)34 SNCs with 

Cd(O2CPh)2. 

We used OLA-coated, molecule-like (CdSe)34 SNCs with core-cage structure of  

(CdSe)6(CdSe)28
57

 as a model system for the study of surface ligand chemistry-dependent 

optoelectronic properties
6,9

 for several reasons: (1) These magic-sized SNCs are 

thermodynamically very stable,
33,57

 thus changes in their crystallographic structure during 

the ligand exchange reaction is unlikely. (2) With SNCs in the ultrasmall size range, the 

majority of the atoms reside at the surface of the SNCs. Therefore, even a minor variation 

in their surface ligand chemistry will have profound effects on their optoelectronic 

properties,
3,6,7

 as compared to larger SNCs. (3) The L-type ligand OLA binds to surface 

Cd sites
6,58

 leaving the Se sites unpassivated, which can then be coated with Z-type 

ligands (e.g., metal-carboxylate complexes) without displacing the OLA but changing the 

surface chemistry of original SNCs. Afterwards we expect that the Z-type ligands can be 

removed from the surface of the SNCs via a ligand exchange procedure using a different 

L-type ligand.
52

 (Figure 2.1) (4) We expect that the surface ligand interaction has the 

potential to dramatically alter SNC electronic structure and dictate SNC function more 

than ligand interactions with QDs, because SNCs have a larger surface-to-volume ratio 

that results in a higher density of surface orbitals (e.g., HOMOs and LUMOs), behaving 

more similar to isolated molecules. SNC surface orbitals readily interact with the MOs of 

surface ligands in a process called interfacial orbital mixing.
3,59
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The synthesis of OLA-coated, molecule-like (CdSe)34 SNCs was performed 

according to our published procedure.
19

 The blue lines in Figure 2.2 show that the lowest 

energy absorption and band-edge emission peaks are appeared at 416 and 435 nm, 

respectively. The sharp absorption peak (FWHM ~ 12 nm) at this wavelength confirms 

the formation of nearly monodispersed (CdSe)34 SNCs.
6,9,19

  In order to investigate the 

surface ligand-dependent optical properties, a 0.25 mM toluene solution of OLA-coated 

(A) 

(B) 

Figure 2.2: Absorption (A) and emission (B) spectra (in toluene) of purified OLA-

coated (CdSe)34 SNCs prior to (blue lines) and after (red lines) ex situ treatment with 

Cd(O2CPh)2 at room temperature. The emission spectra were collected at 380 nm 

excitation wavelength.  
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purified SNCs was treated with 0.7 mmol of Cd(O2CPh)2 and stirred under N2 

atmosphere for 24 h at room temperature. The details of the surface modification 

procedure are provided in the experimental section. The 24 h reaction mixture was 

centrifuged to remove free Cd(O2CPh)2 and produced a clear yellow supernatant. The 

SNCs were purified with solvent-assisted precipitation and then dissolved in toluene 

which produced a clear yellow solution that displayed a 36 nm (240 ± 12 meV) red shift 

with FWHM of ~ 30 nm in the lowest energy absorption peak (Figure 1A, red line). The 

observed shift of 240 meV in the absorption peak upon modification of L-type ligand 

coated SNCs with this metal-carboxylate complexes is the highest value reported in the 

literature for SNCs with a Z-type ligand.
51,52

 (Appendix A shows the time dependent 

absorption spectra upon addition of Cd(O2CPh)2 and increase in ΔR as a function of 

exchange time.) 

Along with changes in the absorption peak, we also observed a 43 nm (260 ± 9 

meV) red-shift (Figure 2.2 B, red line) in the band-edge emission peak along with the 

peak broadening. Importantly, a substantial increase in the band-edge emission peak 

intensity (14 fold increase in PL-QY) and emission decay lifetime  (3.3 fold increase in 

r) were observed after treatment of Cd(O2CPh)2, which we believed is due a combination 

of passivation of nonradiative trap states and delocalization of the exciton wave 

functions, as discussed later in this chapter. Therefore, we propose that the observed (1) 

red-shift in the absorption and emission peak, (2) broadened absorption peaks, (3) 

increased emission peak intensity, and (4) enhanced kr were caused by delocalization of 

the hole wave functions of (CdSe)34 SNCs from change in the confinement dimension as 

opposed to the change in size (mechanism-(i)) or strain states (mechanism-(ii)) 
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2.4.2      Binding of Z-Type Ligands 

To precisely assess the Cd(O2CPh)2-induced change in the optical properties of 

OLA-coated (CdSe)34 SNCs, it is important to characterize their surface ligand chemistry. 

Based on our predicted model of surface structure of these SNCs (Figure 2.1), the L-type 

ligand OLA is attached to the surface Cd sites while surface Se sites remain unpassivated. 

Addition of the Z-type ligand Cd(O2CPh)2 passivates the Se sites without replacing the 

OLA. Testing our surface model is important in that it is different than recent reports by 

the Buhro
51

 and Owen
52

 groups in which these authors have concluded that addition of Z-

Figure 2.3: 
1
H NMR of OLA-capped CdSe SNCs after Cd(O2CPh)2 attachment. 

Peak at 8.12 ppm corresponds to aromatic (cyclic C-H, ortho) resonance of 

Cd(O2CPh)2 and 5.53 ppm corresponds to vinyl proton (-HC=CH-) resonance of 

OLA. The ratio is 0.99:1.00 thus showing ~50% attachment of Cd(O2CPh)2after 

centrifugation. 

 

 

Cd(O2CPh)

 
OLA 
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type ligands completely displaced L-type ligands from the surface of CdSe SNCs. To 

confirm our hypothesis, Cd(O2CPh)2-treated, OLA-coated (CdSe)34 SNCs were analyzed 

by 
1
H NMR (Figure 2.3 and Appendix B) and FTIR spectroscopy (Appendix C). In the 

NMR analysis the SNCs displayed broad vinyl proton (-CH=CH-) and aromatic proton (-

ortho) signals at 5.53 and 8.12 ppm, which originated from OLA and Cd(O2CPh)2, 

respectively. The NMR analysis showed a ratio of 1:1 between vinyl and aromatic 

protons. Given that 28 surface Cd and Se sites are available with (CdSe)34 SNCs and all 

the Cd sites are occupied by OLA, then NMR analysis suggested that ~14 surface Se sites 

were passivated by Cd(O2CPh)2.  The FTIR analysis showed carboxylate group (-COO
-
) 

stretch modes along with N-H stretches from the primary amine OLA. These analyses 

unequivocally support the mixed surface ligation of our SNCs and resulting formation of 

((CdSe)34(OLA)Cd(O2CPh)2)). As discussed above, the increased emission peak intensity 

after Cd(O2CPh)2 treatment indicates its attachment to the surface Se sites while OLA 

remained bound to surface Cd sites.  

2.4.3      Mechanism–(i): Change in the Inorganic Core Size 

The observed red-shift of 260 meV in the absorption spectra of OLA-coated 

(CdSe)34 SNCs upon treatment with Cd(O2CPh)2  could be caused by Ostwald ripening 

growth of the original SNCs, resulting in an increase in size and thus confinement 

dimension. Although Ostwald ripening growth of thermodynamically stable (CdSe)34 

SNCs is unlikely at room temperature, addition of Cd(O2CPh)2 could trigger such a 

growth process. Thus we performed transmission electron microscopic (TEM) analysis to 

determine the diameter of the CdSe SNC before and after Cd(O2CPh)2 attachment. 

(Figure 2.4) The original OLA-coated (CdSe)34 SNCs were ~1.6 nm in diameter
19,56

 and 
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no noticeable change in diameter was observed after Cd(O2CPh)2 attachment. Moreover, 

the SNCs remained well dispersed on the TEM grid.  

Determination of exact size of ultrasmall CdSe SNCs by TEM however is 

difficult. In this context the red-shift in the lowest energy absorption peak of (CdSe)34 

SNCs to 452 nm corresponds to a final diameter of 2.0 nm, based on a generally used 

empirical formula.
56

 Precisely quantifying such a small difference in diameter (0.4 nm) 

by TEM is extremely challenging, and thus proving our hypothesis that attachment of 

Cd(O2CPh)2 to OLA-coated (CdSe)34 SNCs did not change the actual core dimension 

through TEM is difficult. However, an ideal way to prove size retention of (CdSe)34 

SNCs and that the 36 nm red-shift of the absorption peak was due to attachment of 

Figure 2.4: HRTEM image of OLA-passivated CdSe SNCs A) before and B) after 

attachment of Cd(O2CPh)2. Isolated SNCs have a diameter of 1.6 nm and very little 

aggregation is observed. Scale bar is 50 nm. Insets show histograms of SNC analysis; 

300 SNCs each were counted. 

 

A

) 

B

) 
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Cd(O2CPh)2 resulting in delocalization of hole wave functions is through reversing the 

absorption peak shift by detaching Cd(O2CPh)2. 

2.4.4      Optical Spectroscopy: Reversible Modulation of the Absorption Peak of 

(CdSe)34 SNCs 

We used a similar ligand exchange procedure for displacing Cd(O2CPh)2 from the 

surface of CdSe SNCs and replacing it by the L-type ligand, TMEDA, as previously 

reported by Anderson et al.
52

 As mentioned previously, a 36 nm red-shift in the 

absorption peak of OLA-coated (CdSe)34 SNCs was observed after treatment with 

Cd(O2CPh)2. Figure 2.5 A illustrates that TMEDA treatment of our mixed ligand-coated 

SNCs caused an ~35 nm blue-shift in the absorption spectrum. Importantly, the peak 

retained the spectral shape (FWHM ~13 nm) of the original OLA-coated (CdSe)34 SNCs. 

When the purified (CdSe)34 SNCs were again treated with Cd(O2CPh)2, an average 35 nm 

red-shift in the absorption peak position was again observed. As shown in Figure 2.5 B 

and Appendix D, we were able to observe this reversible change in the absorption and 

emission peak position over at least 5 cycles due to attachment and detachment of 

Cd(O2CPh)2 from the surface of the OLA-coated (CdSe)34 SNCs.  

2.4.5      
1
H NMR Spectroscopy: Displacement of Cd(O2CPh)2 

We used in situ 
1
H NMR spectroscopy to monitor the Cd(O2CPh)2 displacement 

from the surface of ((CdSe)34(OLA)Cd(O2CPh)2)) SNCs. Figure 2.6 shows the time-

dependent 
1
H NMR spectra of the aromatic proton (-ortho) signals of Cd(O2CPh)2 at 8.12 

ppm after TMEDA treatment. The broad aromatic signal, which appears from a 

combination of spin-spin relaxation and dipole broadening,
60

 becomes sharper and 

increases in intensity. Our experimental result is in agreement with a previous report 
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demonstrating the displacement of Z-type ligands from the surface of the CdSe SNCs 

upon treatment with L-type ligands.
52

 Importantly, vinyl resonance (-CH=CH-) signals at 

5.53 from OLA remained broad even after TMEDA treatment (Appendix B), suggesting 

that OLA was still present on the surface of the (CdSe)34 SNCs. Therefore, we believe 

(A) 

(B) 

Figure 2.5: (A) Room temperature absorption spectra (in toluene) of purified OLA-

coated (CdSe)34 SNCs after synthesis (blue line), after binding Cd(O2CPh)2 (red line), 

after treatment with TMEDA (green line), and after rebinding Cd(O2CPh)2 (black 

line). (B) Reversibility of the lowest energy absorption peak position of purified OLA-

coated (CdSe)34 SNCs (blue triangle) after repeatedly binding (purple diamonds) and 

replacing (red dots) Cd(O2CPh)2. Over the time, the peak position did not fully 

reverse, which could be due to change in the surface chemistry caused by multiple 

purifications. 

 

TMEDA Treatment 

Cd(O2CPh)2 Treatment 
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that addition of TMEDA to the  (CdSe)34(OLA)Cd(O2CPh)2 SNCs results in the 

formation of a TMEDA-Cd(O2CPh)2) complex, which weakens the interaction between 

Cd from Cd(O2CPh)2) and the Se sites of the (CdSe)34 SNCs and displaces Cd(O2CPh)2 

from their surface.
52

 

2.4.6      FTIR Spectroscopy: Reversible Change in Surface Ligand Chemistry 

To further elucidate the mechanism of control of delocalization of exciton 

confinement by manipulating passivating ligands of molecule-like (CdSe)34 SNCs, we 

used FTIR spectroscopy to characterize surface ligand chemistry and specifically the 

reversible exchange of Cd(O2CPh)2. After different ligand treatments and before each 

spectroscopic measurement, the ligand-coated (CdSe)34 SNCs were purified through a 

* * 

Figure 2.6: 
1
H NMR spectrum of purified OLA-coated (CdSe)34 SNCs after binding of 

Cd(O2CPh)2 and insert showing time-dependence from TMEDA treatment. The 

appearance of broad aromatic (red star) and vinyl (blue star) proton signals from 

Cd(O2CPh)2 and OLA, respectively, suggests that the SNC surface is passivated with 

these two ligands. The expanded spectra in the insert demonstrate temporal evolution of 

sharp aromatic peaks at ~8.1 ppm after treatment of SNCs that had mixed (OLA) and 

Cd(O2CPh)2) passivation with TMEDA for 60 min.   
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(A) 

(B) 
(C) 

Figure 2.7: (A) FTIR spectra of purified OLA-coated (CdSe)34 SNCs (a),  and after 

(b) binding of Cd(O2CPh)2, (c) displacement of by TMEDA, and (d) the second 

addition of Cd(O2CPh)2. Pure Cd(O2CPh)2 (e). (B) Expanded FTIR of N-H stretch 

region in the range of 3400-3000 cm
-1

, and (C) expanded N-H bending mode, 

asymmetric stretch and symmetric stretch of the carboxylate group (-COO
-
). Both 

expanded regions (B and C) are highlighted by dotted red boxes in A.  
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solvent-assisted precipitation technique to remove bound ligands free and/or loosely. 

Figure 2.7 A illustrates the FTIR spectra of OLA-coated (CdSe)34 SNCs (a, black curve) 

in which the characteristic N-H stretch in the range of 3400-3000 cm
-1

 and the N-H 

bending mode at 1581 cm
-1

 (Figure 2.7B) appeared, confirming the presence of the 

primary amine OLA passivating the SNC surface.
61,62

  After the Cd(O2CPh)2 treatment 

(b, red curve), new asymmetric (1518 cm
-1

) and symmetric (1388 cm
-1

) stretch vibrations 

from the carboxylate group (-COO
-
) appeared (Figure 2.7 C). The separation between 

these two vibration is 130 cm
-1

, which suggest -COO
-
 attachment to the Cd

2+
 through a 

chelating bidentate interaction.
63

 Importantly, both the asymmetric and symmetric 

vibrations red-shifted from 1527 (~9 cm
-1

, 39 nm) and 1397 cm
-1

 (~9 cm
-1

, 46 nm), 

respectively, along with peak broadening of the pure Cd(O2CPh)2 (e, orange curve), 

which suggests that the interaction between -COO
-
 and Cd

2+
 had weakened due to their 

attached to the surface Se sites.  

Furthermore, the presence of N-H stretch and N-H bending modes indicates 

mixed surface ligation, and the addition of the Z-type ligand Cd(O2CPh)2 did not replace 

the L-type ligand OLA, as had been demonstrated in the literature.
51,52

 The addition of 

TMEDA to the  (CdSe)34(OLA)Cd(O2CPh)2 SNCs removed the characteristic -COO
-
 

vibration modes (c, green curve), which reappeared after the addition of Cd(O2CPh)2 to 

the SNCs. Moreover, no noticeable change in the position of the N-H bending mode 

(Figure 2.7B) is indicative of the attachment of Cd(O2CPh)2 to the inorganic core of the 

SNC, not with the –NH2 group of OLA, but through hydrogen bonding. 
51,63

  

 We tested our other hypothesis that a reversible change in the optical spectra is 

allowed if the Cd(O2CPh)2 complex is attached to unpassivated Se sites of OLA-coated 



75 

 

  

(CdSe)34 SNCs. We prepared mixed Cd(stearate)2-, hexadecylamine (HDA)-, and 

trioctylphosphine (TOP)-coated (CdSe)34 SNCs,
30

 which displayed a characteristic 

absorption peak at 415 nm. (Appendix E) According to the literature, the SNC surface 

would be coated with a mixture of all three ligands, and in particular, HDA and TOP 

would be attached to surface Cd and Se sites, respectively.
30,64

 Negligible change (~14 

meV red-shift) in the lowest energy absorption peak position was observed over 24 h at 

room temperature after addition of Cd(O2CPh)2. Replacement of TOP at the surface Se 

sites by Cd(O2CPh)2 and formation of new Se-Cd(O2CPh)2 attachment on (CdSe)34 SNCs 

is very unlikely due to strength of TOP-Se interaction, which in addition result in no 

major change in the confinement dimension.         

Taken together, based on our observed reversible change in the absorption peak 

position and surface ligand chemistry of the (CdSe)34 SNCs, we predict that the red-shift 

in the lowest energy absorption peak of OLA-coated (CdSe)34 SNCs when Cd(O2CPh)2 

becomes attached to the unpassivated Se sites is a consequence of decreased exciton 

confinement (increased delocalization). Moreover, increase in SNC size and/or structural 

reconstruction
51,65,66

 due to ex situ ligand exchange can be ruled out because under such 

circumstances, the absorption peak would not return to its original position. Our 

experimental results are significant and suggested that our proposed mechanism is a valid 

explanation for the observed red-shift in the absorption spectrum of OLA-coated 

(CdSe)34 SNCs upon the treatment with Cd(O2CPh)2 at room temperature.   

2.4.7      Mechanism–(ii): Changes in the Strain States 

Strongly quantum confined ultrasmall (CdSe)34 SNCs have very large surface area 

and radius of curvature. Therefore, small changes in their surface ligand chemistry will 
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have significant influence in the strain states, resulting in spectral shifts during the Z-type 

ligand exchange, as opposed to weakly confined CdSe quantum dots.
3,5,6,19

To further 

validate our hypothesis that attachment of Cd(O2CPh)2 to OLA-coated (CdSe)34 SNCs  

causes a red-shift in the absorption peak position due to exciton wave functions 

delocalization rather than change in strain states, we performed a control experiment in 

which Cd(nonanoate)2 was used in an ex situ ligand exchange reaction. We used 

Cd(nonanoate)2 as the Z-type ligand instead of the widely used Cd(oleate)2
51

 so that the 

identity of the surface bound ligands can be investigated by 
1
H NMR spectroscopy 

without overlapping -CH=CH- proton signal of OLA and oleic acid. Furthermore, both 

Cd(nonanoate)2  and Cd(O2CPh)2 are insoluble in the exchange solvent toluene, thus 

allowing us to mimic the ligand exchange condition. 

Appendix F illustrates the almost identical UV-visible absorption spectra of OLA-

coated (CdSe)34 SNCs before and after treatment with Cd(nonanoate)2 and shows there 

was no shift in the peak position. The 
1
H NMR spectrum showed the presence of a broad 

-CH=CH- proton signal at 5.53 ppm from OLA and of CO-CH2- proton at 2.38 ppm from 

nonanoate (Appendix G), implying the SNC surface was passivated by these two ligands. 

The NMR analysis also indicated a 2:1 ratio of OLA:Cd(nonanoate)2 present on the 

surface of (CdSe)34 SNCs similar to our mixed OLA- and Cd(O2CPh)2-coated SNCs. 

Furthermore, FTIR analysis (Appendix H) of the same sample also demonstrated the 

formation of mixed OLA- and Cd(nonanoate)2-coated (CdSe)34 SNCs. Upon 

Cd(nonanoate)2 treatment, a significant increase in PL-QY of 46%  was observed, which 

together with the NMR and FTIR data strongly support the binding to surface Se sites by 

Cd(nonanoate)2 and thus passivation of nonradiative trap states.
52,67

 Our PL-QY data are 
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in agreement with the work by Rosenthal and coworkers in which post-synthetic surface 

ligand treatment of ultrasmall CdSe SNCs resulted in increased in PL-QY ~8% to 45%.
8
 

The authors stated that such a dramatic increase in PL-QY is a consequence of 

passivation of nonradiative surface trap states. Nevertheless, the PL-QY of our mixed 

OLA- and Cd(nonanoate)2-coated (CdSe)34 SNCs is nearly 25% lower than we found 

with the OLA- and Cd(O2CPh)2 SNCs. Although the chemical structure of nonanoate and 

benzoate is different, their mode of binding to Cd
2+

 and the interaction of Cd(nonanoate)2 

and Cd(O2CPh)2 with the surface Se sites of CdSe SNCs are expected to be similar. The 

ratio of these two Cd complexes to OLA onto CdSe SNC surface was also found to be 

same as determined from the NMR analysis. Therefore, the higher PL-QY for 

Cd(O2CPh)2 is considered to stem from the passivation of nonradiative surface trap states 

and the delocalization of exciton wave functions, as will be discussed shortly.   

At present, we are not certain of the explanation why CdSe quantum belts display 

an ~50 meV absorption peak shift caused by Cd(oleate)2 attachment
51

 but our ultrasmall 

(CdSe)34 SNCs that have a large surface area a similar to quantum belts showed no 

change in their lowest energy absorption peak with Cd(nonanoate)2 attachment, even 

though both of them are Z-type ligands. One possible explanation is that in the case of 

CdSe quantum belts, octylamine was fully exchanged by Cd(oleate)2 causing the 

inorganic crystal lattice to undergo a significant contraction process. In our investigation, 

Cd(nonanoate)2 was attached onto the (CdSe)34 SNCs surface without replacing the 

bound OLA, and thus such a lattice contraction like nanobelts might not take place. 

Furthermore, X-ray diffraction (XRD) analysis of OLA-coated (CdSe)34 SNCs showed 

three peaks along the (100), (002), and (101) reflections (Figure 2.8), which represent the 
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wurtzite crystals structure in agreement with the literature.
51

 After Cd(O2CPh)2 treatment, 

no noticeable change in the position of these three reflection were observed. XRD 

analysis therefore suggests no changes in the crystal strain state caused by the attachment 

of Cd(O2CPh)2 to the surface of (CdSe)34 SNCs.   

The delocalization of exciton wave functions of the CdSe quantum belts into the 

Cd(oleate)2 monolayer resulted in an ~90 meV red-shifts in the lowest energy absorption 

peak.
51

 We did not observe a shift for our OLA-coated (CdSe)34 SNCs after 

Cd(nonanoate)2 treatment, indicating no wave function delocalization. We believe that an 

appropriate energetic alignment between the Z-type ligand and SNC MOs is critical for 

the delocalization of the exciton wave functions as discuss below. No noticeable changes 

Figure 2.8: XRD pattern of purified OLA-coated (CdSe)34 SNCs (black line),  and 

after (red line) binding of Cd(O2CPh)2, (blue line) displacement of by TMEDA. 
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in the absorption and XRD peak positions were observed for the OLA-coated (CdSe)34 

SNCs upon Cd(nonanoate)2 and Cd(O2CPh)2 treatment, which taken together suggests 

that the mechanism (ii) did not play a role in the shift of the lowest energy absorption 

peak (Figure 2.2 A) when the OLA-coated SNCs were treated with Cd(O2CPh)2.  

