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Abstract 

 

As a multipotent tool for scientific exploration, semiconductor nanoparticles, or 

quantum dots (QDs), have gained enormous interest in nanoscience in the past two 

decades. The research presented here focused on cadmium telluride (CdTe) QDs: novel 

synthetic methodologies were used to prepare previously inaccessible nanomaterials 

based on CdTe QDs. 

CdTe/CdSe/ZnSe core/shell/shell QDs were prepared by a one-pot synthesis. The 

resulting QDs exhibited near infrared emission, were readily dispersed in aqueous 

media and applied to deep tissue imaging where emission through the skin indicated the 

gradual transition of the QDs via the lymphatic tract. 

Using a different synthetic approach, CdTe QDs, which were dispersed in organic 

media, were exposed to mercury cations in a toluene/methanol solution, resulting in 

CdHgTe nanoalloy formation. The optical characteristics of the resulting materials were 

substantially red-shifted from those of the original CdTe QDs. Structural changes were 

also examined and the influence of the addition of metal cations to other colloidal QDs. 

The organometallic compound Cd(TeC6H5)2  was synthesised and used as a single-

source precursor for CdTe QDs. Products isolated after thermal decomposition of  the 

single-source precursors showed strong emission of various wavelengths depending on 

the reaction time. The underlying chemistry on QDs formation was investigated, and 

CdTe/ZnS QDs were prepared using only single-source precursors. 

To make the QDs useful in biology, the surface of organically synthesised CdTe/ZnS 

QDs was modified with an amphiphilic protein (hydrophobin) to phase transfer the 

particles into aqueous solution. The QDs exhibited bright emission after phase transfer, 

and were applied to cell imaging in order to examine the validity as a fluorophore and 

the influence on a cell. 
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Chapter 1  

 

General Background 

 

1.1 Current progress in Nanoscience 

One can argue that the emergence of nanoscience coincides with the realisation of the 

intermediate regime between molecules and bulk solids. In this size regime, non-

catalysts exhibit catalytic activity, insulating materials show electrical/thermal 

conductivity, and colour changes occur in some materials when prepared in this size 

range.
1
 Understanding how materials behave in the nanosize regime is a crucial aspect 

for material scientists. 

Specifically, one nanometer is a billionth (10
-9

) of a meter. The calculated diameter of a 

carbon atom is 0.067 nm and an iron atom is 0.156 nm, which implies that hundreds of 

atoms will be required to build up nanoscale materials, whilst the diameter of 

hemoglobin (Lumbricus terrestris) is 5.5 nm and the size of human blood cell is 7.6 µm. 

2-4
  It is assumed, therefore, that nanoscience routinely deals with the sub-cellular level.  

The development of scientific instruments such as atomic force microscopes (AFM), 

scanning tunnelling microscopes (STM), and transmission electron microscopes (TEM) 

has contributed substantially to nanoscience. 
5
 Unlike conventional optical microscopes, 

which are limited to submicron objects due to the wavelength of visible light, the 

instruments listed above enable us to analyse materials in the nanoscale. Furthermore, 

AFM has been used as a nanoscale tool for moving and organising molecules.
6-8

  

 

1.1.1 Carbon-based Nanomaterials 

The exploitation of carbon nano tubes (CNTs) is arguably the most successful area of 

research in nanoscience.
9
 There have been more than 100,000 relevant scientific papers 

on CNTs since their emergence (1992–2010)
10

 and their applications have been 
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disseminated to broad academic fields, such as electronics, 
11

 biology,
12-16

 material 

science
17-21

 and engineering
22, 23

 to name a few. Investigations into CNTs (which are 