2.4.8      Mechanism–(iii): Delocalization of Exciton Confinement 

The various experimental approaches described above suggest that delocalization 

of exciton wave functions of the OLA-coated (CdSe)34 SNCs beyond the inorganic core 

boundary does occur upon Cd(O2CPh)2 attachment. In the case of strong confinement 

(ultrasmall size) SNCs, the Coulombic interaction energy of the electron-hole pair is 

lower than the kinetic energy of electron and hole..
6,68,69

 Thus, strongly confined exciton 

wave functions potentially leak through the SNC core boundary into the ligand 

monolayer, which results in an expansion of the confinement boundary. 
3,6,47

 The 

HOMOs of OLA-coated (CdSe)34 SNCs are Se
2-

 character and behave as electron donors 

that can interact with LUMOs of the electron acceptor Cd(O2CPh)2. In the case of 

ultrasmall SNCs, a larger number of surface occupied orbitals are available, making the 

cumulative electronic interaction with ligands MOs very strong. Though several HOMOs 

and LUMOs of a SNC and ligand could interaction, for simplicity we describe only a 

single HOMO-LUMO interaction. The HOMO energy value of -6.16 eV (vs vacuum) for 

1.6 nm diameter CdSe SNCs from literature reports of electrochemical measurements and 

an effective mass approximation calculation.
70

 We determined the HOMO (-7.34 eV) and 

LUMO (-1.70 eV) energies of Cd(O2CPh)2 from geometry optimized density functional 

theory (DFT)  calculation (LANL2DZ effective core potential for Cd
2+

 with the matching 

6-311G** basis set and the B3LYP functional).  
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 The interaction at the SNC- Cd(O2CPh)2 interface creates new hybrid bonding 

and antibonding MOs in which electrons from the SNC HOMO occupy newly formed 

hybrid bonding MO. As reported in the literature, in the steady state, the wave function of 

the excitonic hole can delocalize into the HOMOs of Cd(O2CPh)2 because of energetic 

alignment that facilitate an increase in the effective confinement boundary, which in turn 

results in a red-shift in the lowest energy absorption and band-edge emission peak.
43,71

 

We further believe that delocalization of the excitonic hole wave functions from hybrid 

bonding MOs of ligand-coated (CdSe)34 SNCs into HOMOs of Cd(O2CPh)2 can be 

facilitated by the extended π-conjugated electronic structure of Cd(O2CPh)2. Although 

the SNC- Cd(nonanoate)2 interaction potentially creates new hybrid bonding and 

antibonding MOs, the HOMOs of Cd(nonanoate)2 are thought to be much lower in energy 

than those of Cd(O2CPh)2. Thus the energetic alignment between the hybrid bonding 

MOs of ligand-coated (CdSe)34 SNCs and these particular HOMOs was not present for 

hole wave function delocalization. In addition, π-conjugation is not available for 

Cd(nonanoate)2 to enable the delocalization of hole wave functions. We believe that a 

more detailed computational study is needed to accurately model both the SNC and 

ligands simultaneously. However, this level of quantitative energy level calculation 

requires complex computational modeling and sophisticated DFT calculations, which are 

beyond our expertise. 

 Finally, we also investigated the photophysical properties of OLA-coated 

(CdSe)34 SNCs upon treatment with Cd(oleate)2 to determine its effect on the hole 

delocalization process. We used very similar experimental conditions to those described 

for the other two Cd-carboxylate complexes to bind Cd(oleate)2. Within 5 min we 
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observed an 11 nm (77 ± 4 meV) red-shift in the lowest energy absorption peak and a 16 

nm (101 ± 12 meV) red-shift in the band-edge emission peak (Figure 2.9). The PL-QY 

was 18%, which is much lower than what we observed with either Cd(nonanoate)2-  or 

Cd(O2CPh)2-treated (CdSe)34 SNCs. Table 2.1 provides a detail comparison of the 

photophysical properties of three different Cd(carboxylate)2 complexes. Importantly, the 

emission spectrum of Cd(oleate)2-treated OLA-coated (CdSe)34 SNCs contained both 

band-edge and broad-band features, which implies the presence of nonradiative trap 

states. The FTIR analysis (Appendix I) showed that the original OLA ligand was nearly 

completely replaced by Cd(oleate)2 similar to the previous reports by the Buhro and 

Owen groups.
51,52

 In addition, the literature reports that magic-sized (CdSe)34 SNCs are 

thermodynamically very stable, thus changes in the crystal structure and/or strain state 

are unlikely to occur, which further supports our Cd(nonanoate)2 data in which no change 

in the lowest energy absorption peak was observed. Therefore, we believe that the red-

shift in the absorption and band-edge emission peaks after treatment of Cd(oleate)2 is due 

A) B) 

Figure 2.9: A) absorbance and B) emission spectra of as-synthesized OLA-passivated 

(CdSe)34 SNCs (red) and after addition of Cd(oleate)2 (blue). PL-QY was increased 

from 5% to 18% upon addition of Cd(oleate)2 and the effective radius increased 0.04 

nm.  
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to the delocalization of the hole wave function, which is facilitated by energetic 

alignment of the MOs. 

2.4.9      Dual Role of Z-Type Ligands: Passivation of Trap States and Exciton 

Delocalization 

The experimental emission data provided above show that binding of Cd(O2CPh)2 

to OLA-coated (CdSe)34 SNCs (1) red-shifted the band-edge emission peak, (2) increased 

the PL-QY up to 14 fold, (3) increased the r  by 3.3 fold (Figure 2.10), and (4) increased 

kr (calculated from the PL-QY and r)  by 4.2 fold. The increased r for Cd(nonanoate)2 

and Cd(oleate)2 SNCs were due to passivation of nonradiative trap states and 

delocalization of hole wave functions, respectively. We believe for Cd(O2CPh)2-treated 

SNCs that with the exception of the red-shift of the band-edge emission peak, which 

resulted solely from delocalization of hole wave functions, the other three emission 

Table 2.1: Shifts in the Lowest energy Absorption and Emission Peak Position, Emission 

Quantum Yields, and Radiative Lifetime of OLA-coated (CdSe)34 SNCs after Treatment 

with Various Z-Type Ligands 

a,bOLA-coated (CdSe)34 SNCs displayed lowest energy absorption and emission peaks at 416 and 435 nm, 

respectively.  c,dThe PL-QY and radiative lifetime OLA-coated (CdSe)34 SNCs were 5% and 13.7 ns, 

respectively. eA stretch exponential function was used to determine the excited state lifetime (see 

Experimental Section). For each case, three different batches of OLA-coated (CdSe)34 SNCs were 

characterized after surface treatment with metal-carboxylate to determine the average value and statistical 

deviation. 
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components were controlled by a combination of nonradiative trap states passivation and 

hole wave function delocalization. Specifically, it is reported in the literature that 

delocalization of exciton (electron and/or hole) wave functions increases the PL-QY and 

r .
43

 OLA is a neutral 2-electron donating L-type ligand, which passivates the surface Cd 

sites. The unpassivated Se sites, therefore, result in formation of mid-gap trap states, 

which enable capture of photogenerated electrons before they can radiatively recombine 

with holes at the edge of HOMO, consequently causing low PL-QY and r. In the case of 

ultrasmall semiconductor SNCs, the majority of the atoms (~90%) are at the surface, and 

thus large number of surface occupied orbitals are available to capture the electrons (act 

Figure 2.10: Radiative decay of purified OLA-coated (CdSe)34 SNCs (red circles), 

after treatment with Cd(oleate)2 (purple circles), Cd(nonanoate)2, and Cd(O2CPh)2, 

(green circles). A stretch exponential function (dotted black lines) was used to fit the 

decay curves. 
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as nonradiative trap states) if they are not fully passivated.
72-75

 This is a potential pitfall 

for ultrasmall CdSe SNCs causing their weak emission properties. Passivation of Se sites 

by 2-electron accepting Z-type ligands (e.g., metal-carboxylates) prevents the formation 

of nonradiative trap states. Therefore, fully-passivated CdSe SNCs (with the surface Cd 

and Se sites passivated by L-type and Z-type ligands, respectively) are expected to 

demonstrate much improved emission properties, as shown for our OLA-coated (CdSe)34 

SNCs after binding of metal-carboxylate complexes, see Table 2.1.  

To determine the contribution of delocalization of hole wave function- versus 

passivation of mid-gap trap state-related PL-QY in Cd(O2CPh)2, we used our 

Cd(nonanoate)2 values for reference because it lacks exciton delocalization. Thus, we 

believe that ~25% of the increase in PL-QY by treatment with Cd(O2CPh)2 was 

associated with excitonic wave function delocalization. Moreover, mixed OLA- and 

Cd(O2CPh)2-coated (CdSe)34 SNCs displayed a kr of 15.6 x 10
6
 s

-1 
in comparison to 3.7 x 

Figure 2.11: (A) Plot of the apparent increase of the excitonic radius (ΔR) of OLA-

coated (CdSe)34 SNCs with time after exposure to Cd(O2CPh)2 at room temperature. 

The R values were determined using an empirical equation.
56

  (B) Plot of enhancement 

of band-edge PL peak intensity of OLA-coated (CdSe)34 SNCs with Cd(O2CPh)2 

treated as a function of calculated delocalization radius. Optical density of the SNC 

solution at the excitation wavelength (380 nm) was kept constant. 
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10
6
 s

-1 
 found with of only OLA-coated SNCs. Furthermore, the nonradiative rate 

constant (knr) of OLA-coated (CdSe)34 SNCs before and after Cd(O2CPh)2 treatment was 

determined to be 69.5 x 10
6
 s

-1 
 and 6.4 x 10

6
 s

-1
, respectively. Therefore, passivation of 

Se sites on (CdSe)34 SNCs not only enhances the kr but also reduces knr by 10 fold. Table 

2.1 summarizes the various emission properties of (CdSe)34 SNCs upon treatment of 

various Cd(carboxylate)2 complexes.  

The dual role of Cd(O2CPh)2 was further investigated through determination of 

the apparent increase in the excitonic radius (“delocalization radius”, ΔR) of (CdSe)34 

SNCs and the relationship with their emission property. The ΔR values were determined 

from the limiting time-dependent absorption spectra of OLA-coated (CdSe)34 SNCs after 

their treatment with Cd(O2CPh)2 at room temperature (see Figure 2.11 A and Appendix 

A). As illustrated in Figure 2.11 B, the PL/PL0 ratio (with PL the limiting time-dependent 

integrated band-edge emission intensity of the OLA-coated (CdSe)34 SNCs after 

treatment of Cd(O2CPh)2 and PL0 is the emission intensity before treatment) is directly 

related to the ΔR up to a value of ~30. This value is in agreement with the extent of 

enhancement of PL-QY as discussed above. Therefore, we believe that the remaining 

enhancement in the band-edge peak position intensity was caused by the passivation of 

nonradiative trap states. A similar relationship (PL/PL0 vs. ΔR) was reported in the 

literature for X-type ligand functionalization of CdSe quantum dots, in which the changes 

in emission properties were correlated with the delocalization of excitonic wave 

functions.
43

 However, the effects of exciton wave function delocalization on emission 

properties of ultrasmall CdSe SNCs are more dramatic than that found with quantum 

dots. 
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Taken together, enhancement of PL-QY and increase of kr resulting from the 

attachment of Cd(O2CPh)2 onto the surface of (CdSe)34 SNCs induces delocalization of 

hole wave functions and passivation of nonradiative trap states, thus demonstrating the 

dual role of Cd(O2CPh)2 uncovered in this present investigation. Perhaps such ligand 

attachment and dual passivation of the surface of the SNC can be compared to core-shell 

SNC with high emission efficiencies,
76

 in which here the semiconducting inorganic shell 

(e.g., CdS or ZnS) is replaced by the metal-carboxylate complex. Thus, from our work 

one would expect to be able to achieve an unprecedented modulation of photophysical 

properties of semiconductor SNCs through appropriate selection of surface ligand 

chemistry in which energetic alignment between MOs of the SNC and surface ligand 

would allow delocalization of excitonic wave functions from SNC to ligand monolayer. 

Furthermore, the electron and/or hole delocalization into the ligand monolayer depends 

strongly on the energetic coupling of interfacial orbitals between the SNC and surface 

passivating ligands, that in turn, is influenced by the definable (synthesizable) ligand 

structural parameters of the metal(carboxylate)2 complex. Further investigation of the 

effects of the organic ligand chemical structure and group II metal identity is currently 

underway. 

2.5      Conclusion 

An unprecedentedly large bathochromic shift of the lowest energy absorption and 

emission peaks of molecule-like (CdSe)34 SNCs was observed upon treatment with 

Cd(O2CPh)2 without changing the surface ligand chemistry and crystallographic structure 

of original SNCs. The shift has been found to be reversible for at least five cycles of 

attachment and detachment of Cd(O2CPh)2. Based on several control experiments, 
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additional structural characterizations, and energy levels calculation of three different 

Cd(carboxylate) complexes via DFT calculation, we propose a MO diagram, which 

shows delocalization of excitonic hole wave functions from SNCs into ligand 

monolayers. Such delocalization is facilitated by the high kinetic energy of the hole in the 

strong confinement region. Moreover, we have also shown that the Z-type ligands are 

responsible for substantially enhancement of the emission properties of ultrasmall 

semiconductor SNCs through simultaneous nonradiative trap states passivation and hole 

wave function delocalization, demonstrating that Cd(O2CPh)2 has a dual role in this 

process. The intrinsic simplicity of their crystal structure,
51

  their large surface-to-volume 

ratio, and their potential ability to provide electronic information at the molecular level, 

coupled with our finding of the simultaneous delocalization of exciton confinement and 

enhancement of emission properties will allow the study of more complex photophysical 

properties (biexciton generation, Auger recombination, exciton fine structure 

dynamics)
77-79

 which are found to be extremely challenging in the larger quantum dot 

systems. We believe that the large band-gap tuning of ultrasmall CdSe SNCs will be 

applicable to other ultrasmall semiconductor SNCs (e.g., CdS, ZnS, and ZnSe) over the 

range of ultraviolet to the mid visible region in the solar spectrum. Thus through 

manipulation of surface chemistry and SNC composition, the potential application of 

ultrasmall SNCs to solar energy production will be enhanced.  
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2.7      Appendices 

 

 

 

Appendix A: Fitted time dependent absorption spectra and increase in ΔR as a function of 

exchange time 

 

 

 

 
 

Plot of change in effective radius (ΔR) after addition of Cd(O2CPh)2  over 24 h. Inset: 

fitted first absorption peak UV-Vis spectra over 24 h.  
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Appendix B: 
1
H NMR OLA-passivated (CdSe)34 SNCs, Cd(O2CPh)2 – amine complex, 

and addition of Cd(O2CPh)2  to OLA-passivated (CdSe)34 SNCs 

 

 

 

 

 
 

 
1
H NMR of (a) OLA-passivated (CdSe)34 NCs (b) amine-benzoate complex, and (c) after 

attachment of Cd(O2CPh)2 . Aromatic CH of benzoate at 8.1 ppm (e) is distinct from that 

of OLA. When comparing this peak to HC=CH of OLA at 5.5 ppm (d), integration is 

~1:1. Broad peaks are indicative of bonding to the core attributed to the transversal 

interproton dipolar relaxation mechanism which restricts rotational mobility of ligands 

attached to the surface, and thus, they tumble more slowly than their free counterparts 

creating broadening in the spectra.
1-3

 These peaks are sharp as seen for free amine-

benzoate complex (b).  
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Appendix C: FTIR spectra of Cd(O2CPh)2-OLA-passivated (CdSe)34 SNCs 

 

 

 

 

FTIR spectrum of purified OLA-passivated (CdSe)34 SNCs after binding with 

Cd(O2CPh)2. Characteristic N-H stretching vibrations in the range of 3400-3300 cm
-1

, N-

H bending mode (red arrow) at 1581 cm
-1

, and N-H wag at 721 cm
-1 

were present after 

the addition of Cd(O2CPh)2 confirming the attachment of primary OLA on the SNC 

surface.
2,3

 Additionally, new asymmetric (1518 cm
-1

) (blue arrow) and symmetric (1388 

cm
-1

) (green arrow) stretching vibrations of the carboxylate group (C=O) appeared.  The 

separation between these two stretching vibrations is 130 cm
-1

, suggesting -COO
-

 attached to the Cd
2+

 through a chelating bidentate interaction. Importantly, presence of 

both N-H and C=O after the addition of Cd(O2CPh)2 suggest mixed surface ligation 

rather than commonly demonstrated surface exchange. 

 

 

 

 

 



97 

 

  

Appendix D: Multiple cycles of exciton delocalization as measured by absorption 

spectroscopy 

 

 

 

 

 
 

A) Normalized UV-vis absorption and B) emission of OLA-passivated (CdSe)34 SNCs 

during multiple cycles of attachment of Cd(O2CPh)2 and displacement by TMEDA. The 

solid red line depicts the as-synthesized OLA-passivated (CdSe)34 SNCs, solid black lines 

depict attachment of Cd(O2CPh)2, and dashed green lines represent ligand displacement 

via TMEDA. The number of cycles increases as you move up the graph. Blue and red 

lines are a focal point for the eye. 

  

A) 

B) 



98 

 

  

Appendix E: HDA- and TOPO-passivated (CdSe)34 SNCs 

 

 

 

 
 

Absorption spectra (in toluene) of purified mixed HDA- and TOP-passivated (CdSe)34 

nanocrystals (blue lines) synthesized according to literature procedure
30

 and after ex situ 

treatment with Cd(O2CPh)2 at room temperature. The nanocrystals displayed lowest 

energy absorption peak position at 415 and 417 nm before and after Cd(O2CPh)2 

treatment, respectively. This ~14 eV shift of lowest energy absorption peak could result 

from the negligible delocalization of exciton wave functions.  
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Appendix F: UV-visible absorption and emission spectra of Cd(nonanoate)2-OLA-coated 

(CdSe)34 SNCs 

 

 

 

 
 

 
 

Absorbance (A) and emission (B) spectra of as-synthesized OLA-passivated (CdSe)34 

SNCs (blue) and after addition of Cd(nonanoate)2 (red). 
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Appendix G: 
1
H NMR OLA-passivated (CdSe)34 SNCs after attachment of cadmium 

nonanoate 

 

 

 

 

 
1
H NMR of OLA-passivated (CdSe)34 SNCs after attachment of cadmium nonanoate. 

(Image does not represent true core-cage structure.) Cd(nonanoate)2 –CH peak at 2.32 

ppm (*) is distinct from that of OLA. When comparing this peak to HC=CH of OLA at 

5.53 ppm, integration is ~1:1. Broad peaks are indicative of bonding to the core attributed 

to the transversal interproton dipolar relaxation mechanism which restricts rotational 

mobility of ligands attached to the surface, and thus, they tumble more slowly than their 

free counterparts creating broadening in the spectra.
1-3

 *Structures and 
1
H NMR 

approximations via ChemDraw Professional. 

  

* 
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Appendix H: FTIR spectra of OLA-passivated (CdSe)34 SNCs upon addition of 

Cd(nonanoate)2 

 

 

 

 
 

FTIR spectra of OLA-passivated (CdSe)34 nanocrystals (black curve) in which 

characteristic N-H stretching vibrations in the range of 3400-3000 cm
-1

 appeared, 

confirming the presence of primary amine OLA passivates the nanocrystals surface. After 

Cd(nonanoate)2 treatment (red curve) new asymmetric (1546 cm
-1

) and symmetric (1406 

cm
-1

) stretching vibrations of the carboxylate group (-COO
-
) appeared. The separation 

between these two stretching vibration is 141 cm
-1

, suggesting -COO
-
 attached to the 

Cd
2+

 through a chelating bidentate interaction. Most importantly, both the asymmetric 

and symmetric vibration red-shifted from 1552 (~6 cm
-1

, 26 nm) and 1411 cm
-1

 (~5 cm
-1

, 

25 nm), respectively, along with peak broadening of the pure Cd(nonanoate)2 (blue), 

suggesting the interaction between -COO
-
 and Cd

2+
weakened due to their attached to the 

surface Se sites. Beside, presence of N-H stretching N-H bending vibration modes 

indicate the mixed surface ligation, and addition of Z-type ligand Cd(nonanoate)2 did not 

replace L-type ligand OLA, as demonstrated in the literature.  
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Appendix I: FTIR spectra of OLA-passivated (CdSe)34 SNCs upon addition of 

Cd(oleate)2 

 

 

  

Solid FTIR spectra of OLA-passivated (CdSe)34 nanocrystals (black), pure Cd(oleate)2 

(purple), OLA-passivated (CdSe)34 SNCs after addition of Cd(oleate)2 (red). FTIR shows 

distinct differences between OLA-passivated (CdSe)34 SNCs and pure Cd(oleate)2 and 

bound and unbound Cd(oleate)2. Broad N-H stretching is present at ~3250 cm
-1

 for OLA-

passivated (CdSe)34 SNCs (black) and absent for pure Cd(oleate)2 and after addition of 

Cd(oleate)2 to (CdSe)34 SNCs (red). Additional peaks present in OLA-capped CdSe 

include N-H bending at 1581 cm
-1

, CH2 bending at 1464 cm
-1

, C-N stretching at 965 cm
-

1
, and N-H wag at 721 cm

-1
.
cite

 On the other hand, pure Cd(nonanoate)2 (purple) displays 

two peaks at 1535 and 1406cm
-1

 corresponding to the asymmetric and symmetric 

carbonyl stretching; whereas, the bound carbonyl has two peaks at 1531 and 1396 cm
-1

, 

respectively. The broadening in peak shape and shift to lower wavenumbers is indicative 

of bound ligands. 
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CHAPTER 3. ENHANCING THE SOLUBILITY AND ELECTRONIC COUPLING OF 

SEMICONDUCTOR NANOCRYSTALS THROUGH SOLVENT-LIKE LIGAND 

PASSIVATION 

 

 

 

3.1      Synopsis 

The chemical properties of surface passivating ligands that surround 

semiconductor nanocrystals (SNCs) are extremely important for controlling their 

structural, physiochemical, and photophysical properties. However, to investigate these 

properties under various environments, it is important to be able to dissolve the ligand-

coated SNCs in a wide range of polar and nonpolar solvents. We have developed a direct 

synthesis and purification procedure for poly(ethylene glycol) (PEG) thiolate-coated 

ultra-small (<3.0 nm diameter) CdSe SNCs, which have such solubility characteristics. 

The SNCs were synthesized in aqueous medium and purified using a simple solvent 

extraction method. The organic phase-extracted CdSe SNCs were readily soluble in a 

wide range of polar and nonpolar organic solvents including acetonitrile, ethanol, 

chlorobenzene, dichloromethane, and chloroform, as well as in water. The diverse 

solubility property of PEG-thiolate-coated CdSe SNCs allowed us to perform a post-

synthetic surface ligand treatment with triphenylphosphine in an organic solvent, which 

resulted in an ~8 fold increase in photoluminescence quantum yield (PL-QY). This 

significant improvement of photophysical property is vital for many applications ranging
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from biological imaging to light emitting diodes. However, for many other solid state 

applications, high conductivity stemming from strong inter-SNC electronic coupling must 

also occur. Interestingly, our unique short chain PEG- thiolate provided not only stability 

and solubility, but that much needed inter-SNC electronic interaction. We were able to 

manipulate this interaction of PEG-thiolate-coated CdSe SNCs to achieve 170 meV 

electronic coupling energy. Cryo-transmission electron microscopy analysis showed the 

formation of a pearl-necklace assembly of SNCs in solution with regular inter-SNC 

spacing. The electronic coupling was studied as a function of CdSe SNC size where the 

smallest SNCs exhibited the largest coupling energy and the shortest chain displayed the 

most effective electronic coupling. The electronic coupling in spin-cast thin-film (<200 

nm in thickness) was also studied as a function of annealing temperature, where an 

unprecedentedly large, ~400 meV coupling energy was observed for 1.6 nm diameter 

SNCs, which were coated with a thin layer of PEG-thiolates. Small-angle X-ray 

scattering (SAXS) measurements showed that CdSe SNCs maintained an order array 

inside the films. Therefore, through a simple ligand modification with PEG-thiolate, we 

were able to enhance CdSe SNCs’ solubility, stability, and electronic coupling which is 

vital for a myriad of applications ranging from bionanotechnology to solid state devices 

such as the large-scale production of highly efficient electronic materials for advanced 

optoelectronic devices. 

3.2      Introduction 

Synthesis and isolation of quantum dots (QDs) of different size, shape, and 

composition have been of tremendous interest in modern nanotechnology-based 

research.
2-10 

Due to their unique photophysical and physicochemical properties, these 
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QDs have successfully been used in the fabrication of efficient photovoltaic devices,
6, 11-

13 
light-emitting diodes, 

14-19 
and photodetectors.

 20-23 
In this context, ultra-small SNCs (< 

3 nm) are a special type of semiconductor nanomaterial, because they display sharp 

absorption peaks as well as broad band
24-26 

or a combination of broad band and band-

edge photoluminescence (PL).
14, 27-30 

Furthermore, ultra-small SNCs bridge the divide 

between molecules and QDs by displaying distinct energy levels with molecule-like 

highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals as 

discussed in detail in chapter 1. Additionally, at this ultra-small size, the large majority of 

atoms comprising the SNC reside at the surface; therefore, fundamentally new 

photophysical properties originate at the SNC core-surface ligand interface. Several 

synthetic methods have been developed to prepare ultra-small group II-VI
14, 24, 25, 27-36 

and 

IV-VI
37 

SNCs; the most widely utilized being long-chain hydrocarbon-containing 

aliphatic amines, phosphine, phosphine oxide, and/or phosphonic acids.
6, 11, 24-26, 28-30, 32, 

38-46 
 

These ligand-passivated SNCs have shown promise in the fabrication of solid-

state light-emitting devices,
14, 15 

but lack the versatility needed for other applications. For 

example, SNCs passivated by long hydrocarbon chain-containing ligands are only soluble 

in organic solvents. In order for these SNCs to be of use in nanobiotechnology, their 

surface structure must be altered. One such way of doing this is through encapsulation of 

hydrophobic ligand-coated SNCs with phospholipids or PEGylated polymers.
38, 47-50  

However, this process comes at a cost of increasing the hydrodynamic radius which can 

inhibit the SNCs ability to inter cells during cellular imaging.
 64

 Conversely, post-

synthetic ligand exchange reactions in which various thiolate ligands replace the 
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hydrophobic ligand has also widely been used to enhance the solubility of ligand-coated 

SNCs for biological imaging.
8, 50, 51 

Thiol forms a strong metal-thiolate bond, thereby 

increases the stability of QDs in various solvents. However, thiols are notorious for 

quenching the PL quantum yield (PL-QY) of SNCs due to trapping of photogenerated 

holes which prevents radiative recombination of excitons.
52 

This results in extremely low 

PL-QYs as apparent in previous reports of aqueous phase synthesis and characterization 

of ultra-small CdSe SNCs
31, 33, 53 

in which PL-QYs have not been reported, most likely 

due to these extremely low values. Additionally, thiols only bind with surface metals 

(e.g., Cd) leaving the surface Se sites free, which creates trap states resulting in faster 

electron-hole recombination and low PL-QY as described in detail in chapter 2. 

On the other hand, SNCs synthesized using long-chain aliphatic ligands, for solid 

state devices (which do not require solubility in an aqueous media) also suffer from poor 

choice of surface ligation. Meager carrier mobilities and conductivities are a direct result 

of electrically insulating ligands, which have deleterious effects on thin-film-based 

optoelectronic devices. The conductivity in SNC films can be improved by increasing 

inter-SNC electronic coupling by reducing the thickness of the insulating ligand shell, 

because when two SNCs are brought into close vicinity, their exciton (bound electron-

hole pair) wave functions can expand beyond the SNC boundary, overlap, and entangle. 

Use of this property of the SNC films would open a new frontier of scientific research by 

enabling the preparation of  “artificial solids” with unprecedented high conductivity.
54

  

A number of methods have been developed to enhance the electronic coupling 

between SNCs in colloidal dispersions and/or solid films by exchanging the native bulky, 

hydrocarbon ligands with small organic ligands,
55-58 

inorganic ions,
59-65 

and metal 
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chalcogenide complexes.
5, 40, 66, 67 

However, solid phase ligand exchange reaction can 

cause a dramatic structural rearrangement of SNCs, which results in the appearance of 

cracks and voids in the solid films or irreversible aggregation of SNCs inside films.
56, 68

 

In contrast, a solution phase exchange reactions enable preservation of the solution 

dispersibility, which allows for better solution processing for more efficient film 

preparation. Various ligands such as chloride,
59 

thiocyanate,
62 

sulfide,
63-65 

metal 

chalcogenide complexes,
5, 40, 66, 67 

tetrafluoroborate,
60, 61 

hydrazine,
68, 69 

and pyridine
56 

have most commonly been used to perform these solution phase exchange reactions. 

However, the newly formed ligand-coated SNCs lack electronic coupling, which would 

be represented as a red-shift of the excitonic peaks in the absorption spectrum.
70-72 

Additionally, ligand exchange reactions with small ligand molecules often create trap 

states causing the emission to take an altered path, meaning direct recombination is 

lowered, which results in a diminished PL-QY. Thus, similar to the above mentioned 

thiols, these ligand properties nullify the advantage of strong electronic coupling in the 

film.
40, 64

 Lastly, small molecules and various other ions used as passivating ligands are 

unstable, meaning they are susceptible to undergoing fast oxidation even at ambient 

conditions,
56 

and they are only soluble in high boiling solvents,
5, 56, 62, 65, 67, 73

 which 

makes  device fabrication using these materials problematic. 

The above-mentioned difficulties of solid phase exchange reactions can be 

avoided through solution phase exchange reactions with moderately long chain ligands. 

Under ambient conditions, these ligands remain stable; therefore, SNCs will not only 

retain their solution dispersibility but also enable facile thin-film preparation with strong 

electronic coupling. Short chain length organic molecules such as 1,2-ethanedithiol,
55

1,6-
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hexanedithiol,
74 

and mercaptobenzoic acid
75 

have been used to replace native insulating 

ligands. However, these ligand-coated large SNCs (>3.0 nm in diameter) displayed weak 

electronic coupling.
55, 74, 75 

As described in chapter 1, it is well known that coupling 

increases as the size of the SNCs decreases due to the expansion and entanglement of the 

SNC’s wavefunction.
70, 74, 76-78 

Therefore, we hypothesized that ultrasmall SNCs with 

<3.0 nm in diameter would display strong electronic coupling in solution through ordered 

arrays and/or reduction of inter-SNC distance with appropriate selection of surface 

passivating ligands. Moreover, such ligand choice would allow SNCs to maintain 

stability, have versatile solubility, and display strong electronic coupling.
 

A systematic manipulation of surface ligand chemistry of ultra-small SNCs is 

required in order to fully exploit the many advantages awarded by this size regime (< 3.0 

nm), which we hypothesized to provide the following advantages: (1) long-term stability 

in both aqueous and organic solvents, (2) solubility in organic solvent that facilitates an 

organically soluble ligand treatment to minimize trap states and an increase in PL-QY 

without removing the original ligands, (3) solubility in aqueous medium for applications 

such as biological imaging, (4) conductivity through increased electronic coupling.   

Taken together, the enrichment of above-mentioned photophysical and physicochemical 

properties of ligand passivated ultra-small SNCs will facilitate their potential application 

in the field of nanotechnology and nanobiotechnology. 

This chapter describes a new method of preparation and isolation of ultra-small (< 

3.0 nm in diameter) poly(ethylene glycol) (PEG)-thiolate-coated CdSe SNCs with 

substantially enhanced solubility and fluorescence properties, which display all the above 

mentioned characteristics. The SNCs displayed a sharp absorption peak that resembled 
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the so-called “magic-sized” CdSe SNCs.
24, 33, 79-81 

These organic phase-extracted and 

purified CdSe SNCs were readily soluble in a wide range of polar and nonpolar organic 

solvents as well as in water. Such unique solubility of the PEG-thiolate-coated CdSe 

SNCs allowed us to perform post-synthetic ligand treatment and modification with 

triphenylphosphine (TPP) to further enhance their PL-QY up to 8-fold, which resulted in 

a bright yellow PL making the material suitable for bioimaging. Moreover, the “solvent-

like” character of PEGs, along with their low hydrodynamic radii,
82 

allowed for strong 

inter-SNC interaction which allowed for a thorough investigation of electronic coupling 

as a function of not only SNC size, but ligand chain length to occur. We observed up to 

170 meV change in coupling energy in solution which was the highest value reported in 

the literature in the case of dissolved SNCs. The solution-phase organization of PEG-

thiolate-coated SNCs was further investigated with Cryo-transmission electron 

microscopy (TEM), which showed formation of “pearl-necklace” assemblies. The SNC 

size effects in electronic coupling were also investigated.  Finally, we explored the 

electronic coupling of SNCs in spin-casted thin-films on solid surfaces as a function of 

annealing temperature. An ~400 meV decrease in excitonic peak energy was observed for 

PEG6-thiolate-coated CdSe SNCs film upon annealing at 175 
o
C.  Structural properties of 

thin-films were characterized by small-angle X-ray scattering (SAXS) to unravel the 

strong electronic coupling. Precise manipulation of electronic interactions due to 

delocalization of strongly confined excitons of ultrasmall SNCs, which are also capable 

of donating and accepting multiple charges, PEG-thiolate-coated SNCs can be considered 

as ionically conductive hybrid redox polyethers
83

 with potential for future applications in 

solid-state device fabrication. Therefore, through simple ligand modification using PEG-
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thiolate we were able to tailor the solubility, stability, and electronic coupling energy of 

ultra-small SNCs to use as potential materials not only for solid state device fabrication, 

but also biological applications such as cellular imaging.  

3.3      Experimental Methods 

3.3.1      Materials 

CdSO4·8/3 H2O (>99%), selenium metal (99.99%), triphenylphosphine (99%), 

different chain length poly(ethylene glycol) methyl ethers (PEGn, n = glycol unit = 6-

150), p-toluene sulfonyl chloride (>99%), thiourea (>99%), anhydrous acetonitrile 

(CH3CN, >99.8%), hexanes (99%), ethanol (98.5%), methanol (98.5%), chloroform 

(>99%), oleylamine (OLA, >70%), 1-hexanethiol (>95%), toluene (>99%), and 

dichloromethane (DCM, >99%) were purchased from Aldrich and used without further 

purification. Organic solvents were purged with N2 for 30 min prior to use. All water was 

purified using a Thermo Scientific Barnstead Nanopure system. A 0.25 M aqueous 

solution of Na2SeSO3 was prepared according to the literature.
33 

PEGn-thiols were 

synthesized following a published procedure (see Appendix A).
84

 

3.3.2      Optical Spectroscopy, Electron Microscopy, and Mass Spectrometry 

Measurements 

UV-vis absorption spectra were collected using a Varian Cary 50 UV-vis 

spectrophotometer over a range of 800-300 nm. Prior to the sample measurements, the 

baseline was corrected with pure solvent. The emission spectra were acquired using a 

Cary Eclipse fluorescence spectrophotometer from Varian Instruments. 
1
H NMR was 

recorded on a Bruker AVANCE III 500 instrument at 500 MHz. Typically ~2 mg of 

sample were dissolved in 0.6 mL of CD2Cl2 at room temperature and a minimum of 1000 
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scans were collected. HRTEM analysis was performed using a JEOL 3200FS-JEM 

instrument at 300 kV beam energy. The sample was prepared inside a glovebox by 

placing a drop of CdSe SNCs in CH3CN onto a lacey carbon-coated copper grid (Electron 

Microscopy Science), and excess solution was removed by wicking with a Kimwipe to 

avoid particle aggregation. Cryo-TEM analysis was conducted using a JEOL-3200FS-

JEM instrument at 200 kV beam energy. The aqueous solution of the samples was frozen 

using liquid nitrogen. SEM micrographs were acquired using a Hitachi S-4700 FESEM at 

20 kV. Matrix-assisted laser desorption ionization time of flight mass spectrometry 

(MALDI-TOF MS) measurements were performed using a Bruker Autoflex equipped 

with a nitrogen laser.  

The PL-QYs of the synthesized PEG-thiolate-coated CdSe SNCs before and after 

TPP treatment were calculated via a comparison technique using coumarin-30 as a 

standard fluorophore. Coumarin-30 exhibits UV-Vis absorption maximum at 407 nm and 

an emission maximum at 482 nm when excited at 380 nm with a QY of 55.3% in 

acetonitrile.
85 

All samples were prepared in DCM and the optical density of the samples 

was kept to a similar level (~0.08-0.1). The emission data were collected from 350-750 

nm and the area of the PL peak was determined between 400-700 nm. The following 

equation was used to calculate the QY of the CdSe SNCs:
25 

𝑄𝑌𝑁𝐶 = (
𝐸𝑁𝐶

𝐴𝑁𝐶
⁄

𝐸𝑆𝑇𝐷
𝐴𝑆𝑇𝐷

⁄
) × (

𝑁𝐶

𝑆𝑇𝐷

)
2

× 𝑄𝑌𝑆𝑇𝐷 (3.1) 

Here QYNC, ANC, and ENC represent the calculated quantum yield, measured 

absorbance, and integrated emission intensity of the CdSe SNCs, respectively. QYSTD is 
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the quantum yield of coumarin-30 and the s refer to the refractive indices of the two 

solvents.  

Matrix-assisted laser desorption ionization time of flight mass spectrometry 

(MALDI-TOF MS) measurements were performed using a Bruker Autoflex equipped 

with a nitrogen laser. 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-

enylidene]malononitrile (DCTB) was used as the matrix. CdSe nanoclusters were 

dissolved in DCM and mixed with DCTB in THF (20 nM). Five μL of the freshly 

prepared matrix solution was mixed with 1 μL of sample, vortexed, and then 2 μL of the 

mixture was applied to the target and air dried. 

3.3.3      Synthesis of PEGn-Thiolate-Coated CdSe SNCs 

Briefly, stock solutions of CdSO4•8/3 H2O (1M) and Na2SeSO3 (0.25 M) were 

prepared in water. In a 100 mL two-neck round bottom flask 30 mL of nitrogen-purged 

water was mixed with 0.120 mL CdSO4•8/3 H2O and the required amount of PEGn-SH.  

The reaction mixture was stirred at room temperature under nitrogen for 30 min. Next, 

1.0 M NaOH was added dropwise to the reaction mixture under gentle stirring until a 

stable pH of 11.5 was achieved. The solution was then heated to 30 °C for 5 min with 

stirring. 0.36 mL of Na2SeSO3 was quickly injected and the formation of CdSe SNCs was 

followed by UV-vis spectroscopy. For PEG6-thiolate-coated CdSe SNCs final 

concentrations of the reactants were calculated to be 4 mM CdSO4, 32 mM PEG6-thiols, 

and 3 mM Na2SeSO3.  To prepare different PEGn-thiolate-coated CdSe SNCs, 

concentration of Cd and Se precursors was kept identical but amount of PEGn-thiols were 

varied:  for n = 4, 18, 60, and 150 the amount of PEGn-thiols used was 32, 32, 48, and 60 

mM, respectively.  
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3.3.4      Purification of PEGn-thiolate-Coated CdSe SNCs 

The PEG6-thiolate-coated CdSe SNCs were purified by solvent extraction and 

precipitation. The prepared aqueous nanocluster solution was transferred to a 500 mL 

separatory funnel. A mixture of DCM and isopropanol (ratio 1.0:0.5) was added to the 

nanocluster solution and was shaken vigorously. The solution was then allowed to stand 

in the dark until two distinct layers appeared where the top layer was completely clear 

and the bottom layer was yellow. The yellow solution was collected and then brought to 

dryness using a rotary evaporator. The resulting yellow material was then redissolved in a 

minimum volume of DCM and precipitated by adding hexane. The hexane precipitation 

was performed at least three times. The solid was then collected by centrifugation, dried 

under high vacuum, and stored under N2 in the dark. The dried samples were redissolved 

in various N2-purged solvents prior to study. The similar strategy was adopted to purify 

PEGn-thiolate-passivated (n= 4-150) CdSe SNCs.  

3.3.5      Post-synthetic Surface Modification of PEGn-thiolate-Coated CdSe SNCs (n = 6 

and 18) 

The PEGn-thiolate-coated CdSe SNCs were purified by solvent extraction and 

precipitation techniques.
86 

An aqueous solution of prepared CdSe SNCs was transferred 

to a 500 mL separatory funnel followed by addition of a mixture of CH2Cl2 and 

isopropanol (1.0:0.5 of CH2Cl2 : isopropanaol). The SNCs solution was shaken 

vigorously and then allowed to stand in the dark until two distinct layers appeared where 

the top layer was clear and the bottom layer was yellow. The yellow solution was 

collected and brought to dryness using a rotary evaporator. The resulting yellow material 

was then redissolved in a minimum volume of CH2Cl2 and precipitated with hexane. The 
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hexane precipitation was performed a minimum of two times. The yellow solid was then 

collected by centrifugation, dried under high vacuum, and stored under nitrogen in dark.  

3.3.6      Synthesis of OLA-capped CdSe SNCs 

 For 1.6 nm diameter CdSe SNCs synthesis 0.14 g of CdCl2 was added to a 100 

mL two-neck round-bottom flask and dissolved in 5 mL of OLA under nitrogen with 

stirring at 70 
0
C. Se-precursor stock solution was prepared by reacting 0.12 g of freshly 

ground selenium in a 25 mL two-neck round-bottom flask containing 1.57 mL OLA and 

430 μL of 1-hexanethiol under nitrogen atmosphere until all selenium dissolved.  The Cd-

precursor was diluted with 10 mL toluene before addition of Se-precursor. After addition 

of Se-precursor, the reaction was allowed to stir at 70 
0
C for 4 h. The SNC growth was 

quenched by diluting with 20 mL of toluene.  To synthesize larger CdSe SNCs (1.7-2.3 

nm diameter) the Se-precursor was injected to Cd-OLA precursor at 100 
0
C and the 

aliquots were removed at specific time points and immediately diluted with toluene to 

obtain desirable sizes. 

3.3.7      Purification of OLA-capped CdSe SNCs 

The SNCs were immediately precipitated by dropwise addition of CH3CN until 

the solution become cloudy. The SNCs were collected through centrifugation at 7000 

rpm for 5 min. This precipitation step was repeated once more and then the resultant 

bright yellow solid was dissolved in chloroform and centrifuged for a final time to 

remove insoluble materials, decanted, and the yellow solution containing the OLA-coated 

CdSe SNCs was evaporated under reduced pressure.  
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3.3.8      Ligand Exchange Reaction 

Purified OLA-capped CdSe SNCs (1.6-2.5 nm diameter) were dissolved in 5.0 

mL of nitrogen-purged chloroform to obtain a concentration of 0.25 mM. A 0.3 g of 

PEG6-SH was added to OLA-coated CdSe SNCs at room temperature and stirred (~6 h) 

until a stable band-edge excitonic peak was obtained. The solution was then brought to 

dryness and the solid was redissolved in a minimum amount of CH2Cl2 and precipitated 

with hexane. The resulting solid was collected by centrifugation. The precipitation step 

was performed once more to remove excess PEG6-SH. The soluble PEG6-thiol-coated 

CdSe SNCs were characterized by 
1
H NMR, MALDI-TOF-MS, and PL analyses to 

determine the structural properties. 

3.4      Results and Discussion 

3.4.1      Synthesis and Photophysical Properties of PEG6-Thiolate-Coated CdSe SNCs 

The formation of PEG6-thiolate-passivated ultra-small CdSe SNCs was monitored 

through UV-vis absorption spectroscopy over a period of 7 h as illustrated in Figure 3.1 

A. Immediately after the addition of freshly prepared Na2SeSO3 (1 min), the spectrum 

showed two broad features, which were a shoulder at ~350 nm and a peak near 390 nm.  

The intensity of the lowest energy (first absorption) peak continued to grow quickly with 

concurrent shifting towards higher wavelength. After 30 min, a well-defined absorption 

peak near 425 nm had developed. Over the course of the next 6.5 h, the 425 nm peak 

continued to grow and red-shift to 429 nm while improving in sharpness. Over the same 7 

h the peak at 350 nm also grew. However, the increase in its intensity was comparably 

slower than that of the peak at 429 nm. The growth of the SNCs was completed over 7 h, 
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and after this, no detectable changes in peak intensity and position were observed over a 

24 h period. 

The aqueous solution of PEG6-thiolate-coated CdSe SNCs, which displayed a 

stable absorption peak at 429 nm after 7 h, was analyzed by PL spectroscopy (Figure 3.1 

B). The spectrum displayed a broad emission band centered at 550 nm attributable to 

surface trapped electrons and holes.
14,24 

The broad emission property of these PEG6-

thiolate-passivated CdSe SNCs is in agreement with previous literature, where stabilizing 

ligands such as TOP,
87 

TOPO,
25 

or a mixture of aliphatic amines and phenyl carboxylate
24 

were used as surface passivating ligands.  

In order to compare the optical properties with the size of the SNCs obtained at 

the end of the synthesis, the crude CdSe SNC solution was deposited on a TEM grid and 

analyzed. Figure 3.2 illustrates a representative TEM image of the SNCs which appear to 

be aggregated on the TEM grid. This aggregation could be due to the viscous nature of 
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Figure 3.1: (A) Time-dependent absorption spectra following formation of PEG6-

thiolate-coated CdSe SNCs. The maximum intensity of the lowest energy absorption 

peak was observed ~7 h after Na2SeSO3 addition. (B) The emission spectra of the 

crude reaction mixture after 7 h of reaction. The excitation wavelength was 365 nm. 



118 

 

  

the PEGs and/or the drying 

process on the TEM grid. The 

diameter of the SNCs determined 

from TEM analysis was 2.0  0.7 

nm, which is slightly higher than 

the size calculated by an 

empirical formula (1.7 nm) based 

on the lowest energy absorption 

peak of the CdSe SNCs.
88 

The 

difference in size could be due to 

skewing from the aggregation of 

SNCs as mentioned above. 

3.4.2      Purification and Analytical Characterization of PEG6-thiolate-Coated CdSe 

SNCs 

PEGs are soluble in a wide range of polar and nonpolar organic solvents. Because 

of their diverse solubility properties it is extremely difficult to remove unbound ligands 

(e.g., PEG-thiol in solution) from the ligand-coated SNCs (e.g., PEG-thiolate-coated 

SNCs). However, it is critical to obtain pure SNCs for quantitative characterization of 

photophysical properties and future applications. Previously, it was shown that ω-

functionalized alkylthiolate-coated CdSe QDs can be purified by addition of isopropanol 

into an aqueous solution of QDs.
53

 Following the same protocol we were unable to 

precipitate our PEG6-thiolate-coated CdSe SNCs from the aqueous solution. This is likely 

because PEG6-thiolate-coated CdSe SNCs are also significantly soluble in isopropanol. 

Figure 3.2: TEM image of PEG6-thiolate-coated 

CdSe SNCs with lowest energy absorption peak at 

429 nm. The NCs are 1.7 nm in diameter. Scale 

bar is 10 nm. 



119 

 

  

Thus we deduced and demonstrated a unique approach to purify the SNCs, namely a 

solvent-induced phase transfer followed by an additional precipitation step. 

The experimental section outlines in detail the purification procedure of PEG6-

thiolate-coated CdSe SNCs. It is also important to mention that once the SNCs are 

transferred into organic solvent, further purification steps via solvent-induced 

precipitation can be performed without causing aggregation of the SNCs. Additionally; 

the aqueous solution of the solvent-extracted SNCs had a pH of 7.4, whereas the crude 

reaction mixture had a pH of 11.5. This experimental result suggested that the purified 

(A) 

(B) (C) 

Figure 3.3: (A) Photograph of PEG6-thiolate-coated CdSe SNCs dissolved in different 

solvents. (B) Absorption spectra of PEG6-thiolate-coated CdSe SNCs in different 

solvents. The lowest energy absorption peak was at 430 nm. (C) TEM image of purified 

PEG6-thiolate-coated CdSe SNCs. The SNCs are ~1.6 nm in diameter. Scale bar is 10 

nm. 
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SNCs were free from excess salts and stabilizing ligand. This result is significant in the 

context of previously reported solvent-induced precipitation techniques where both SNCs 

and inorganic salt precipitated simultaneously. Our purified PEG6-thiolate-coated CdSe 

SNCs are soluble in a wide range of organic solvent as well as in water. Figure 3.3 A 

shows a photograph of dissolved PEG6-thiolate coated CdSe SNCs in different solvents 

taken under normal laboratory light. 

The absorption spectra of purified PEG6-thiolate-coated CdSe SNCs in few 

selected solvents are shown in Figure 3.3 B. Importantly, no noticeable differences in 

either peak position or peak shape were observed. For example, the crude PEG6-thiolate-

coated CdSe SNCs (before solvent extraction and purification) displayed a first 

absorption peak at 429 nm in water and after purification the position of the peak was 430 

Figure 3.4: Comparison of 
1
H NMR of pure PEG6-thiol (lower panel) and purified 

PEG6-thiolate-coated CdSe SNCs (upper panel). The spectra were recorded in CD2Cl2. 
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nm. The purified PEG6-thiolate-coated CdSe SNCs were dissolved in CH3CN, drop-

casted on a TEM grid, and analyzed. Figure 3.3 C illustrates a representative image of the 

well-dispersed nanoclusters with size of 1.6  0.2 nm and is in good agreement with the 

size calculated by the empirical formula of 1.7 nm.
70

  

As we mentioned before, it is extremely important to obtain pure SNCs in order to 

properly assess their photophysical properties. Purified PEG6-thiolate-coated CdSe SNCs 

were analyzed by 
1
H NMR, and the spectrum showed broad peaks in terminal methyl (-

CH3: 3.30 ppm), glycol (-O-CH2-CH2: 3.71-3.46 ppm), and methylene protons attached 

to the sulfur (-S-CH2: 2.65 ppm) of the PEG6-thiolate (Figure 3.4). The broad peaks can 

be attributed to a combination of spin-spin relaxation broadening, dipole broadening, and 

a distribution of chemical shifts,
89, 90 

which is commonly observed for long-chain 

aliphatic ligands used for surface passivation of SNCs.
24, 91

 Additionally, the purified 

CdSe SNCs were also analyzed by powder X-ray diffraction (XRD). (Appendix B) The 

diffraction features at 25.4° and 45.7° appeared broad, which indicated the presence of 

ultra-small CdSe SNCs.
24, 53 

The SNC size was 1.7 nm by calculation from the full width 

at half maximum of the 25.4
°
 peak by the Scherrer formula. Thus the calculated diameter 

from XRD data is in agreement with the high-resolution TEM analysis of 1.6 nm.  
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The PEG-thiolate-coated CdSe SNCs were analyzed by MALDI-TOF MS using a 

DCTB matrix to determine their core composition. DCTB matrix is routinely used for 

MS analysis of thiolate-coated gold nanoparticles to determine their composition.
92, 93 

The 

mass spectra in Figure 3.5 show detailed information about the core composition of 

purified PEG6-thiolate-coated CdSe SNCs. The spectra obtained at low laser power 

exhibited a sharp peak centered at m/z 6505.1 which corresponds to the (CdSe)34 

crystalline core (calculated m/z = 6506.6). The slight broadness of the peak likely 

indicates the presence of a contribution from a (CdSe)33 core along with the (CdSe)34 

core. 

Figure 3.5: MALDI-TOF MS spectra of PEG6-thiolate-coated CdSe SNCs at two 

different laser powers. CdSe SNCs were dissolved in DCM and mixed with DCTB 

matrix in THF with ~ 1:1000 NCs:matrix ratio. 
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At higher laser power the peak at m/z 6505.1 became more intense along with the 

appearance of few other low-mass peaks. The positions of the these peaks corresponds to 

(CdSe)27, (CdSe)23, (CdSe)19, and (CdSe)13 cores. This suggests that the (CdSe)33 and 

(CdSe)34 cores underwent fragmentation at high laser power.
79 

The presence of (CdSe)19 

and (CdSe)13 cores also suggested that CdSe nanoclusters with specific core compositions 

of (CdSe)13, (CdSe)19, (CdSe)33, and (CdSe)34 possess high stability.
81 

Beside 

fragmentation to (CdSe)19 and (CdSe)13 cores at high laser power and increased peak 

sharpness at m/z 6505.1, no low intensity higher-mass peaks were observed. Therefore, it 

is clearly evident from MALDI-TOF MS analysis that our samples contained 

predominantly (CdSe)33/34 cores. Since thiolate is a X-type ligand and only binds with 

Cd-sites,
94

 one would expect that this ligand capped SNC should have stoichiometry core 

with Cd-rich surface to maintain the overall charge balance. The XPS analysis indeed 

confirmed that the Cd:Se ratio is 1.35:1.0. However, in the MALDI-TOF-MS analysis we 

were unable to determine the total mass of the ligand-coated CdSe SNC. This could be 

due to fragmentation of the Cd-bound thiolate-ligand leaving a core mass of ~6.5 kDa. 

Using identical molar ratio of reagents, we also synthesized the longer PEG chain 

length PEG18-thiolate-coated CdSe SNCs to investigate the ligand effects on the 

physicochemical and photophysical properties of ultra-small SNCs. Appendix C 

illustrates the UV-vis and PL spectra, and the TEM image of purified PEG18-thiolate-

coated CdSe SNCs. The CdSe SNCs displayed an UV-vis absorption maxima at 424 nm 

with an average size of 1.6  0.3 nm. Interestingly, even though the TEM analysis 

showed both PEG6- and PEG18-thiolate-coated CdSe SNCs were similar in size (1.6 nm 

in diameter), their corresponding lowest energy UV-vis absorption maxima were 430 and 
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424 nm, respectively. This 42 meV difference in the energy was hypothesized to be due 

to the difference in the electronic coupling between SNCs, which is facilitated by the 

“solvent-like” properties of PEGs, and is explored in great detail in section 3.4.4 of this 

chapter.  Nevertheless, both PEG6- and PEG18 -thiolate-coated CdSe SNCs were used to 

further investigate the influence of surface ligand chemistry on their emission properties 

as discussed below. 

3.4.3      Modulating the Emission Properties of PEG-Thiolate-Coated CdSe SNCs 

In the case of ultrasmall (<2.0 nm diameter) SNCs, most of the atoms are present 

on the surface. Therefore, any unpassivated surface Cd or Se sites could result in surface 

trap states, and the SNCs could potentially display trap state emission, as discussed in 

chapters 1 and 2 of this body of work. Depending on the physicochemical nature of the 

surface passivating ligands, ultrasmall CdSe SNCs can display either trap state
24, 25 

or a 

combination of band-edge and trap state emission.
14, 24, 25 

Even though the PL-QY of long 

aliphatic ligand-coated CdSe can be as large as 10%, as described above, they are only 

soluble in organic solvent and therefore incompatible with biological systems.  One of the 

advantages of our PEG-thiolate-coated CdSe SNCs is that they are soluble in aqueous 

medium, which is ideal for nanobiotechnology applications. However, as mentioned, 

thiolate not only binds to surface Cd sites leaving Se sites unpassivated, but also 

significantly quenches the CdSe SNC’s PL properties. The quenching of PL emission is 

expected to be more prominent for SNCs of ultra-small size, because most of their atoms 

are at the surface and resulting PL properties (broad deep trap) are dominated by surface 

occupied atoms. In this context, no previous reports of PL-QY of thiolate ligand-coated 

<2.0 nm CdSe SNCs were available in the literature.
31, 33, 53 

Therefore, an additional 
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modification of the surface of thiolate ligand-coated SNCs through appropriate surface 

ligand chemistry was hypothesized to produce fluorescent SNCs that could be used for 

applications such as bioimaging.  

Recently, it was reported that PL-QY of 1.5 nm CdSe SNCs passivated with 

mixed long aliphatic chain containing acids and amines can be enhanced up to 45% from 

a QY of ~5% through post synthetic treatment with formic acid.
95 

In our initial 

investigation, a similar surface ligand treatment resulted in immediate aggregation of our 

PEG6-thiolate-coated CdSe SNCs. This could be due to the presence of formic acid in the 

reaction mixture that protonates the surface-attached thiolates to thiols, which would 

detach from the SNC surface resulting in fast aggregation of unpassivated CdSe SNCs. 

However, Dolai et al. reported that passivation of surface Se sites of octylamine-

coated ~1.6 nm CdSe SNCs with TPP enhanced the PL quantum yield nearly 400%.
79 

Through various spectroscopic analyses it was determined that TPP and octylamine were 
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Figure 3.6: The optical properties of PEG6-thiolate-coated CdSe NCs before (red) 

and after (blue) TPP treatment: (A) UV-visible absorption and (B) emission 

spectra. The spectra were taken by dissolving the NCs in DCM. The excitation 

wavelength for the PL spectra was 365 nm. 
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attached to surface Se and Cd sites, respectively, similar to the cadmium benzoate 

discussed in chapter two of this thesis. These resulting mixed ligand-coated CdSe SNCs 

were only soluble in organic solvents, which hindered their biological application, but we 

hypothesized that such limitations should not apply to our PEG-coated SNCs. Because of 

the restriction of TPP solubility to organic solvents, the post-synthetic surface 

modification of PEGn-thiolate-coated CdSe SNCs can only be performed in such 

solvents. Therefore, we performed the TPP treatment of PEGn-thiolate-coated CdSe 

SNCs in DCM (see experimental section for details) where both SNCs and TPP are 

completely soluble. Additionally, mixed TPP- and PEGn-thiolate-coated CdSe SNCs 

produced a homogenous solution, which prevented aggregation while the mixed ligand-

coated SNCs formed. Figure 3.6 A compares the UV-visible absorption spectrum of 

purified PEG6-thiolate-coated CdSe SNCs before and after TPP treatment. No noticeable 

change in the lower energy absorption peak position or shape was observed. Figure 3.6 B 

Figure 3.7: Normalized PL-QY of PEG6-thiolate-coated ultra-small CdSe SNCs in 

DCM after addition of TPP relative to the initial yield (QY0).  
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shows the PL spectra of PEG6-thiolate-coated and TPP treated PEG6-thiolate-coated 

CdSe SNCs, which displayed PL-QYs of ~0.7% and 6.3%, respectively. Although this 

substantial increase in PL intensity was observed after TPP treatment (Figure 3.6 B) no 

significant change in the full width at half maximum of the peak was detected.  

We also measured the PL-QY of PEG6-thiolate-coated ultra-small CdSe SNCs 

after addition of TPP as a function of time, and Figure 3.7 shows that the PL-QY of the 

SNCs increased monotonically. We hypothesize that the increase of PL-QY is due to the 

stabilization of nonradiative surface trap states by passivating the surface Se sites as 

described in chapter 2. Importantly, within 2 h of TPP addition, the PL-QY had increased 

nearly 500% with a total eight fold increase over 10 h. We believe this could be because 

initially all Se sites are empty and over the time some sites become capped by TPP, 

which increases steric hindrance for additional incoming TPP and prevents the adsorption 

of more ligands on neighboring surface Se sites. Furthermore, TPP binding likely reduced 

the flexibility of the PEG chains and hindered the TPP entering through the existing 

PEG-thiolate layer. Therefore, it is suggested that only a modest number of Se sites were 

passivated with TPP molecules, which did passivate the nonradiative trap states to a 

certain and increased quantum yield. The purified PEG6-thiolate-coated CdSe SNCs 

displayed a PL peak maximum at 547 nm in DCM and after TPP treatment the trap state 

emission peak of the SNCs shifted to shorter wavelength by ~3 nm over the time of our 

experiment. Taken together, the increase of PL-QY and slight shift of peak position 

suggest that the chemical environment at the SNC surface changes upon TPP addition. 

After the SNCs displayed stable PL intensity, they were purified and no change in the PL 

peak position or PL-QY was observed. Importantly, the purified SNCs displayed bright 
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yellow color upon illumination with 365 nm UV light (Figure 3.8). The post-synthetic 

TPP treatment was also performed under identical reaction conditions on the longer 

PEG18-thiolate-coated CdSe SNCs. These SNCs displayed similar PL-QY enhancement 

as observed for PEG6-thiolate-coated CdSe SNCs. Appendix D shows the PL-QY of 

PEG18-thiolate-coated ultra-small CdSe SNCs after addition of TPP as a function of time. 

To test our hypothesis that TPP treatment of PEG6-thiolate-coated ultra-small 

CdSe SNCs would result in mixed surface passivation in which TPP was bound to 

surface Se sites, the TPP-treated purified sample was analyzed by X-ray photoelectron 

spectroscopy (XPS) (Figure 3.9). The XPS data exhibited peaks at 129.1, 134.2 and 162.1 

eV, which are due to P 2p free and CdSe surface-bound TPP, respectively. The peak at 

134.2 eV is ~5.1 eV higher than free P and this large difference is because P is datively 

bound to Se sites.
96 

Since TPP forms an L-type of bond with Se atoms, it has the ability to 

undergo dynamic equilibrium (i.e., an adsorption-desorption process) in solution.  

Figure 3.8: Schematic representation of surface modification and emission property of 

ultra-small CdSe SNCs. The Cd sites were ligated through the sulfur of the PEG-

thiolate and the Se sites through the phosphorus of TPP. Both photographs of the UV 

cell were taken under identical illumination with a 365 nm UV light source. The PEG6-

thiolate-coated CdSe SNCs displayed almost no light emission whereas after TPP 

treatment they displayed bright yellow color. 
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Additionally, the S 2s peak at 162.3 eV was detected. The XPS data suggest that 

the post synthetic ligand treatment did not displace the original surface passivating ligand 

(PEG-thiolate) from the CdSe SNC surface. Phosphorous coordinates to surface Se sites 

of the SNCs, and therefore we would not expect detachment of thiolates because they 

bind strongly to Cd surface sites. Additionally, Cd 3d5/2, Cd 3d3/2, and Se 3d peaks were 

centered at 404.5, 411.4, and 53.1 eV, respectively. The sharp peak observed in the Cd 3d 

region and the absence of a peak at ~60 eV indicated that the CdSe SNCs did not contain 

CdO or SeO2 on their surface.
96 

These XPS data are also important in the context of the 

Figure 3.9:  (A) XPS survey scan of TPP-treated PEG6-thiolate-coated CdSe SNCs. 

High resolution scan of (B) Se 3d region, (C) Cd 3d region, (D) P 2p region. Two P 2p 

peaks at 129.1 and 134.2 eV are observed due to free TPP and CdSe SNC surface bound 

TPP, respectively. 
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post synthetic ligand treatment and purification steps that we have adopted in our 

synthesis to enhance PL-QY, and they suggest that our procedure is very efficient and the 

SNCs did not undergo photooxidation. 

3.4.4      Importance of Hydrodynamic Radii 

Although our SNCs displayed substantial PL-QY and were stable in an aqueous 

media, the importance of hydrodynamic radii came into question for their future 

application in nanobiotechnology. Attaching organic fluorophores or fluorescent proteins 

to biomolecules is commonly used for cellular imaging.
97, 98 

These organic dyes and 

fluorescent proteins have narrow excitation spectral windows and generally undergo fast 

chemical and photodegradation, which limits their applications in biotechnology. All the 

above-mentioned drawbacks have been substantially eliminated by using QDs.
8, 50, 99, 100 

It 

was reported that QDs with <6.0 nm hydrodynamic radii have (1) low toxicity in 

biological systems, (2) faster diffusion into cells, and (3) faster renal clearance.
101 

As 

determined from our TEM analysis the diameter of our CdSe SNC core was ~1.6 nm and 

the hydrodynamic radii of PEG-ligand is ~0.4 nm as reported in the literature.
82, 102

 

Therefore, the overall hydrodynamic diameter of the PEG-thiolate-coated CdSe SNCs is 

~2.4 nm. This value is much lower than recently reported QDs of ~12 nm
64

 which caused 

increased cytotoxicity and slower renal clearance. Therefore, our TPP-treated PEGn-

thiolate-coated CdSe SNCs are not only soluble in an aqueous medium but are also 

expected to have all the above-mentioned beneficial characteristics. Furthermore, it is 

also known that passivated QDs with PEGylated ligands can reduce nonspecific 

interactions making them a suitable candidate for cellular imaging.
103 

Therefore, we have 

shown as a proof-of-concept that ultrasmall CdSe SNCs can be applied to cellular 
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imaging by enhancing their physicochemical and photophysical properties, and they 

could be an alternative for organic fluorophores, fluorescent proteins, or QDs. (cellular 

imaging data available in Appendix E) 

3.4.5      Ligand-mediated Inter-SNC electronic coupling 

As shown above, we were able to enhance the solubility and PL-QY of ultra-small 

(<3.0 nm) CdSe SNCs through surface modification using PEG-thiolate for possible 

bionanotechnology applications. However, during the course of this study we observed 

that the transmission electronic microscopy (TEM) analysis showed PEG6- and PEG18-

thiolate-coated CdSe SNCs were 1.6 nm in diameter but their first excitonic peaks were 

429 and 424 nm, respectively. The hydrodynamic radii of PEG6-thiolate-coated CdSe 

SNCs, determined from dynamic light scattering (DLS) technique, indicated more than 

two SNCs were connected together in solution. The DLS measurements also suggested 

(A) (B) 

Figure 3.10: (A) Room temperature UV-visible absorption spectra of purified 

samples of different chain length PEGn-thiolate-coated CdSe SNCs in CH2Cl2. The 

HRTEM analysis demonstrated that the average size for each-type of PEGn-thiolate-

coated CdSe SNCs were 1.6 nm. The blue shifting of the band-gap excitonic peak 

position from PEG4 to PEG150 suggested inter-SNC electronic coupling. (B) 

Excitonic peak energy of different chain length PEGn-thiolate-coated CdSe SNCs. 

An ~170 meV difference between first exciton energy of PEG4 and PEG150 was 

observed in solution, which is defined as coupling energy. 
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that the PEGn chains were not fully extended in the solution. Based on these analyses we 

hypothesized that the 5 nm (30 meV) difference in the excitonic peak position between 

PEG6- and PEG18-thiolate-coated CdSe SNCs was controlled by differences in the inter-

SNC distance, resulting in better electronic coupling. In order to prove our hypothesis, 

1.6 nm diameter CdSe SNCs were synthesized using various chain length PEGn-thiolates 

as capping ligands (n = 4, 60, and 150). 

3.4.6      PEG-Chain Length Dependent Inter-SNC Coupling. 

Various PEGn-thiolate-coated CdSe SNCs were synthesized and a detailed 

protocol is provided in the experimental section. Figure 3.10 A illustrates the solution 

state UV-vis absorption spectra of different chain length PEG-thiolate-coated CdSe SNCs 

dissolved in CH2Cl2. The band-edge excitonic peak was 5 nm blue-shifted as glycol units 

in the PEG chain was reduced from four to six. By increasing glycol units to 150, a total 

20 nm blue shift of the excitonic peak was observed. Therefore a total 25 nm (170 meV) 

difference in peak position was detected between PEG4- and PEG150-thiolate-coated CdSe 

SNCs. We believe this red-shift in the first excitonic peak is due to inter-SNC electronic 

coupling. 

Figure 3.10 B shows the position of the first excitonic energy as a function of 

glycol unit. We assume no apparent inter-SNC electronic coupling has taken place in 

solution for PEG150-thiolate-coated CdSe SNCs because the thick dielectric shell of 

PEG150-thiolate is a good insulator, therefore, the wave function is unable to extend past 

the long chain PEG-thiolate. Hence, we hypothesize that the change in coupling energy 

that is observed (up to 170 meV) was solely due to electronic coupling, which was 

controlled by the inter-SNC spacing. To the best of our knowledge, this is the highest 
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value reported in literature for an electronic coupling of SNCs in solution.
74, 75 

In order 

for the SNCs to participate in strong electronic coupling, their electron and/or hole 

wavefunctions are required to expand outside the boundary of the isolated SNC, overlap, 

and entangle to form a delocalized state which reduces the excitonic band gap (red-shift 

of the peak position),  as discussed in chapters 1 and 2. It is also know that the 

delocalization kinetic energy of the excitons is higher in strongly confined ultrasmall 

SNCs than intermediate or weakly confined larger SNCs.
104, 105 

Therefore, unlike larger 

SNCs (>3.0 nm)
 5, 55, 62, 63, 67, 70, 74, 75, 106  

, at the ultrasmall size regime, the quantum-

confined electron and/or hole wave functions could fill the entire SNC core volume more 

effectively and delocalize to the adjacent SNCs.
 
 

Besides inter-SNC electronic coupling, which controls the excitonic peak position 

for different PEGn-thiolate-coated CdSe SNCs, other parameters such as SNC core 

diameter and variable dielectric constant of the PEG-thiolate shell could potentially 

modulate the peak position. We investigated the potential contribution of these 

parameters to the dramatic shift of excitonic peak of CdSe SNCs in solution. First, 

different PEGn-thiolate-coated CdSe SNCs were analyzed by high-resolution TEM 

(HRTEM), just as depicted for PEG6-thiolate-coated CdSe SNCs in Figure 3.2, to 

determine the core diameter as shown in Figure 3.11. Again, in most cases, we observed 

aggregation on the TEM grid (because of the drying process), but individual SNCs of 

both PEG4- and PEG150-thiolate coating were 1.6  0.2 nm in diameter, which is in 

agreement with the values we determined previously for either PEG6- or PEG18-thiolate-

coated CdSe SNCs.
86

 Interestingly, PEG4-thiolate-coated CdSe SNCs were present in 

aggregated states consisting averagely three to four individual SNC (Figure 3.11 A) 
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whereas PEG150-thiolate-coated CdSe SNCs were present as isolated SNCs. Precise 

determination of the size of these ultrasmall SNCs by conventional TEM is extremely 

challenging. Therefore, we again attempted the use of matrix-assisted laser desorption 

ionization time-of-flight mass spectrometry (MALDI-TOF-MS) for further determination 

of the core mass of PEG4- and PEG18-thiolate-coated CdSe SNCs using a DCTB matrix. 

Appendix F illustrates the MALDI-TOF-MS spectra of three different chain length PEG-

thiolate-coated CdSe SNCs. The peak at m/z 6505, seen in Figure 3.5 and Appendix F, is 

evident in all of the samples, corresponds to a stoichiometric (CdSe)34 core as described 

previously. Also, the energy dispersive X-ray spectroscopy (EDS) analysis of PEG4-

thiolate-coated CdSe SNCs confirmed the Cd:Se ratio of 1.33:1.0 (Appendix G)  which is 

consistent with the value of 1.35:1.0  as determined for PEG6-thiolate-coated CdSe SNCs 

in Figure 3.9.
 
Therefore, we assume that the overall compositions of the CdSe SNCs 

coated with different PEGn-thiolates were nearly identical. As previously mentioned, 

thiolate is an X-type ligand, and therefore, to maintain the overall charge neutrality of the 

thiolate-ligand-coated SNCs, the stoichiometrically inorganic core [e.g., (CdSe)34] should 

(A) (B) (C) 

Figure 3.11: HRTEM images of PEG4- (A) and PEG150- (B) thiolate-coated CdSe 

SNCs. The circle in (A) shows an isolated SNC with diameter ~1.6 nm. The scale bars 

are 10 nm. (C) Selected area HRTEM image of PEG4-thiolate-coated CdSe SNCs 

demonstrating three individual SNCs were self-assembled. The scale bar is 5 nm. 
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be passivated with Cd(S-PEG)2, which can be referred as a Z-type ligand that attaches to 

the surface Se ions, similar to cadmium benzoate discussed in chapter 2.
94

 Thus, PEG-

thiolate-ligand coated CdSe SNCs are expected to be Cd rich. Unfortunately, in the 

MALDI-TOF-MS analysis we were unable to determine the complete mass of the PEGn-

thiolate-coated CdSe SNCs because of the detachment of the Cd(S-PEG)2 from the 

(CdSe)34 core. This type of ligand detachment has been observed for thiolate-ligand-

coated metal nanocrystals and SNCs during MALDI-TOF-MS analysis.
93, 107

 

Nevertheless, both structural and compositional analyses suggest that the size and 

composition of the inorganic core in PEGn-thioltate-coated CdSe SNCs (n = 4 -150) were 

identical and therefore blue-shifting of the excitonic peak from n = 4 to 150 cannot be 

attributed to change in core size, but instead suggests a decrease in inter-SNC electronic 

coupling. 

 Though our conventional TEM analysis strongly supports electronic coupling of 

PEG4- or PEG150-thiolate-coated CdSe SNCs in solution due to their spatial organization, 

this analysis is inadequate to determine existence of ordered assembly in solution. We 

performed Cryo-TEM of PEG4- or PEG150-thiolate-coated CdSe SNCs as shown in 

Figure 3.12. The micrograph showed appearance of pearl-necklace type assembly of 

CdSe SNCs, which are coated with PEG4-thiolate. An average 0.6 nm inter-SNC spacing 

was observed in pearl-necklace assembly. This spacing is shorter than twice the length of 

fully stretched PEG4-thiols (1.0 nm), but corresponds reasonably well to the expected 

radius of gyration for PEG polymers in a good solvent.
82

 Therefore it is reasonable to 

propose that SNCs were present in close proximity and this induced strong electronic 

coupling. The exact nature of the driving force responsible for pearl-necklace assembly in 
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solution is unknown to us, but is thought to have originated due to the van der Waals 

forces and dipole-dipole attraction between SNC cores, as observed for thioglycolic acid-

capped CdTe SNCs.
108

  

Beside the electronic coupling and exciton delocalization inducing red-shift of 

band-gap exciton peak, an increase in the dielectric constant of the surrounding media 

could also influence the exciton peak energy (bathochromic shift).
109 

Therefore for 

quantitative determination of the coupling energy, contribution of dielectric constant with 

a suitable model must be taken into account,
109 

which is not within the scope of thesis. 

However, for a qualitative estimation, absorption spectra of dissolved PEG6-thiolate-

coated CdSe SNCs were collected in three different solvents with varying dielectric 

constant (), dichloromethane ( = 8.93), ethanol ( = 24.5), and acetonitrile ( = 37.5), as 

shown in Figure 3.13. Importantly, no noticeable change in the peak position was 

observed. Moreover, a PEG150 ligand layer would impose a higher dielectric constant 

(A) (B) 

Figure 3.12: Cryo-TEM images of PEG4- (A) and PEG150- (B) thiolate-coated CdSe 

SNCs. The aqueous solution of SNCs was frozen by liquid nitrogen inside the cell. The 

dark black dots are the CdSe SNCs. The images were taken at 200 kV operating 

voltage. Scale bars are 20 nm. 
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compared to a PEG4 ligand layer and under such circumstances we would expect lower 

energy first exciton peak for PEG150-thiolate-coated CdSe SNCs than PEG4-thiolate-

coated SNCs, however we observed an opposite spectral response (Figure 3.10). Together 

our experimental data suggest that the dielectric constant has negligible effects on the 

red-shifts observed for different chain length PEGn-thiolate-coated CdSe SNCs. 

 We performed additional experiments to further test our hypothesis that the small 

hydrodynamic radii and solvent-like properties of the PEG chain facilitate the inter-SNC 

electronic coupling. It was observed that PEG6-thiolate-coated CdSe SNCs displayed 

excellent solution stability and therefore all our remaining investigation is focused on 

CdSe SNCs that were coated with either PEG6-thiol or thiolate. Recently Dolai et. al.,
79

 

reported a synthetic method producing single-sized (1.6 nm in diameter) (CdSe)34 SNCs, 

which were coated with OLA. The long hydrocarbon chain of OLA is insulating in 

nature, thus no electronic coupling is expected to take place in solution. However, we 

Figure 3.13: Room temperature UV-visible absorption spectra of PEG6-thiolate-

coated CdSe SNCs in different solvent. 
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hypothesized that if OLAs from the SNC surface were to be replaced by PEG6-thiols, the 

spacing between the SNCs will decrease and the solvent-like properties of PEG6 chain 

would facilitate electronic coupling. The coupling phenomena can be studied by 

monitoring the band-edge excitonic peak position using UV-vis absorption spectroscopy, 

as demonstrated previously in Figure 3.10. The synthesis of OLA-coated 1.6 nm CdSe 

SNCs, solution phase ligand exchange reaction with PEG6-thiols, and purification 

procedure are provided in the experimental section.  

Figure 3.14 A illustrates the UV-vis absorption spectra of OLA- and PEG6-thiol-

coated 1.6 nm CdSe SNCs. OLA-coated CdSe SNCs displayed band-edge excitonic peak 

at 416 nm (2.98 eV), which was 13 nm red-shifted to 429 nm (2.89 eV) upon ligand 

exchange. An ~90 meV change in the exciton peak energy is feasible when the SNCs 

participate in electronic coupling, but first it must be confirmed that the ligand exchange 

OLA-coating  PEG6-thiol 
coating  

(B)  (A)  

Figure 3.14: (A) UV-visible absorption spectra of OLA-coated 1.6 nm diameter 

(CdSe)34 SNCs (blue) and after ligand exchange reaction with PEG6-thiols (red). An ~13 

nm (90 meV) red shift of the first exciton peak was predominantly due to the increase in 

the electronic coupling. (B) Variable solubility properties of undissolved OLA-coated 

CdSe SNCs and dissolved PEG6-thiol-coated CdSe SNCs in acetonitrile.  
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procedure was successful and the PEG6-thiols successfully replaced the OLA ligands, and 

the change is not simply due to changes of the local dielectric environment caused by the 

ligand exchange reaction. First, OLA-coated CdSe SNCs are not soluble in acetonitrile 

whereas after ligand exchange reaction the CdSe SNCs were completely soluble in 

acetonitrile, suggesting attachment of PEG-thiol to CdSe SNC core surface (Figure 3.14 

B). Previously we demonstrated the unique solubility properties of PEG6-thiolate-coated 

CdSe SNCs (Figure 3.3 A). Second, the 
1
H NMR analysis of the purified PEG6-thiols 

exchange product indeed confirmed that ~95% of the surface was coated with PEG6-

thiols with some residual OLA present (Figure 3.15) Third, the broadness of the peaks 

associated to PEG6-thiols and presence of H-S- proton at ~2.0 ppm suggest that the 

Figure 3.15: 
1
H spectrum of PEG6-thiol-coated CdSe SNCs. The ligand exchange 

reaction on OLA-coated SNCs was conducted with PEG6-SH. The insert shows 

zoom OLA double bond region. The spectrum indicates that 95% of the original 

surface bound OLA ligand was replaced by PEG6-SH. 
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PEG6-thiol was attached to the (CdSe)34 SNCs surface as a neutral two electron donor 

ligand like OLA. Finally, our MALDI-TOF-MS analysis of both OLA- and PEG6-thiol-

coated CdSe SNCs showed similar core mass (Appendix F). This is important in the 

context of ligand exchange reaction, which could induce the change in the core 

composition resulting in red-shifting of the band-edge excitonic peak position. 

Attachment of PEG6-thiol as a neutral ligand onto the stoichiometric (CdSe)34 core also 

supports the overall charge neutrality of the ligand-coated SNCs.  

 Lastly, we performed photoluminescence (PL) measurements of the PEG6-thiol 

ligand exchange product to confirm our hypothesis that the CdSe SNCs surface was 

coated with two electrons donor neutral thiols (H-S-PEG6) and not anionic thiolates (-S-

PEG6). The exchange product showed no change in the band-edge PL intensity as 

compared to OLA-coated CdSe SNCs (data not shown). 
 
Since our exchange reaction was 

conducted in organic solvent, therefore we would expect that thiol remains protonated 

and attaches onto CdSe SNCs surface as a neutral ligand rather an anionic ligand. The 

attachment of thiolate to surface Cd sites should lead to quenching of PL because of the 

formation of hole traps that prevent radiative recombination of excitons, however, this 

was not observed in our investigation.
 
All of the above data support the hypothesis that 

the addition of PEG6-thiols to an organic solvent solution of OLA-coated CdSe SNCs 

result in PEG6-thiol-coated SNCs. The solvent-like properties of PEG lead to strong 

inter-SNC electronic coupling and display ~90 meV change in the exciton peak energy.  

3.4.7      Size Dependent Excitonic Coupling Energy 

To investigate size dependent electronic coupling, OLA-coated 1.8 nm to 2.5 nm 

CdSe SNCs were synthesized according to the procedure described for 1.6 nm SNCs with 
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slight modification (see experimental section). Ligand exchange reactions were 

performed in solution to replace original insulating OLA ligands with PEG6-thiol to 

reduce the inter-SNC distance and increase the electronic coupling. Figure 3.16 A 

illustrates the UV-visible absorption spectra of 1.8 and 2.5 nm CdSe SNCs before and 

after PEG6-thiol exchange. In the case of the largest CdSe SNC size (2.5 nm in diameter) 

no noticeable change in the peak position was observed whereas 1.8 and 2.3 nm diameter 

SNCs displayed 70 and 10 meV coupling energy, respectively (Figure 3.16 B).   

According to the mathematic model proposed by Efros and coworkers, the carrier 

mobility of a SNC solid increases with decreasing SNC size.
110 

The mobility of the 

charge carrier is directly related to the electronic coupling between neighboring SNCs 

where higher coupling would result in faster mobility. In the case of smaller SNCs, the 

kinetic energy of the exciton [either electron or hole] is higher than the columbic 

Figure 3.16: (A) UV-visible absorption spectra of OLA-coated 1.8 (purple) and 2.5 nm 

(red) diameter CdSe SNCs before and after ligand exchange reaction with PEG6-thiols. 

An ~11 nm (70 meV) red shift of the first exciton peak for 1.8 nm CdSe SNCs suggested 

electronic coupling where as such interaction was nearly negligible for 2.5 nm SNCs. (B) 

Experimentally determined coupling energy as a function of SNC diameter. The coupling 

energy was measured from UV-visible absorption spectra (Figure 5A and 6A) whereas 

diameter was calculated from an empirical sizing equation.
1 

 

(A)  (B)  
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interaction energy of an electron-hole pair.
104, 105

 Therefore, for smaller SNCs, the exciton 

wave functions could easily fill the inorganic core volume and leak outside the core 

boundary compared to larger SNCs. A strong electronic coupling is expected to happen 

when a large fraction of excitons wavefunctions expand beyond the core boundary, 

overlap, and entangle with wavefunctions from adjacent SNCs, as discussed in detail in 

chapters 1 and 2. Previous theoretical reports strongly support our experimental data that 

stronger electronic coupling would be observed for smaller size SNCs. Therefore, 

through the use of PEGn-thiolate (n=4-150) and various size OLA-capped CdSe SNCs, 

we were able to impart solubility, stability, and enhance electronic coupling of SNCs for 

potential use as crack-free, highly conductive thin-film materials in solid state device 

fabrication.  

3.4.8      Electronic Coupling of CdSe SNC Thin-Films 

The ability to display strong electronic coupling of colloidal SNCs has been 

utilized to design optoelectronic devices. In this context, a solid support is required to 

assemble the colloidal SNCs in well-ordered thin-films where strong electronic coupling 

will remain active. In this chapter, we have already demonstrated dissolved PEGn-

thiolate-coated CdSe SNCs in solution displayed electronic coupling because of their 

pearl-necklace type assembly. In this section we explore the electronic coupling of PEGn-

thiolate-coated CdSe SNCs spin-cast as thin-films (200 nm in thickens) onto glass 

supports as possible crack-free, highly conductive thin-film materials for solid state 

device fabrication. In our first investigation, the electronic coupling was studied as a 

function of annealing temperature using PEG6-thiolate-coated CdSe SNCs. Even though 

CdSe SNCs coated with PEG4-thiolate displayed the highest electronic coupling, the low 
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boiling point (~150 
o
C)

53
 of the ligand could volatilize during high temperature 

annealing, and distort the film morphology including cracking, and also create multiple 

trap states.
26

 To avoid these undesirable structural and electronic changes, we used CdSe 

SNCs coated with PEG6-thiolate, which has a higher boiling point (~250 
o
C).  

Figure 3.17 A illustrates the temperature dependent absorption spectra of CdSe 

SNC thin-films. Annealing the film caused red-shift of the band-edge excitonic peak. An 

~13 nm red-shift was detected at 100 
o
C annealing temperature. The change is dramatic 

as the temperature was raised to 175 
o
C where ~70 nm (400 meV) shift observed along 

with broadening of the band-edge excitonic peak. The broadness of the peak was due to 

the electronic coupling as reported previously.
30, 32, 34 

Increasing the annealing 

temperature likely caused the trapped solvent molecules inside the film to evaporate and 

the film to become more compact, leading to decreased inter-SNC spacing and the 

formation of close-packed solids of CdSe SNCs (“superlattices”). Importantly, the 

(A)  (B)  

Figure 3.17: (A) UV-visible absorption spectra of (A) PEG6-thiolate-coated 1.6 nm 

CdSe SNC films on glass substrates as a function of annealing temperature. (B) UV-

visible absorption spectra of PEG6-thiolate-coated 1.6 nm CdSe SNCs at different 

physiological conditions: Dissolved SNCs in CH3CN before film preparation at room 

temperature (blue), thin-film on glass substrate annealed at 175 
o
C (red), and 

redissolved film in CH3CN at room temperature (green).  
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solution phase absorption 

property of the CdSe SNCs 

can be regained when the film 

was redissolved in CH3CN by 

sonicating the 175 
o
C-

annealed film  (Figure 3.17 B). 

The PEG chains collapse in 

the dry films, but SNCs 

maintained their structural 

integrity. Based on this 

observation, we overruled the 

possibility of PEG6-thiolate 

desorption from the SNC surface that may influence the inter-SNC interaction as 

demonstrated before for small molecule or ion coated SNCs.
15, 16, 19, 22, 25-27, 29, 33 

In 

contrast, 100 
o
C annealed film of OLA-coated CdSe SNCs did not display any electronic 

coupling (Figure 3.18). This experimental result confirms that the long chain aliphatic 

amines (e.g., OLA) are insulating in nature and do not allow wave functions of 

neighboring SNC to couple and form an extended delocalize state. 

   Annealing the film >200 
o
C resulted in the complete disappearance of the band-

edge excitonic peak features as similar to bulk CdSe. We believe at higher temperature a 

permanent structural change occurred where PEG6-thiolates completely detached from 

CdSe SNC surface and these ultrasmall SNCs were fused together to form a bulk 

structure. Therefore, red-shifting and broadening of the excitonic peak <175 
o
C was a 

Figure 3.18: UV-visible absorption spectra of 

OLA-coated 1.6 nm CdSe SNC films on a glass 

substrate. CdSe SNCs did not display any 

electronic coupling when they were assembled 

onto solid surface as a dry film. The electronic 

coupling was not observed even after annealing at 

100 
o
C. 
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result of strong electronic coupling between SNCs and was not due to any structural 

changes. Therefore, better ordering of SNCs and a lower potential barrier are critical for 

stronger quantum mechanical coupling. Additionally we would expect the formation of 

delocalized and extended states (minibands) in strongly coupled SNCs as similar to one-

dimensional superlattice of quantum wells.
  

The SEM analysis (Figure 3.19) of PEG6-thiolate-coated 1.6 nm CdSe SNCs 

films after temperature treatment (175 
o
C) showed no apparent change in the morphology 

(E)  

(B)  (A)  

(C)  (D)  

Figure 3.19: SEM images of PEG6-thiolate-coated 1.6 nm CdSe SNC films as a 

function of annealing temperature. (A) As prepared film as room temperature, (B) 

annealing at 175 
o
C and annealing at 250 

o
C. Scale bars are 500 nm. The thickness 

(double headed arrow) of SNC films at (D) room temperature and (E) after 

annealing at 175 
o
C. The scale bars are 100 nm. 
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compared to as prepared films 

at room temperature. 

Interestingly, the films were 

smooth and crack free, similar 

to structural features that are 

generally observed in charged 

polymeric thin-films.
54 

We also 

observed that film thickness 

decreases with heat treatment. 

The 250 
o
C annealed film 

showed small grain growth.  

We used the SAXS technique 

to investigate structural changes 

such as ordering and average 

inter-SNC spacing of the PEG6-thiolate-coated 1.6 nm CdSe SNC films as a function of 

annealing temperature. Figure 3.20 shows the SAXS profile as a function of annealing 

temperature. Interestingly, the SAXS peak becomes narrower as the temperature was 

increased, which suggests that there was either an increase of SNC size or higher 

ordering of SNCs inside the film.
55 

We hypothesize that no change in SNC size took 

place because the 175 
o
C annealed film retained the excitonic band-gap property of 1.6 

CdSe SNCs after redissolving in solvent (see Figure 3.17 B). The SEM analysis (Figure 

3.19) clearly showed decreased film thickness, therefore we believe that evaporation of 

trapped solvent inside the film and collapse of the PEG chain, together densify the films 

Figure 3.20: (A) SAXS patterns of PEG6-thiolate-

coated 1.6 nm CdSe SNC films as a function of 

annealing temperature. (B) Relation between 

SAXS peak width with annealing temperature. 
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and increase the short-range ordering of SNCs inside the film. Additionally, with 

increased annealing temperature, the PEG chain could form some ordered structure that 

would result in an ordered array or periodic SNCs.
56

 At 250 
o
C annealing temperature, 

the SAXS peak completely disappeared, which could be due to melting and desorption of 

the PEG-thiolate ligand from the surface of the CdSe SNCs that resulting in degradation 

of SNCs. 

The strong electronic coupling between PEG-thiolate-coated CdSe SNCs in their 

solid films demonstrated here has provided several important advantages over existing 

SNC-based thin-film materials. First, there is no need to perform a solid phase ligand 

exchange reaction to replace insulating ligands, a process that typically leads to a 

dramatic structural rearrangement of SNCs and results in the appearance of cracks and 

voids in the solid films or fusion of SNCs in such films.
16, 29

 Second, we can prevent 

formation of trap states and recombination sites while maintaining strong electronic 

coupling by using nonvolatile PEG-thiolate ligands instead of using chloride,
19 

thiocyanate,
22

sulfide,
23-25 

metal chalcogenide complexes,
10, 26-28 

tetrafluoroborate,
20, 21 

hydrazine,
11, 29 

or pyridine.
16 

Third, SNCs coated with either small molecules or various 

ions are susceptible to undergoing fast oxidation even at ambient conditions
16 

making 

processing during device fabrication very difficult. All of these drawbacks can be 

avoided using our ligand-coated SNCs where the thin-film was almost defect free (cracks 

or sintering).  

3.5      Conclusion 

In summary, a simple synthetic and purification procedure has been developed for 

the synthesis of PEGn-thiolated-coated ultra-small CdSe SNCs (n=4-150). Along with 
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optical spectroscopy, high-resolution MALDI-TOF MS analysis has demonstrated the 

formation of a stoichiometry core of possible composition (CdSe)33/34. These PEGn-

thiolate-coated CdSe SNCs showed unusual solubility properties, being readily soluble in 

a wide array of organic solvents including acetonitrile, ethanol, chlorobenzene, 

dichloromethane, and chloroform. This unique solubility allowed us to prepare bright 

yellow light emitting CdSe SNCs through a post synthetic ligand treatment with TPP on 

PEGn-thiolated-coated SNCs. The XPS analysis unequivocally proved that the SNC 

surface is coated with TPP and PEG-thiolate ligands. TPP preferentially bound to the 

surface Se sites through a dative bond, which reduced the formation of nonradiative trap 

state formation and enhanced the PL-QY. Because of their aqueous solubility and bright 

emission properties, the mixed ligand-coated ultra-small CdSe SNCs have the potential to 

be the next generation of bioimaging materials. In addition, we have also demonstrated 

that surface ligation with PEGn-thiolate ligands allowed for controlled band gap tailoring 

through inter-SNC electronic coupling. This ligand-controlled strong electronic coupling 

has several potential benefits: (1) The PEG-thiolate-coated CdSe SNCs possess diverse 

solubility character. Appropriate selection of solvent will allow the preparation of large-

scale thin-films with better structural properties such as enhanced homogeneity and less 

void space, thus eliminating the need to use additional conductive materials to backfill 

the voids through atomic-layer deposition techniques.
64

 Therefore, we could eliminate 

energy disorder while maintaining strong electronic coupling between SNCs for use in 

high-performance light-emitting diodes and field-effect transistor fabrication. (2) PEG 

chains can impart liquid crystalline characteristics to ligand-coated SNCs, which improve 

the SNCs packing in thin-film. Because of the strong electronic coupling between -
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thiolate-coated SNCs, and physical and electrochemical properties of hybrid redox 

polyethers enable hopping-mediated faster charge transport which enhance their 

applicability toward electrochromic devices. (3) Current knowledge of electrochemical 

properties of ligand-coated SNCs is very limited due to fast decomposition during 

measurement
111

 caused by the insulating nature of existing surface ligand coatings. 

However, strong inter-SNC electronic coupling in organic solvent such as CH2Cl2 and 

CH3CN would increase the stability of PEG-thiolate-coated CdSe SNCs during the 

solution-phase electrochemical characterization since the extra charge can delocalize to 

neighboring SNCs through solvent-like ligand shell and/or be stabilized by “outer-

sphere” reorganization. Enhanced stability will provide quantitative information about 

the electrochemical oxidation and reduction potentials of ligand-coated SNCs and 

therefore enabling the control of the generation and transfer of charge carriers, which 

should facilitate the design of efficient electronic materials for photovoltaic applications. 

The latter is the focus of chapter 4. 
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3.7   Appendices 

 

 

 

Appendix A: Synthesis of PEGn-thiols 

 

 

 

Synthesis of PEG-thiols. Different chain length PEGn-thiols ( n =  6 and 18) were 

synthesized according to the literature procedure
1 
with modification. 

 

1. Synthesis of Poly(ethylene glycol)-methyl ether-p-toluene sulfonate (MeO-PEG6-

OTs) 2a. In a 250 mL two-neck round bottom flask, 20 g (67.48 mmol) of Poly(ethylene 

glycol)-monomethyl ether (MeO-PEG6-OH, Mn = 350, 1a) was dissolved in 25 mL THF 

and stirred for 20 min under ice-cold condition. In another flask, 3.42 g (85.5 mmol) of 

NaOH was dissolved in 25 mL distilled water. The NaOH solution was slowly added to 

1a under ice-cold condition. Separately, p-Toluene sulfonyl chloride (13 g, 68.18 mmol) 

was dissolved in 50 mL THF and added drop-wise via a dropping funnel to the reaction 

mixture at ice-cold condition for a time period of 30 min under N2 atmosphere. The 

temperature of the reaction mixture was maintained between 0-10 
0
C for an additional 30 

min and then left to warm up slowly to room temperature while stirring. After stirring at 

room temperature for 12 h, the crude reaction mixture was transferred to a separatory 

funnel and washed with EtOAc (3 X 100 mL). Organic layers were collected and washed 

with distilled water and brine solution, and then dried over anhydrous Na2SO4. Solvent 

was then removed by rotatory evaporator to yield the product 2a as colorless viscous 

liquid. Yield: ~24 g (79 %). 
1
H NMR (500 MHz, CDCl3) δ ppm: 2.43 (3H, s); 3.36 (3H, 
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s); 3.52-3.68 (22H, m); 4.13-4.15 (2H, t); 7.32-7.34 (2H, d); 7.77-7.79 (2H, d). 
13

C NMR 

(125 MHz, CDCl3) δ ppm: 21.62, 59.0, 68.65, 69.25, 70.50, 70.55, 70.59, 70.72, 71.92, 

127.96, 129.81, 133.01, 144.77. ESI-MS (m/z): 336 (n=3), 380.2 (n=4), 424.3 (n=5), 

468.3 (n=6), 512.3 (n=7), 556.3 (n=8), 597.3 (n=9), 641.3 (n=10), 685.5 (n=11); where n 

= number of –CH2-CH2-O- repeat unit. Under identical molar ratios of reagents and 

exactly similar reaction conditions, 2b was synthesized from 1b. 

2. Synthesis of Poly(ethylene glycol)-methyl ether-thiol (MeO-PEG6-SH) 3a. In a 250 

mL two-neck round bottom flask, 10 g (22.2 mmol) of MeO-PEG6-OTs and 2.5 g (33.3 

mmol) thiourea were dissolved in 100 mL anhydrous EtOH and the reaction mixture was 

allowed to reflux under N2 atmosphere for 12 h. Next, 1.4 g (35 mmol) of NaOH was 

dissolved in 20 mL distilled water and added to the reaction mixture. The reaction 

mixture was then cycled with vacuum and argon for three times and refluxed for 3h. 

After cooling down the reaction mixture to room temperature, ethanol was evaporated 

using a rotary evaporator then diluted with 100 mL of distilled water, and acidified with 

0.5 (M) HCl to pH ~3. The product was collected using DCM (3 X 50 mL), which was 

again washed with water, dried over anhydrous Na2SO4, and solvent was evaporated to 

yield the MeO-PEG6-thiol (3a) as colorless viscous liquid. Yield: 7.95 g (86%). 
1
H NMR 

(500 MHz, CDCl3) δ ppm: 1.16-1.58  (1H, t); 2.64-2.68 (2H, m); 3.34 (3H, s); 3.48-3.65 

(22H, m). 
13

C NMR (125 MHz, CDCl3) δ ppm: 24.24, 58.99, 70.2, 70.48, 70.50, 70.55, 

70.60, 71.90, 72.84. ESI-MS (m/z): 267.1 (n=3), 311.3 (n=4), 355.2 (n=5), 399.3 (n=6), 

443.3 (n=7), 487.2 (n=8), 531.3 (n=9), 575.3 (n=10); where n = number of –CH2-CH2-O- 

repeat unit. Under identical molar ratios of reagents and exactly similar reaction 

conditions, 3b was synthesized from 2b.  
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Appendix B: Powder XRD of Purified PEG6-Thiolate-Coated CdSe SNCs 

 

The diffraction features at 25.4° and 45.7° appeared broad, which indicated the presence 

of ultra-small CdSe0 SNCs.
2,3
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Appendix C: Optical Spectroscopy and TEM Analysis of PEG18-Thiolate-Coated CdSe 

SNCs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A) Absorption spectra of purified PEG18-thiolate-coated CdSe SNCs in different solvent. 

(B) PL spectrum of purified PEG18-thiolate-coated CdSe SNCs in CH2Cl2, and (C) TEM 

images of PEG18-thiolate-coated CdSe NCs after phase transfer and purification. Scale 

bar is 10 nm. 

 

(A) (B) 
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Appendix D: Normalized PL QY of PEG18-Thiolate-Coated CdSe SNCs 

 

 

Normalized PL QY of PEG18-thiolate-coated CdSe SNCs in DCM after addition of TPP. 
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Appendix E: Cellular Imaging 

 

 

 

In our initial in vitro investigation, the shorter chain length (PEG6) thiolate 

ligand-coated bright yellow CdSe SNCs were used for imaging studies. We used green 

fluorescent protein-transfected fibroblast cells, which displayed green PL highlighting 

cellular structures upon light excitation. Differential interference contrast (DIC) 

micrographs showed that the SNCs aggregated around the cell membranes (Figure 

below) and no SNC fluorescence emission was observed outlining specific internal 

cellular structures. This could be because the high hydrophobicity of TPP did not allow 

SNC penetration through the cell membranes even though the SNC surface was coated 

with PEG-thiolate ligands. The small fraction of SNCs entered inside the cell lost their 

fluorescent properties either due to aggregation or detachment of TPP during the 

diffusion through cell membranes. TPP extends out from the SNC surface nearly 0.6 nm 

(ChemBioDraw 3D) and the PEG6 shell thickness is approximately 0.4 nm.
4,5

 Thus, the 

hydrophobic character of TPP dominated the hydrophilic character of the PEG-thiolate 

resulting in a high probability of TPP detachment. 

In order to further investigate potential cell membrane penetration, the longer 

chain length PEG18-thiolate was used to overcome the hydrophobic character imposed 

by TPP on the mixed ligand-coated CdSe SNCs.  The PL properties of TPP-treated 

PEG18-thiolate-coated CdSe SNCs exhibited the same QY as those coated with PEG6 

thiolate. Thus we investigated the cellular uptake ability of the fibroblast cells for TPP-

treated PEG18-thiolate-coated CdSe SNCs. The figure below illustrates the DIC image in 

which SNCs were asymmetrically aggregated around the cell nucleus as reported by 
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others in the literature.
6,7

 However, individual non-aggregated CdSe SNCs inside the 

cell were not observed in the DIC analysis due to the limitations in magnification and 

resolution of the confocal microscope. Nevertheless, the fluorescence image shows that 

the CdSe SNCs were well dispersed inside the fibroblast cell. We also used these 

transfected cells to monitor survival for a period of up to 5 days in the presence of NCs. 

Most importantly, the fluorescence properties of TPP-treated PEG18-thiolate-coated 

CdSe SNCs inside the cell did not degrade for a period of five days. The green 

fluorescent protein-transfected fibroblast cells after incubated with mixed TPP- and 

PEG18-thiolate-coated CdSe SNCs for five days were further incubated with 200 µL of 

LIVE/DEAD viability stock solution (Invitrogen Co, USA) for 40 min at 30 
o
C. The 

cells were then rinsed with PBS buffer followed by imaging with a Confocal EPI 

microscopy. After counting cells displayed green and red fluorescent, which represented 

live and dead cells, respectively. These experimental data are very significant and 

suggest that more than 95% cells were alive upon incubation with our mixed ligand-

coated CdSe SNCs even after 5 days of incubation. This result is important in the 

context of the enhanced stability of CdSe SNCs versus other fluorescent labels as well as 

the specific stability of the metal-thiolate bond inside the cell. We believe two factors 

played an important role in the cell survival when the PEG18-thiolate-coated CdSe SNCs 

were used for intracellular imaging studies: (1) the moderately long chain PEG-thiolate 

coating was able to reduce the cytotoxicity of CdSe SNCs by preventing leakage of toxic 

metal ions (i.e., Cd
2+

), and (2) only ~ 34 Cd are present per SNCs reducing leakage of 

ions into their cellular surroundings in comparison with traditionally used QDs which 

contained hundreds of metal ions in their core.  
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(A) (B) 

(C) (D) 

 

(A) Representative DIC image of a green fluorescence protein transfected fibroblast cell 

incubated with ~100 nM TPP-treated PEG18-thiolate-coated CdSe SNCs as described in 

the experimental section, (B) merged SNCs and green fluorescence protein transfected 

cell (C) SNCs with green fluorescent background removed, and (D) transfected cell 

before SNC treatment. The inserts in B-D show expanded regions of the cell as marked 

by the white square box. Close examination of the fluorescence in C shows that the SNCs 

penetrate the outer cell membranes, but not the nuclear membrane, which totally lacks 

fluorescence from SNC. The SNCs are red not yellow because of the wavelength filter 

used. A coverslip was placed on top of the disk to restrict the cell movement during the 

addition of the CdSe SNC solution. 
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Appendix F: MALDI-TOF-MS Spectra 

 

 

 

 

 

 

 

 

 

 

MALDI-TOF-MS spectra of PEG4- (red) PEG6- (red), and PEG150- (green) thiolate-

coated CdSe SNCs. CdSe SNCs were dissolved in CH2Cl2 and mixed with DCTB matrix 

in THF with 1:1000 SNCs : matrix ratio. 

 

MALDI-TOF-MS spectra of OLA-(blue) and PEG6-thiol (purple) -coated 1.6 nm CdSe 

SNCs. The highest intensity peak at m/z 6505 indicate (CdSe)34 core composition. 
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Appendix G: EDS Spectrum of 1.6 nm diameter, PEG4-thiolate-coated CdSe SNCs 

 

 

 

 

EDS spectrum of PEG4-thiolate-coated 1.6 nm CdSe SNCs. The spectrum was collected 

in the TEM instrument with the same sample as shown in Figure 2A. The atomic 

percentage of Cd:Se was 3.79:2.85. Considering the CdSe SNC contains a stoichiometric 

core, therefore 0.94 atomic percent of Cd
2+

 was present on the surface in the form of Z-

type of ligand. Therefore, theoretically 1.88 atomic percent of sulfur from PEG4-thiolate 

should be present in the purified sample.  The EDS analysis showed the atomic 

percentage of sulfur present in the sample was 1.97. Presence of slightly higher 

percentage of sulfur could be due to presence of free PEG4-thiols in the sample.
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CHAPTER 4. INVESTIGATING THE CONTROL OF QUANTUM CONFINEMENT 

AND SURFACE LIGAND COATING ON PHOTOCATALYTIC EFFICIENCY OF 

CHALCOPYRITE COPPER INDIUM DISELENIDE SEMICONDUCTOR 

NANOCRYSTALS 

 

 

 

4.1      Synopsis 

 Recently, sustainable photocatalysts composed of semiconductor nanocrystals 

(SNCs) have been of immense interest due to their advantages including direct bandgaps, 

high absorption coefficients, and large separation of charges. In this chapter, we report 

for the first time, the effects of structural parameters (size and surface chemistry) of 

copper indium diselenide (CuInSe2) SNCs on visible light driven photocatalysis. Ligand 

exchange reactions using PEGn-thiolate (n=6-150) replace insulating oleylamine (OLA) 

which enhance the solubility and conductivity of 1.8-5.3 nm diameter CuInSe2 SNCs. 

Due to the unique solubility provided by PEG-thiolate, inner-sphere electron transfer 

reactions (O2 to O2
●-

) at the SNC surface occurred allowing for sustainable photocatalytic 

decomposition of pollutants. Solution phase electrochemical characterization of our PEG-

thiolate-coated CuInSe2 SNCs showed that the thermodynamic driving force (-ΔG) for 

oxygen reduction, which increased with decreased SNC size, was the dominate 

contributor to the photocatalytic process when compared to the light absorption and
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coulombic interaction energies of electron hole pair (Je/h) contributions. Therefore, the 

overall photocatalytic activity was highly dependent on SNC size where the smaller 

SNCs showed the most efficiency. Lastly, the conductivity provided by PEG-thiolate-

coated CuInSe2 SNCs caused a two-fold (from 30-60%) increase in degradation 

efficiency over the native insulating ligand, OLA. Thus, the ligand chain length had a 

profound effect on the pollutant degradation which could be applied to a variety of 

pollutants including: phenol, N, N-dimethyl-4-phenlyenediame, methylene blue, and 

thiourea.  

4.2      Introduction 

Colloidal SNCs have been used for a variety of applications including 

optoelectronics, biolabeling, photocatalysis, and photovoltaics as described in previous 

chapters. These SNCs are typically comprised of cadmium and lead-based metal 

chalcogenides (CdS, CdSe, CdTe, PbS, PbSe, etc.) due to their extensively studied 

syntheses. However, as the world becomes more environmentally conscious, the use of 

heavy and toxic materials becomes less appealing and the search for more benign 

elements becomes all-pervading. Ternary copper chalcogenide semiconductors have been 

of particular interested due to their less toxic nature and many advantages over binary 

SNCs including direct bandgaps, high absorption coefficients (>10
4
 cm

-1
 for λ<1000 nm), 

superb stability, and large separation of charges (slowed recombination rates).
1, 2

 For 

these reasons, ternary SNCs are already making an impact in solar harvesting, 

biomedicines, and catalysis and recently, advanced oxidative processes (AOPs).
3
 

The need for simple, cost-effective decomposition of toxic pollutants, has led to a 

increased interest in AOPs. Sunlight, the cheapest and most abundant energy source, can 
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be harnessed by SNCs in order to perform photocatalytic decomposition of these 

pollutants.
 4-9

 There are three requirements when designing a SNC photocatalyst: (1) 

suitable bandgap, (2) high crystallinity to facilitate migration of e/h pairs to the surface 

(3) large surface area for redox reactions to take place.
10

 Assuming constant crystallinity 

and composition, the SNCs size and surface ligation dictate light absorption, enhance 

photogenerated charge separation, and reduce charge recombination; all of which are 

prerequisites for efficient photocatalysis. 
1, 2, 11-18

 

Semiconductors containing metal ions with partially filled orbitals show little to 

no photocatalytic activity due to the ions acting as catalytic centers for electron-hole 

recombination and, therefore, do not produce the radicals necessary to generate 

photocatalysis. Exceptions include diamagnetic ions with d
10

 configurations such as Ag
+
, 

Zn
2+

, and Cu
2+

, as well as those ions with an s
2
 configuration such as Pb

2+
 and Bi

3+
.
19

 

These exceptions such as copper-based ternary SNCs (e.g., CuInSe2, CuInS2, CuSbS2, 

and CuSbSe2) have long been used for photovoltaic devices to replace environmentally 

toxic elements (e.g., Cd and Pb), but not until recently have these materials been explored 

for their potential use in photocatalysis and in all cases, they were used in order to 

sensitize wide bandgap semiconductors (e.g., ZnS, ZnO, and TiO2) or in conjunction with 

a cocatalyst (Pt).
2, 18, 20-23

 Therefore, anatase TiO2 is still considered to be the most 

efficient and environmentally friendly photocatalyst, however, its large band gap (~3.4 

eV) allows for only ultraviolet light absorption. Therefore, a large band gap hinders the 

potential photocatalytic applications and commercialization. In order to overcome large 

band gaps and utilize these SNCs unaccompanied, a simple synthesis that allows for high 

control of composition, size, and surface ligation is imperative.  
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In addition, quantitative information about (1) energy levels of the highest 

occupied (HOMO) and lowest occupied (LUMO) molecular orbitals and (2) coulombic 

interaction energy of photogenerated electron hole-pair (Je/h) in SNCs is crucial to 

facilitate interfacial (e.g., solid-liquid) charge transfer and design materials for AOPs. 

However, this information is currently insufficient in literature. In this chapter, we report 

for the first time, a correlation between the SNC diameter and the thermodynamic driving 

force (-ΔG) for molecular oxygen reduction, which controlled the photocatlytic efficiency 

of chalcopyrite copper indium diselenide (CuInSe2) SNCs under homogeneous reaction 

conditions. To the best of our knowledge, this study provided the first report of quantum 

confinement-controlled photocatalytic degradation of pollutants, including: phenol, N, N-

dimethyl-4-phenylenediamine (DMPD), methylene blue, and thiourea. In order to 

understand the effects of size and surface chemistry of CuInSe2 SNCs on photocatalytic 

efficiency, we developed a phosphine-free, low temperature synthetic method to prepare 

1.8-5.3 nm oleylamine (OLA)-passivated SNCs. Due to the insulating, hydrophobic 

nature of OLA, we performed ligand exchange reactions using polyethylene glycol 

(PEG)n-thiols (n=6, 18, 60, and 150) to replace OLA in order to provide much needed 

solubility and facilitate inner-sphere electron transfer. Due to these unique solubility 

properties, we investigated, for the first time, the size-dependent electrochemical 

properties of fully diffused CuInSe2 SNCs, through cyclic voltammetry (CV). Through 

electrochemical and optical analysis, we demonstrated that the smallest diameter CuInSe2 

SNC exhibited the most efficient interfacial electron transfer which enhanced phenol 

degradation efficiency by 2-fold (from 30-60%).  Additionally, a nearly 4-fold higher 
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efficiency was achieved using PEG6-thiolate-passivated CuInSe2 SNCs versus those 

coated in a more insulating ligand monolayer (OLA or PEG150-thiolate).  

Due to the uniqueness and novelty of this study, we believe our results will 

provide insight into how size and surface ligation affect the use of SNCs as 

photocatalysis. Thus this information could facilitate the use of ternary SNCs for solar 

energy conversion eliminating the need for large band gap metal oxides. Moreover, our 

low-temperature, phosphine-free synthetic method allows for a greener approach to SNC 

synthesis. Lastly, both the synthetic method and the unique solubility properties of PEGn-

thiolate ligand can be applied to a variety of SNCs to provide detailed information on 

charge transfer dynamics which will enhance our fundamental understanding of 

electronic properties for faster more efficient AOPs.  

4.3      Experimental Methods 

4.3.1      Materials 

Copper (I) chloride (CuCl, 99.99%), indium (III) chloride (InCl3, 98%), selenium 

pellets (99.99%), triphenylphosphine (TPP, 99%), different chain length poly(ethylene 

glycol) methyl ethers (PEGn, n = glycol unit = 6-150), p-toluene sulfonyl chloride 

(>99%), thiourea (>99%), anhydrous acetonitrile (CH3CN, >99.8%), hexanes (99%), 

ethanol (98.5%), methanol (98.5%), chloroform (>99%), oleylamine (OLA, >70%), 1-

hexanethiol (>95%), toluene (>99%), dichloromethane (DCM, >99%), phenol (99%), 

N,N-dimethyl-p-phenylenediamine (DMPD, 97%), methylene blue (MB), toluene (HPLC 

grade), ethyl acetate (99.5%), tetrahydrofuran (THF, 99.9%) were purchased from 

Aldrich and used without further purification. Organic solvents were purged with N2 for 

30 min prior to use. All water was purified using a Thermo Scientific Barnstead 



174 

 

  

Nanopure system. A 0.25 M aqueous solution of Na2SeSO3 was prepared according to 

the literature.
24 

PEGn-thiols were synthesized following a published procedure (see 

chapter 3 Appendix A).
25

 

4.3.2      Optical Spectroscopy 

For CuInSe2 SNCs, UV-vis absorption spectra were collected using a Varian Cary 

50 UV-vis spectrophotometer over a range of 1100-300 nm. Prior to the sample 

measurements, the baseline was corrected with pure solvent. The photoluminescence 

emission (PL) spectra were recorded using a Cary Eclipse fluorescence 

spectrophotometer from Varian Instruments using 600 nm excitation. 

4.3.3      Structural Characterization by 
1
H NMR, TEM, and XRD 

1
 For high-

dissolved CuInSe2 NCs in toluene onto a formver coated copper grid (Electron 

Microscopy Science). The sample was allowed to sit for 30 sec and any excess solution 

was removed by wicking with a Kimwipe to avoid particle aggregation. Images were 

obtained using a JEOL-3200FS-JEM instrument at 200 kV beam energy. The diameter of 

CuInSe2 SNCs was determined using ImageJ software. At least 300 SNCs were counted 

to determine the average size. Wide-angle XRD was recorded on a Rigaku MiniFlex™ II 

(Cu Kα) instrument. Dry samples (typically ~2-4 mg) were placed in a hole of the sample 

holder and secured on both sides using Kapton tape. 
1
H NMR was recorded on a Bruker 

AVANCE III 500 instrument at 500 MHz. Typically 6 mg of sample were dissolved in 

0.6 mL of CDCl3 at room temperature and a minimum of 1000 scans were collected. 
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4.3.4      Elemental Analysis 

A field-emission scanning electron microscopy (FE-SEM) system, which was 

equipped with an energy dispersive X-ray (EDS) was used to determine the composition 

of the SNCs. 

4.3.5      Electrochemical Characterization 

Voltammetry was done with a CH Instruments (Austin, TX) model 760D 

electrochemical analyzer in a conventional three electrodes set-up, which was constructed 

of a 3.0 mm glassy carbon disk working electrode, a Pt wire counter electrode, and a 0.6 

mm diameter Ag wire quasi-reference electrode (QRE). Prior to use, the working 

electrode was polished with a diamond polishing compound (Buehler), washed with 

nanopure water, sonicated for 10 min in nanopure water, washed with DCM, and finally 

dried with N2. All electrochemical measurements were conducted under a N2 

environment, and sureseal solvents were used for the analysis. A 3.0 ml solution of 0.1 M 

Bu4NPF6, containing 0.02 mmol SNCs was used for CV analysis. The scan rate for all 

samples was 0.1 V/s. The potential of the Ag QRE was calibrated using Fc/Fc+ redox 

couple in acetonitrile vs. Ag/AgCl/3 M KCl (aq) and then converted versus absolute scale 

(eV) or normal hydrogen electrode (NHE). 

4.3.6      Photocatalytic Activity Measurement 

The photocatalytic studies were carried out using a 350 W xenon arc lamp (Oriel, 

Newport Corporation), which was fitted with a 450 nm cut-off filter. Irradiation was 

carried out via side-on illumination onto a 20 mL glass vowel placed 9.0 cm away from 

the lens adapter. Phenol was chosen as standard substrate to investigate the photocatalytic 

performance of PEGn-thiolate coated SNCs. In a typical experimental setup, the 
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photocatalyst (1.2 x10
-7

 M) and phenol (5 x 10
-3

 M) were dissolved in water in a 20 mL 

glass vial with a total volume of 10mL. The homogeneous solution was stirred for 20 

minute under dark with closed capped and then irradiated with light source. To monitor 

the reaction progress, 70 μl of the reaction mixture was diluted with 3 mL of water and 

then the concentration of the phenol was determined by measuring the maximum 

absorbance at 268 nm considering C/C0 = A/A0. The degradation efficiency of the SNCs 

was then determined using the following equation:  

𝐷𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝐶0−𝐶

𝐶0
 × 100%    (4.1) 

Where C0 and C are the concentration of phenol before and after light irradiation, 

respectively, during the photocatalytic reaction. The same protocol was followed to study 

the degradation of thiourea, N,N-Dimethyl-p-phenylenediamine, and methylene blue, 

monitoring the absorption maximum at 235 nm, 242 nm and 664 nm, respectively  For 

OLA-coated CuInSe2 SNCs, prior to measure UV-visible absorbance, the aliquot was 

centrifuged at 7000 rpm for 2 minute, and then supernatant was diluted with 3 ml water. 

4.3.7      Synthesis of OLA-Coated CuInSe2 SNCs 

In a N2-filled glove box, CuCl (0.033 g, 0.33 mmol) InCl3 (0.273 g, 1.23 mmol), 

and 7.5 mL degassed OLA were loaded into a 25 mL two-neck flask. The flask was 

sealed, removed from glove box, and attached to a Schlenk line. The reaction mixture 

was heated at desired growth temperature (see Table 4.1) under vacuum with stirring for 

2 h and then transferred to N2 and heated for additional 1 h. The Se-precursor was 

separately prepared by dissolving 0.240 g of freshly ground Se powder in a mixture of 

3.14 mL OLA and 0.860 mL HT at room temperature and stirred for 90 min. under N2 

atmosphere at room temperature. A 0.8 mL Se-precursor (0.608 mmol) was injected in 
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the metal precursor and the reaction was allowed to proceed for 2 h. The SNCs growth 

was quenched by injecting 20 mL of toluene. The SNCs were purified by drop wise 

addition of ethanol (~20 mL) and centrifuged at 5000 rpm for 5 min) to yield a brown 

solid. The solid then redispersed in toluene (10 mL) and precipitated with ethanol (5 mL). 

This purification technique was followed once more and then CuInSe2 SNCs were dried 

by blowing N2 and stored inside the glovebox for further characterization. 

4.3.8      Ligand Exchange Reaction with PEGn-thiols (n=6, 18, 60, 150) 

Purified OLA-capped SNCs were dissolved in 5 mL of nitrogen-purged 

chloroform to obtain a concentration of 1 mM. PEG6-SH (0.1 mmol) was added to the 

OLA-coated SNCs at room temperature and stirred (~12 h) under N2. To remove excess 

PEG6-SH, the solution was then brought to dryness and the solid was redissolved in a 

minimum amount of chloroform and precipitated with hexane. The resulting solid was 

collected by centrifugation (7000 rpm, 5 min). The same process was repeated when 

exchanging native OLA for PEGn-thiol (n= 15, 60, and 150) for OLA-capped CuInSe2 

SNCs. 

4.4      Results and Discussion 

4.4.1      Synthesis and Characterization of CuInSe2 SNCs 

In order meet the need for greener synthetic procedures and study the quantum 

confinement effects of ternary SNCs on photocatalytic efficiency, we developed a low-

temperature, phosphine-free synthetic method to prepare 1.8-5.3 nm CuInSe2 SNCs. 

Briefly, CuCl, InCl3, and OLA were added to a two-neck r.b. at 130 ̊C and stirred for 2h 

under vacuum and then additional 1 h under N2 to produce a faint yellow solution. In a 

separate two-neck r.b., Se powder, OLA, and HT were stirred for 90 min under N2 at 
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room temperature. The Se-precursor was then quickly degassed and injected into the 

metal precursor to form CuInSe2 SNCs. A time dependent UV-visible spectroscopy can 

be seen in Figure 4.1 A where a continuous red-shifting is observed suggesting an 

increase in SNC diameter as time progressed. The detailed growth mechanism of CuInSe2 

SNCs has been previously reported by Hillhouse, et al.
 26 

  Briefly, upon addition of the 

Se-precursor, binary metal selenides form which eventually fuse together to form 

CuInSe2 SNCs.
 
In our synthetic procedure, this stable formation took ~90 min as marked 

by a stable absorption peak at ~800 nm with no additional shift occurring after a 

subsequent 30 min period. The fully formed CuInSe2 SNCs were then purified using a 

solvent arrested precipitation technique which is detailed in the Experimental Methods 

section of this chapter. Additional sizes of CuInSe2 followed similar synthetic protocol 

with minor systematic changes as detailed in Table 4.1. The UV-visible absorption 

spectra of different-sized OLA-passivated CuInSe2 SNCs were collected and an evident 

Figure 4.1: UV-visible absorption spectra of CuInSe2 SNCs (A) at different time 

points of the synthesis after addition of Se-precursor at 130 ̊C and (B) upon stable 

growth formation ran at (a) 100, (b) 110, (c) 120, (d) 130, (e) 140, and (f) 150  ̊C. 

Each sample was purified by solvent arrested precipitation before optical analysis. All 

spectra were collected in toluene.   

 
 

A) B) 
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red-shift (decrease in energy) occurred due to the increase in SNC diameter attributable 

to quantum confinement effects.
 27, 28 

(Figure 4.1 B)  

To ensure the chemical composition of our SNCs was that of CuInSe2 SNCs, we 

performed energy dispersive X-ray (EDS) analysis. EDS spectrum of OLA-passivated 

CuInSe2 can be found in Figure 4.2. Analysis of five randomly selected areas provided an 

average Cu:In:Se composition of 0.94:0.79:2.00 therefore our SNCs were slightly Cu- 

(Cu/In = 1.19) and Se- [Se/Cu+In)=1.16] rich. The formation of Se-rich CuInSe2 SNCs is 

supported by a broad, low-intensity PL stemming from unpassivated Se-sites.
 29

 

(Appendix A) As discussed in previous chapters, OLA is an L-type ligand and as such 

can only bind to the surface metal sites.
 30-32

 This leaves the Se-sites unpassivated, thus 

defect sites act as trap states resulting in poor recombination and decreased PL emission 

properties in our Se-rich CuInSe2 SNCs.  

Figure 4.2: Representative EDS spectrum of purified CuInSe2 SNCs.   
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In order to determine the size and shape of the CuInSe2 SNCs formed by our 

synthetic method, we performed transmission electron microscopy (TEM) of our purified 

samples. Figure 4.3 depicts CuInSe2 SNCs with UV-visible absorption peak positions of 

(A) 705, (B) 740, (C) 800, and (D) 900 nm.  Through the use of TEM, we can clearly see 

that shape of our SNCs is spherical in nature. (Appendix B) Additionally, through the use 

of ImageJ software, we were able to calculate the diameter of each sample. In each case, 

Figure 4.3: TEM images of CuInSe
2
 SNCs at different UV-visible absorption peak 

positions: (A) 705, (B) 740, (C) 800, and (D) 915 nm. Scale bars are 100 nm. Insets 

represent the corresponding histograms, in which 300 SNCs were counted. TEM of 

705 nm CuInSe
2
 SNC resulted in too low of resolution for accurate diameter 

calculation. 
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300 SNCs were counted to determine the size and size dispersion. A histogram is present 

as an inset in each TEM image, except (A). For 705 nm (~1.0 nm) CuInSe2 SNCs (A), we 

were unable to calculate the size and size dispersion due to low contrast in the TEM 

image. Additional histograms can be found in Appendix C. Table 4.1 provides the results 

of these calculations. Through TEM, it is evident that our low-temperature, phosphine-

free synthesis allowed for a high degree of control leading to very monodispersed 

CuInSe2 SNCs.  

To further structurally classify our SNCs, we performed X-ray diffraction (XRD) 

analysis. Figure 4.4 depicts the XRD patterns of different-sized CuInSe2 SNCs. In each 

case, the XRD pattern matched the diffraction pattern of chalcopyrite (vs. sphalerite)
 33 

 

phase CuInSe2 SNCs as previously reported
34, 35

.  Appendix D provides an expanded 

XRD pattern of 1.8 nm diameter CuInSe2 SNCs which show the characteristic 

chalcopyrite peak (211) at 35.68̊. These patterns also matched the JCPDS database 

Table 4.1: Comprehensive look at OLA-passivated, 1.8-5.3 nm CuInSe2 SNCs. 

aSynthesis was conducted using (0.825 mL, 0.627 mmol) of Se-precursor and all other reaction conditions 

were identical. b300 SNCs were counted to determine size and size dispersion. cDiameter was too small 

(~1.0 nm) to determine using TEM. dNumber in parenthesis indicates standard deviation. 
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(JCPDS no. 75-0107). It should be noted that the diffraction peaks became sharper as the 

size increased which is indicative of enhanced crystallinity character.   

Our newly developed synthetic approach to highly monodispersed, different-sized 

CuInSe2 SNCs offers many advantageous over current literature procedures. First, we 

demonstrated a reasonably low temperature (100-150 ̊C) synthesis when compared to 

other non-phosphonated methods which use temperatures in excess of 240-290 ̊C.
 1, 33, 36-

39
 Secondly, our OLA-passivated CuInSe2 SNCs were highly monodispersed, spherical in 

nature, and small in diameter (<6.0 nm) which is in contrast to reports of large (~30 nm 

diameter), polydispersed, anisotropic CuInSe2 SNCs. 
40-42

 Lastly, we provided a 

phosphine-free synthesis that utilizes a highly reactive Se-precursor
43-45 

 which is 

relatively benign when compared to other methods which use toxic trioctylphosphine, 

tributylphosphine, and diphenylphosphine to dissolve elemental Se.
 34, 35, 46-48

 

Additionally, the use of OLA as a surface passivating ligand during our synthesis 

Figure 4.4: XRD patterns of different sized CuInSe2 SNCs. As a reference, bulk 

tetragonal chalcopyrite CuInSe2 (JCPDS#75-0107) is represented by the bottom stick 

pattern.   
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provided us the unique opportunity to systematically modify the surface of the SNC with 

PEGn-thiols (n= 6-150) which provided enhanced solubility properties for 

electrochemical analysis and facilitated charge transfer processes for sustainable 

photocatalysis, as discussed later.  

4.4.2      Size Dependent Electrochemical Properties 

Electrochemistry, as discussed in Chapter 1, can provide vital information about 

our CuInSe2 SNCs that optical absorption measurements cannot; such as, their energy 

level (i.e. HOMO and LUMO) positions, coulombic interaction (Je/h), and flat-band 

potential (potential at zero charge). This information is imperative for application in solar 

cells and photocatalysis as it is used to extract the maximum number of charge carriers 

(increased material efficiency). While many techniques have been used to estimate this 

information ranging from density functional theory (DFT) to the combination of X-ray 

photoelectron (XPS) and ultraviolet photoemission (UPS) spectroscopy, to date these 

methods still grossly underestimate the SNC band gap.
49-54

  Therefore, electrochemistry 

proves to be the most precise method for obtaining the necessary information needed for 

solar cell and photocatalytic applications; however, sample preparation is still a limitation 

of this electrochemistry. For example, previous reports of copper-based ternary SNCs 

utilized cyclic voltammetry (CV) where the SNC was deposited as a film on the electrode 

surface and therefore presented in their aggregated state.
55-57

 This aggregation causes the 

SNCs to act as a bulk material and; therefore, distinct orbitals no longer exist. 
58

 

Additionally, use of insulating ligands such as OLA or dodecanethiol (DDT) on the SNC 

surface causes a dramatically slowed electron transfer which could trigger chemical 

byproduct reactions inside the film causing an overall change in morphology and 
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degradation of the sample. Therefore, accurate quantitative information using solid-phase 

electrochemistry is scarce. 

However, using dispersed SNCs can overcome many of the limitations mentioned 

above. Using this technique, SNCs are dispersed in a solvent/electrolyte solution in order 

to prevent aggregation. However, these measurements are most commonly used in an 

electrochemically unfriendly (toluene, DMF, etc.) solvent which prevents the large 

potential window scan needed for small SNCs (large band gap).
58 

Size-dependent 

electrochemical band-gaps have been reported for dispersed CdS , CdSe
59-64

, CdTe
59, 65, 

66
, CdSxSe1-x

65
, and CdSexTe1-x

67
 in hopes of gaining a higher understanding of SNCs 

electrochemical properties, although, in all cases, multiple peaks in the CV were 

observed, which could be due to poorly purified or poorly passivated SNCs.
59, 68

 Highly 

purified and monodispersed nanoclusters are required for such analysis in order to 

achieve pristine voltammograms.
58, 60, 69

 Lastly, and most likely due to the lack of 

solubility in the solvent/electrolyte media causing slow charge transfer kinetics, previous 

Table 4.2: Size-dependent optical and electrochemical band gaps, and coulombic 

interaction energies of e/h pairs of OLA-passivated CuInSe2 SNCs. 

 

a

300 SNCs were counted to determine size and size dispersion. 
b

UV-visible absorption peak was used to 

determine the optical band gap. 
c

Cyclic voltammetry using dispersed SNCs in toluene/DCM/Bu4NPF6 

solution was used to determine the electrochemical band gap. Coulombic Interaction energy of e/h pair 

was calculated using: 𝐽𝑒/ℎ =  𝐸𝑔𝑎𝑝
𝑒𝑙 −  𝐸𝑔𝑎𝑝

𝑜𝑝𝑡
. 
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accounts have reported higher optical band-gaps (𝐸𝑔𝑎𝑝
𝑜𝑝𝑡

) than electrochemical band-gaps 

(𝐸𝑔𝑎𝑝
𝑒𝑙 )  which contradicts quantum confinement effects. (See Chapter 1 Equation 1.4) 

Therefore, to overcome the above-mentioned limitations in electrochemical analysis, we 

developed CuInSe2 SNCs with unique solubility that allowed us to perform 

electrochemistry of diffused SNCs in an electrochemically friendly solvent (e.g., 

acetonitrile) and consequently the first size-dependent electrochemistry of CuInSe2 

SNCs.  

Initially, we performed electrochemistry of our OLA-passivated, 1.8-5.3 nm 

CuInSe2 SNCs dispersed in a toluene/DCM/Bu4NPF6 solution. Briefly, 0.02 mmol OLA-

coated CuInSe2 SNCs were suspended in 3.0 mL (1:5 mixture of toluene:DCM), 0.1 M 

Figure 4.5: (A) stacked cyclic voltammograms of OLA-passivated, 1.8 nm (black, 

(B)), 2.4 nm (red, (C)), and 4.1 nm (blue, (D)) diameter CuInSe2 SNCs. Black dots 

represent additional peaks other than those corresponding to HOMO and LUMO.  
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Bu4NPF6 electrolyte solution and run using CV. Onset potentials of oxidation (removal of 

electrons from HOMO) and reduction (addition of electrons to LUMO) waves were used 

to calculate the 𝐸𝑔𝑎𝑝
𝑒𝑙  𝑎𝑛𝑑 Je/h values. (Table 4.2) Figure 4.5 shows the CV of different-

sizes of OLA-passivated CuInSe2 SNCs. Importantly, despite the appearance of 

additional peaks, the 𝐸𝑔𝑎𝑝
𝑒𝑙  is higher than the 𝐸𝑔𝑎𝑝

𝑜𝑝𝑡
  (See Eq 1.4), which is in agreement 

with the theoretical calculations.
59 

Additionally,
 
higher 𝐸𝑔𝑎𝑝

𝑒𝑙  and 𝐽𝑒/ℎ for smaller diameter 

SNCs was observed which follows size-dependent quantum confinement effects.
28

 

However, appearance of additional peaks appeared in our voltammograms as previously 

demonstrated in dispersed SNC electrochemical reports.
59-68

   Figure 4.5 depicts the size-

dependent voltammograms in which, the black dots represents the additional peaks that 

do not correspond to the SNC’s HOMO or LUMO. These features were thought to be due 

to the presence of trap states, which has previously been reported in electrochemical 

characterization of CdSe SNCs.
 62, 68 

Additionally, a large oxidation peak current was 

observed at higher potential (after the band-gap). It is well known that OLA often 

undergoes dynamic exchange in solution, meaning that it can be present as either bound 

or unbound OLA.
70, 71

 Therefore, we believe that unbound OLA is undergoing oxidation 

and that is causing this observed peak. This oxidation of OLA also causes the surface to 

be less coated resulting in decomposition of our SNCs. For example, a brown precipitate 

at the bottom of the electrochemical cell after two potential cycle scans (+1.8 to -2.5 V) 

was observed indicating the decomposition of OLA-passivated CuInSe2 SNCs. For the 

above mentioned reasons, electrochemical data of our OLA-passivated CuInSe2 may not 

accurately represent the of 𝐸𝑔𝑎𝑝
𝑒𝑙  and 𝐽𝑒/ℎ. However, post-synthetic exchange of insulating 
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OLA with PEGn-thiols may provide adequate solubility, stability, and conductivity to our 

SNCs which is needed to accurately perform electrochemical analysis.   

In Chapters 2 and 3, we have shown the unique solubility, stability, and 

conductivity provided by PEGn-thiols (n= 6-150) through direct synthesis and also post-

synthetic ligand exchange. Here we apply a post-synthetic ligand exchange in which 

PEG-thiol replaces the insulating, hydrophobic ligand, OLA, from the surface of CuInSe2 

SNCs. (Figure 4.6) 
1
H NMR of this ligand exchange shows the disappearance of the 

broad vinyl proton (-CH=CH-) resonance of OLA at 5.53 ppm, confirming the CuInSe2 

SNCs were passivated by PEG6-thiolate. (Appendix E) Furthermore, UV-Visible 

spectroscopic (Figure 4.7) and TEM (Appendix E) analysis showed no distinct difference 

in the optical property and size of CuInSe2 SNCs before and after PEG6-thiolate 

Figure 4.6: Schematic representation of post-synthetic ligand exchange. Insulating, 

native OLA ligands are replaced by solvent-like PEGn-thiolate ligands. Ligand 

exchange allows for unique solubility in a variety of solvents: (a) water, (b) ethanol, 

(c) acetonitrile, (d) benzonitrile, (e) chloroform, and (f) dichloromethane. 
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exchange, suggesting that the SNCs 

maintained their electronic and 

structural properties. This is similar 

to our previous ligand exchange 

report of OLA- to PEG-thoiolate 

coated CdSe SNCs in Chapter 3. 

Lastly, as shown in Figure 4.6, 

PEG6-thiolate-coated CuInSe2 SNCs 

were soluble in a diverse range of 

solvents such as water, ethanol, and acetonitrile that they were not soluble in when OLA 

passivated the surface of the SNC. This matches our unique solubility of PEG-thiolate 

coated CdSe SNCs provided in Chapters 3. Due to this unique solubility, we were able to 

perform electrochemical analysis in a large potential window (soluble in 

electrochemically friendly solvents), which is imperative to accurately portray the 𝐸𝑔𝑎𝑝
𝑒𝑙  

and 𝐽𝑒/ℎ for smaller SNCs.
60

 Additionally, as described in detail in Chapter 3, polyether 

chains such as PEG display “solvent-like” properties which enable fast charge transport 

through the polymer layers which is highly beneficial for electrochemical analysis. 
72-75

  

Electrochemical procedural details can be found in the experimental section. 

Briefly, 0.02 mmol PEG6-thiolate coated CuInSe2 SNCs were dissolved in 3.0 mL, 0.1 M 

Bu4NPF6/CH3CN solution. Figure 4.8 A depicts the CV of PEG6-thiolate coated CuInSe2 

SNCs in which the HOMO and LUMO positions and 𝐸𝑔𝑎𝑝 
𝑒𝑙 were determined (Figure 4.8 

B). Unlike OLA-passivated CuInSe2 SNCs, PEG-thiolate coated CuInSe2 SNC 

voltammograms were void of additional peaks. Although there are clean CVs of Au NPs 

Figure 4.7: UV-Visible absorption spectra of 

1.8 nm diameter CuInSe2 before (black) and 

after (red) native OLA is exchanged with 

PEG6-thiolate. 
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present in literature
76, 77

, to the best of our knowledge, these are the most pristine 

voltammograms reported for ligand-passivated SNCs. From Figure 4.8, it can be seen 

that the position of the HOMO (oxidation potential) became more positive and LUMO 

(reduction potential) became more negative (vs. NHE) as the size of the SNC decreased. 

Figure 4.8 C shows the linear relationship between the reduction potential (vs. NHE) and 

Figure 4.8: (A) Size dependent CV of PEG6-thiolate coated CuInSe2 SNCs. (a) 1.8, 

(b) 2.4, (c) 3.5, (d) 4.1, and (e) 5.3 nm in diameter. CV was ran in a Bu4NPF6/CH3CN 

solution at a potential scan rate of 0.1 V/s with a 3.0 mm glass carbon working 

electrode, Pt wire electrode, and Ag wire quasi-reference electrode (QRE). (B) 

Different sizes of CuInSe2 SNCs HOMO and LUMO positions as determined by (A). 

Bulk CuInSe2 HOMO and LUMO positions are represented by the dotted line. (C) 

Relationship between reduction potential of CuInSe2 SNCs and confinement energy 

(vs. NHE), R
2
 = 0.993. A direct band-gap of 1.04 eV for bulk CuInSe2 was used for 

the confinement energy calculation.
25, 26
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confinement energy (𝐸𝑔𝑎𝑝
𝑜𝑝𝑡

  minus bulk band gap (𝐸𝑔𝑎𝑝
𝑏𝑢𝑙𝑘, 1.04 eV)). The flat band 

potential (bulk reduction potential) was then calculated from the extrapolation to zero 

confinement energy (as define above) and determined to be 0.16 V (vs. NHE). This value 

is comparable to previously reported CuInSe2 flat band potential of 0.15 V determined 

from Mott-Shottky plot.
78

 Additionally, and most importantly, the 𝐸𝑔𝑎𝑝
𝑒𝑙 >  𝐸𝑔𝑎𝑝

𝑜𝑝𝑡
 therefore 

following quantum confinement effects. (Figure 4.8 A)  

Using the 𝐸𝑔𝑎𝑝 
𝑒𝑙  determined for PEG6-thiolate coated CuInSe2 SNCs above, we 

can calculate the charging energy, 𝐽𝑒/ℎ, which is the difference between the 𝐸𝑔𝑎𝑝 
𝑒𝑙 and the 

𝐸𝑔𝑎𝑝
𝑜𝑝𝑡

. It can be seen from Figure 4.9 A that 𝐽𝑒/ℎ reduces with decreasing SNC diameter. 

Not surprisingly, the 𝐽𝑒/ℎ is ~90 meV higher for PEG6-thiolate- versus OLA-passivated 

CuInSe2 SNCs due to the LUMO shift towards more negative (vs. NHE) upon ligand 

exchange causing an increase in 𝐸𝑔𝑎𝑝
𝑒𝑙 . It has been previously reported that the interaction 

between electron donating ligands, such as thiols, with bulk CdSe electrodes could shift 

the reduction potential (LUMO) more than 500 mV in the negative direction (vs. NHE).
 

79
 Thus PEG-thiolate is more electron donating than OLA causing a shift in reduction 

potential. This is similar to previous reports of trioctylphosphine oxide (TOPO)- and 

DDT-coated CdSe SNCs in which the reduction potential was found to be more negative 

for DDT than TOPO (vs. NHE).
 80

  As seen in Figure 4.9 B, a linear relationship between 

𝐽𝑒/ℎ and SNC diameter exists up to 4.1 nm. However, as the diameter approaches 5.3 nm, 

deviation from linearity occurs. It was thought that for our larger diameter CuInSe2 

SNCs, the electrons were injected into trap states near the LUMO of the SNC causing the 

true reduction potential not to be observed. Nevertheless, we were able to accurately use 
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electrochemical analysis to determine the HOMO and LUMO position of different-sized 

CuInSe2 as well as their 𝐸𝑔𝑎𝑝
𝑒𝑙  and 𝐽𝑒/ℎ. Furthermore, we established a basic energy level 

diagram of PEG6-thiolate coated, 1.8 nm diameter CuInSe2 SNCs from UV-visible and 

PL spectroscopy as well as CV analyses similar to those presented using thiolate-coated 

Au NPs
77

 and CdSe
81

 and InAs
82

 SNCs (Figure 4.9 C ), in which the absorption edge was 

calculated using a Tauc plot (Figure 4.9 D). 

Figure 4.9: (A) Comparison of size-dependent electrochemical (red) and optical 

(blue) band gaps of PEG6-tholate coated CuInSe2 SNCs. (B) Coulombic interaction 

energy of electron-hole pairs (Je/h) as a function of SNC diameter. (C) Schematic 

diagram representing approximate energy levels of PEG6-thiolate coated, 1.8 nm 

diameter CuInSe2 SNCs. For simplicity, solvent effects were considered negligible. 

*Image not drawn to scale. The absorption edge was determined from the (D)Tauc 

plot. 
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We have shown that electrochemical analysis for the determination of 𝐸𝑔𝑎𝑝
𝑒𝑙  and 

𝐽𝑒/ℎ, as well as the HOMO and LUMO position is a viable analytical characterization  

method that could provide more accurate results than those presently used. This work 

demonstrates the importance of appropriate surface ligation which enables voltammetry 

to be carried out in an electrochemically suitable solvent/electrolyte system such as that 

shown in our investigation.  Additionally, electrochemical techniques shown here could 

thwart the need for inaccurate approximations and costly spectroscopic techniques 

commonly used to determine the band gap of HOMO and LUMO positions of SNCs. 
49-

54, 83, 84
 Thus, electrochemical techniques could provide the information needed to extract 

the maximum number of charge carriers which is critical for AOPs such as 

photocatalysis.  

4.4.3      Size-Dependent Photocatalysis 

Ternary SNCs are commonly used in conjunction with metal oxide 

heterostructures in order to investigate SNC-induced photocatalytic transformation of 

various substrates under heterogeneous reaction conditions. As demonstrated above, 

PEG6-thiolate coated CuInSe2 SNCs have unique solubility properties; therefore, using 

our ligand-exchanged CuInSe2 SNCs we were able to study the size-dependent 

photocatalytic activity in homogenous reaction conditions (water) making our system 

fully sustainable. Moreover, PEG6-thiolate coated CuInSe2 SNCs were used to study the 

degradation efficiency of not one, but four different pollutants under visible light 

irradiation (<450 nm) hence showing the versatility of our system. We hypothesized that 

large interfacial charge transfer would dictate the efficiency of our SNCs, and as such, the 

highest photocatalytic degradation efficiency (%) would bestowed upon the smallest 
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diameter (largest band-gap) SNC. To test our hypothesis, we used the photodegradation 

of phenol as a model system as it is not only water soluble, but commonly found 

pollutant in petroleum products.
85

  

To monitor the photodegradation of phenol as a function of SNC diameter, we 

first dissolved PEG6-thiolate coated CuInSe2 SNCs and phenol in water, stirred for 30 

min under dark conditions and then illuminated the sample with a 350 W xenon arc lamp 

fitted with a 450 nm cut-off filter for 2 h. A detailed procedure is provided in the 

Experimental Section. Time-dependent phenol decomposition was measured using UV-

visible spectroscopy of peak intensity at 268 nm. (Figure 4.10 A) Nearly 2-fold 

difference was observed using 1.6 nm (60 %) versus 5.3 nm (30%) diameter PEG6-

thiolate coated CuInSe2 SNCs as seen in Figure 4.10 B. Additionally, photocatalytic 

efficiency was found to be a direct function of the 𝐸𝑔𝑎𝑝 
𝑒𝑙 of CuInSe2 SNCs in the range of 

1.84 to 1.41 eV. One might expect that the smallest diameter CuInSe2 SNCs would 

absorb less light than larger SNCs and therefore display the lowest catalytic activity. 

Figure 4.10: (A) Photodecomposition efficiency of phenol using 1.8-5.3 nm diameter, 

PEG6-thiolate coated CuInSe2 under visible light irradiation (<450 nm). (B) 

Decomposition efficiency as a function of electrochemical band gap and diameter, 

showing a linear relationship, R
2
= 0.957.  
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However, we believe that the large surface area of the smaller SNCs actually allows for 

more interfacial charge transfer.
5
 Kamat et al. states that manipulation of interfacial 

charge transfer is the most important factor that can assist in improving the photocatalytic 

conversion efficiency and efforts need to be made to manipulate this process by surface 

and structural modification.
15

 Therefore, through Marcus-Gerischer theory, it is expected 

that as we modify our SNCs to have a smaller diameter, we would increase the bandgap 

and effectively shift the LUMO to more reducing and the HOMO to more oxidizing 

potentials. This in turn would increase the thermodynamic driving force which would 

then increase the interfacial charge transfer, allowing for the most photocatalytic activity 

by the smallest diameter SNCs.
5
  It is clear that our size-dependent photocatalytic activity 

corroborates with literature reports, where the highest rate of photocatalytic hydrogen 

evolution (water splitting) was observed for the smallest diameter CdSe SNCs
86

 and also 

in agreement with the theoretical prediction.
87

  

We propose that our observed photocatalytic decomposition of phenol is initiated 

by the oxygen radical (O2
●-

) as shown in Figure 4.11 A. During this process, the 

photoexcited electrons undergo thermodynamically-controlled interfacial charge transfer 

(as explained above) and react with dissolved O2. Our first order rate (min
-1

) of phenol 

decomposition, calculated using equation 4.2, with respect to 𝐸𝑔𝑎𝑝 
𝑒𝑙  is small. (Appendix F) 

Here, C0 and C is the absorption intensity of the pollutant before and after degradation, 

respectively.  

         ln(C0/C)=kt (4.2) 

Since our photocatalytic reaction was performed under homogeneous conditions, 

the interfacial kinetics (reduction of O2 to O2
●-

) could be the rate-limiting step, not the 
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mass transport of the reactants to the CuInSe2 SNC surface.
 88

 Additionally, oxygen 

reduction in water is an inner-sphere electron transfer reaction which suggests that our 

system also follows an inner- electron transfer mechanism sphere (strong electronic 

interaction between the oxidant and reactant) to reduce O2 to O2
●-

. This is similar to the 

reported mechanism of mettalloenzyme, Cu-amine oxidase.
89

 The inner-sphere electron 

transfer mechanism is very complicated, and as such a detailed explanation of this 

process is outside of our expertise. However, according to Marcus theory
5, 90, 91

, under 

these conditions, the electron transfer rate constant from CuInSe2 SNCs to O2 would 

depend on the -ΔG as shown in equation 4.3.
 86, 87

 

𝑘𝑟𝑒𝑑 ∝ 𝑒𝑥𝑝 (−
(△𝐺−𝜆)2

4𝑘𝑇𝜆
)                 

(4.3) 

Where, kred is the electron transfer rate constant,and  and k are the reorganization 

energy and Boltzmann constant, respectively. Thermodynamic driving force, ΔG, is the 

difference of between the quasi Fermi level in the SNCs
92

 (most commonly estimated as 

Figure 4.11: (A) Schematic representation of photoexcitation to generate electrons 

and holes followed by reduction of O2 and oxidation of H2O. Photogenerated O2
●-

 

performs photodegradation of pollutants. (B) Decomposition efficiency as a function 

of thermodynamic driving force (-ΔG) for electron transfer, R
2
 = 0.961. 
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the LUMO of the SNC)
86

 and the oxygen reduction potential oxygen reduction potential 

(Ered
0
, -0.046 vs. NHE).

93
 ΔG was calculated using equation 4.4, where ELUMO represents 

the LUMO position of different sizes of PEG6-thiolate coated CuInSe2 SNCS.  

     Δ𝐺 = −𝑒(𝐸𝐿𝑈𝑀𝑂 − 𝐸𝑟𝑒𝑑
0 ) (4.4) 

 Figure 4.11 B depicts the linear relationship between decomposition efficiency 

and -ΔG where the highest decomposition efficiency (smallest size) was observed to have 

the strongest driving force (more negative). As discussed above, Marcus-Gerischer theory 

states that as the size of the SNC decreases, the LUMO of the SNC shifts toward more 

negative (vs. NHE) potential, thus making the ΔG more negative.
5
 Therefore, our data 

stongly corroborates with theory, as well as, previous studies of size-dependent electron 

Figure 4.12: Change in free energy as a function of reaction coordinates for O2 

O2
●-

 reduction (cite 16) under homogeneous conditions in which O2 reacts at the 

surface of CuInSe2 SNCs. The electron (red dot)-hole (open circle) pair is formed 

during illumination via visible light. For simplification, the effect of solvent 

molecules in activation energy was not considered.  
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transfer processes in solid-solid interface, where the smallest size displayed the highest 

transfer rate constant.
 16, 18

 Thus we conclude that the position of the SNC LUMO is 

critical for solid-liquid charge transfer which controls the rate of O2 reduction. Figure 

4.12 represents a qualitative free-energy versus reaction coordinate diagram for the 

electron transfer reaction described above and the subsequent reduction of O2 to O2
●-

.
94 

 Since we hypothesized that 

interfacial charge transfer, not size 

dictates the decomposition 

efficiency, we also compared the 

𝐽𝑒/ℎ to the decomposition 

efficiency. Figure 4.9 B showed an 

inverse relationship between 

𝐽𝑒/ℎand SNC diameter, where the 

smallest diameter has the highest 

𝐽𝑒/ℎ. Despite what one might expect 

(higher 𝐽𝑒/ℎ values suppress charge 

separation resulting in slow interfacial charge transfer and therefore low catalytic 

activity), we observed a nearly linear relationship between 𝐽𝑒/ℎ and decomposition 

efficiency (diameter 4.1 nm). (Figure 4.13) This is in further contrast to computational 

studies in which the probability of electron-hole recombination increases with increasing 

Je/h (decreased SNC size) causing decreased interfacial charge transfer. However, 

theoretical calculations have shown that the kinetic energy of electrons and/or holes is 

Figure 4.13: Phenol decomposition as a function 

of Coulombic interaction energy of e/h pair as 

determined from the difference between 

electrochemical- and optical- band gaps of 

different-sized PEG6-thiolate coated CuInSe2 

SNCs.  

 



198 

 

  

higher than the 𝐽𝑒/ℎ for highly quantum-confined (smaller) SNCs.
 28

 Therefore, as 

described in previous chapters, the increased kinetic energy would facilitate the 

expansion of the exciton wave function which would promote charge transfer processes 

at the solid-liquid interface.  

 Thus, the small size, allowing for the strongest driving force, allowed for more 

solid-liquid charge transfer, which in turn, produced the highest photocatalytic efficiency. 

This system is the first of its kind in that it produced adequate charge transfer without 

coupling with large-band gap semiconductors such as TiO2 which act as electron 

collectors in order to perform catalytic reactions.
 2, 22, 95

 Furthermore, the unique surface 

passivation provided by PEG-thiolate allows for stable, homogeneous photocatalytic 

reactions without the use of sacrificial agents, thus making the system sustainable. Unlike 

many reported photocatalytic reactions, the use of sacrificial hole scavengers is not 

needed due to the excellent solubility properties of PEG6-thiolate coated CuInSe2 SNCs 

in water allowing the photogenerated holes to oxidize water to H
+
 and OH

●
 without 

undergoing SNC decomposition. (See Figure 4.11 A) These properties are unlike those 

provided by long-chain hydrophobic ligands such as OLA which inhibit charge transport. 

Therefore, it is important to fully investigate the effects of surface passivating ligands on 

the photocatalytic activity of CuInSe2 SNCs.  

4.4.4      Surface Ligand-Dependent Photocatalysis 

As discussed previously, surface ligation affects not only solubility and stability, 

but also charge transport properties of the SNC. Long-chain insulating ligands, such as 

OLA for example, obstruct transport of charge carriers. We hypothesized that although 

we saw remarkable charge transport leading to high photocatalytic efficiency of PEG6-
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thiolate coated CuInSe2 SNCs, increased chain length PEGs would produce insulating 

barriers similar to OLA. Therefore, through a systematic modulation of PEGn-thiolate 

(n= 6, 18, 60, and 15) chain length on 1.8 nm diameter CuInSe2 SNCs and comparison 

with OLA-passivated SNCs, we were able to study the effect of surface ligand chemistry 

on charge transport and ultimately photocatalytic efficiency.  

Figure 4.14 A depicts the photocatalytic decomposition efficiency of PEG-thiolate 

coated CuInSe2 as a function of PEG chain length. As expected, the SNC coated with the 

shortest PEGn chain (n=6) displayed the highest photocatalytic efficiency (~60%) , 

whereas the longest PEGn chain (n=150) provided the lowest (~25 %). According to our 

calculations (ChemBioDraw 14.0), the fully stretched length of PEG6- and PEG18-thiolate 

is ~2.2 and 6.2 nm, respectively. Thus a mere 4.4 nm difference in chain length resulted 

in drastically different photocatalytic activity. When compared to OLA-passivated 

CuInSe2 SNCs, a near 4-fold increase (~15 % to 60%) in efficiency for PEG6-thiolate 

coated CuInSe2 SNCs was observed. Whereas, PEG150-thiolate- had comparable 

Figure 4.14: (A) Photocatalytic decomposition efficiency of 1.8 nm diameter CuInSe2 

SNCs as a function of ligand chain length PEGn-thiolate and OLA. Decomposition 

efficiency was measured using visible light illumination (<450 nm) for 2h. (B) Log-Log 

plot of decomposition efficiency as a function of glycol unit.  
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efficiency to OLA-passivated CuInSe2 SNCs with only 10% higher photocatalytic 

activity observed using PEG150-thiolate. Moreover, Figure 4.14 B demonstrates a log-log 

plot of decomposition efficiency versus glycol unit (n) in which the decomposition 

efficiency follows a negative power of n function. Therefore, by increasing the ligand 

thickness and overall insulating properties of the ligand monolayer, ineffective charge 

transport of photogenerated charge carriers causing decreased photocatalytic activity. 

Thus, by modulating the ligand chemistry, we confirmed our hypothesis that long chain 

Figure 4.15: Time-dependent UV-visible absorption spectra of (A) phenol, (B) 

methylene blue, (C) DMPD, (D) thiourea during visible light illumination in the 

presence of 1.8 nm diameter, PEG6-thiolate coated CuInSe2 SNCs. Illumination used 

a 350 W xenon arc lamp with 450 nm cutoff filter. 
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length ligands become insulating in nature, which hinders the charge transport processes 

and overall photocatalytic activity. Therefore shorter, more conductive ligands are ideal 

for photocatalysis.  

Lastly, we investigated the effectiveness of our photocatalyst for pollutant 

degradation using a diverse range of pollutants including those that are colorless. (Figure 

4.15) Colorless pollutants do not display photoexcitation like dyes do because of the band 

gap in the UV region of the solar spectrum. Therefore, unlike most commonly studied 

dye degradation, it is more difficult to perform photodegradation of colorless pollutants 

under illumination of visible light. Diversity of our system is important for its future use 

in AOPs. Details of the experimental design can be found in the Experimental Section 

and followed similar parameters as those used for phenol, described above. PEG6-thiolate 

passivated, 1.8 nm diameter CuInSe2 SNCs were used for all pollutants studied. From 

Figure 4.16, it can be observed that photocatalytic efficiencies above 35% were achieved 

Figure 4.16: Comparison of photocatalytic decomposition efficiency of various 

water-soluble pollutants using 1.8 nm diameter, PEG6-thiolate coated CuInSe2 SNCs.  

Decomposition efficiency was measured after 2h using visible light illumination 

(<450 nm).  
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for all pollutants studied (phenol, DMPD, and thiourea, and methylene blue) with the 

highest efficiency observed for DMPD (65%) demonstrating the unique and versatile 

catalytic behavior of our system.  

Therefore, both size and surface ligand chemistry played a vital role in our 

enhanced photocatalytic activity of CuInSe2 SNCs. By combining small (<6.0 nm) SNCs 

with their appropriate ligation (PEG-thiolate) we were able to provide adequate solubility 

and charge transfer allowing for AOPs without the use of large band gap metal oxides, 

which are commonly needed to extract photogenerated charges from SNCs. However, 

using our PEG-thiolate passivated CuInSe2 SNCs; we observed a low degradation rate 

constant. (Appendix F) This could be due to the unpassivated Se sites, as discussed 

previously, causing surface defect sites that hinder the effective interfacial charge 

transfer. Therefore, it is possible that our system could benefit from mixed surface 

ligation such as that provided in chapter 2 of this dissertation. Appropriate choice of 

mixed ligation could provide nearly complete surface passivation thus preventing 

nonradiative trap states as well as the expansion of the wave function into the ligand 

monolayer which would further facilitate the electron transfer process. Therefore, we 

believe our unique system coupled with mixed ligation will allow for the preparation of 

SNCs with unprecedented photocatalytic activity for a variety of AOPs including H2 

evolution and decomposition of pollutants.   

4.5      Conclusion 

 In this chapter, we have presented the first study of CuInSe2 SNCs size and ligand 

dependent photocatalytic efficiency under homogeneous conditions. It was found that the 

smallest SNCs displayed the highest decomposition efficiency of pollutants in water. 
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Surface ligation made this study possible by providing solubility and conductivity 

through the exchange of the native insulating OLA by PEG-thiolate. These unique 

solubility properties also allowed us to perform solution-phase electrochemical analysis 

thus providing quantitative information about HOMO and LUMO position of our SNC, 

𝐽𝑒/ℎ, and ΔG. This analysis demonstrated the vital role of interfacial charge transfer on 

light-driven AOPs such as photocatalytic decomposition of pollutants using SNCs.  

Lastly, this photocatalysis was found to be strongly ligand dependent with shorter chain 

length PEG-thiolate providing the highest photocatalytic efficiency. It was found that 

appropriate choice of surface ligation is imperative in order to provide the necessary 

charge transport efficiency through the ligand monolayers while maintaining stability and 

dispersibility of the SNC. Interestingly, it was found that our PEG6-thiolate coated 

CuInSe2 SNCs were stable during photocatalytic reactions which we attribute to the 

covalent nature of the sulfur bound (Cu-S and In-S). Therefore, we believe this 

comprehensive study will expedite quantitative electrochemical characterization and 

provide new insight into the design of highly efficient, sustainable photocatalysts without 

the use of large band-gap metal oxides or sacrificial agents.  
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4.7      Appendix 

 

 

 

Appendix A: PL spectra of two different sizes of CuInSe2 SNCs in toluene at 600 nm 

excitation. 

 

 

 

 

PL spectra of 1.8 (blue) and 2.4 (red) nm diameter, OLA-passivated CuInSe2 SNCs in 

toluene at 600 nm excitation.  
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Appendix B: HRTEM images of OLA-coated CuInSe2 SNCs. 

 

 

 

HRTEM images of OLA-coated, (A) 1.8 nm and (B) 2.4 nm diameter CuInSe2 SNCs.  

The spherical nature of the SNCs is marked by circular outlines. Scale bars are 20 nm. 
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Appendix C: Size distribution of 1.8-5.3 nm diameter, CuInSe2 SNCs. 

 

 

 

Size distribution of 1.8-5.3 nm diameter, CuInSe2 SNCs. In each case, 300 SNCs were 

counted. 
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Appendix D: Expanded region XRD of 1.8 nm diameter CuInSe2 SNCs. 

 

 

Expanded region XRD of 1.8 nm diameter CuInSe2 SNCs. Dashed line marks the 

characteristic chalcopyrite peak of (211) at 35.68 °.  
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Appendix E: 
1
H NMR  spectra of OLA- and PEG6-tholate coated CuInSe

2
 SNCs and 

TEM image of PEG
6
-thiolate passivated CuInSe

2
 SNCs.  

 

 

 

 

(A) 
1
H NMR  spectra of OLA- (bottom) and PEG6-tholate (top) coated, 1.8 nm diameter 

CuInSe
2
 SNCs. Disappearance of the peak at 5.53 indicates complete removal of OLA 

from the surface of the SNC. (B) TEM image of PEG
6
-thiolate passivated, 1.8 nm 

diameter CuInSe
2
 SNCs. Scale bar is 10 nm.   
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Appendix G: First order rate constant of phenol decomposition using different sized 

CuInSe2 SNCs as a function of time and diameter.  

 

 

 

 

First order rate constant of phenol decomposition using different sized CuInSe2 SNCs as 

a function of (A) time and (B) diameter. (C) Tabulated phenol decomposition.

 

 

 

A) B) 

C) 
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CONCLUSION 

 

 

 

The purpose of this dissertation was to utilize surface ligand chemistry to 

investigate the optoelectronic properties of strongly quantum-confined SNCs without 

changing the parent structure. Through this work, we were able to explore the following 

specific aims: (1) investigate the delocalization of exciton wave functions of SNCs into 

the ligand monolayer, (2) explore ligand-controlled electronic coupling of SNCs both in 

colloidal and solid states, and (3) characterize solution-state electrochemical properties 

and photocatalytic activity of ternary SNCs as a function of their size and surface ligand 

chemistry. 

Chapter 1 introduces the background and literature review of colloidal SNCs as 

well as the current problems faced by this material. Throughout this thesis, we utilize the 

large surface to volume ratio of ultrasmall SNCs to tailor the surface ligand chemistry 

which resulted in dramatic changes to the SNC properties. In Chapter 2, we studied the 

exciton delocalization in which the wave function expanded into the ligand monolayer. 

By using Cd(O2CPh)2 to bind to OLA-coated (CdSe)34 SNCs we achieved mixed ligation 

that had a two-fold effect: (1) facilitating delocalization of the excitonic wave function 

into the ligand monolayer (~240 meV red-shift) and (2) passivation of trap states 

resulting in increased PL-QY (~73%). These observations were reversible upon 

displacement of Cd(O2CPh)2 with TMEDA. Furthermore, characterization by XRD and
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additional control experiments has shown that the red-shifts in peak positions were a 

consequence of the delocalization of strongly confined exciton holes into the interfacial 

electronic states that were formed from interactions between the HOMO of the SNCs and 

the LUMO of the Cd(O2CPh)2 as oppose to originating from a change in the size or 

relaxation of the inorganic core.  Additionally, attachment of Cd(O2CPh)2 to the OLA-

coated (CdSe)34 SNC surface increased the PL-QY to an unprecedentedly high 73% and 

causes a three-fold increase in radiative lifetime, which was attributed to both passivation 

of nonradiative surface trap states and exciton delocalization. This chapter demonstrated 

the importance of appropriate surface ligand chemistry in controlling the excitonic 

absorption and emission properties of ultrasmall (CdSe)34 SNCs which has significant 

implications in solid state device fabrication.  

This importance of surface ligand chemistry was further studied in Chapter 3 

where we demonstrated the role of PEGn-thiolate in solubility, stability, and electronic 

coupling. We first developed a direct synthesis and purification procedure for PEGn-

thiolate-coated (CdSe)34 SNCs, in which the SNCs were synthesized in aqueous medium 

and purified using a simple solvent extraction method. The organic phase-extracted CdSe 

SNCs were readily soluble in a wide range of polar and nonpolar organic solvents 

including acetonitrile, ethanol, chlorobenzene, dichloromethane, and chloroform, as well 

as in water. This diverse solubility allowed us to perform a post-synthetic surface ligand 

treatment with TPP which increased the PL-QY 8 fold. This improvement of 

photophysical property is vital for many applications including biological imaging and 

optoelectronic devices. Additionally, PEGn-thiolate provided not only stability and 

solubility, but facilitated the expansion of the exciton wave function past the ligand 
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monolayer allowing for strong inter-SNC electronic coupling (170 meV). Furthermore, 

this interaction could be further modulated by changing the PEGn chain length and SNC 

diameter where the smallest size and shortest chain exhibited the largest coupling energy. 

Lastly, the electronic coupling was monitored as a function of annealing temperature 

where we provided some of the first crack-free films and therefore superior charge 

transport properties. We believe this work provides vital information for a variety of 

applications including bionanotechnology and large-scale production of highly efficient 

electronic materials for optoelectronic devices.  

Lastly, in Chapter 4, we utilize the PEGn-thiolate ligand’s unique solubility and 

ability to facilitate exciton delocalization in order to perform solution phase 

electrochemical characterization and photocatalytic activity of CuInSe2 SNCs. This was 

the first report of the effects of structural parameters (size and surface chemistry) of 

CuInSe2 SNCs on visible light driven photocatalysis. Due to the unique solubility 

provided by PEG-thiolate, inner-sphere electron transfer reactions (O2 to O2
●-

) at the SNC 

surface occurred allowing for sustainable photocatalytic decomposition of pollutants. 

Additionally, solution phase electrochemical characterization of our PEG-thiolate-coated 

CuInSe2 SNCs showed that the thermodynamic driving force (-ΔG) for oxygen reduction, 

which increased with decreased SNC size, was the dominate contributor to the 

photocatalytic process when compared to the light absorption and coulombic interaction 

energies of electron hole pair (Je/h) contributions. Lastly, photocatalytic decomposition of 

pollutants as a function of ligand chain length was studied in which the shortest chain had 

the most photocatalytic activity. PEG-thiolate coated CuInSe2 was found to significantly 

increased pollutant degradation of a variety of pollutants both colored and clear. 
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Therefore, our PEGn-thiolate coated CuInSe2 SNCs could be utilized for a variety of 

AOPs including H2 evolution and decomposition of pollutants.  

 Overall, this dissertation provides valuable information for the use of ultrasmall 

SNCs over a variety of applications including: bionanotechnology, optoelectronics, and 

photocatalysis. Due to the large surface to volume ratio that these SNCs provide, we are 

able to minutely change the surface ligand chemistry to provide dramatic results.  
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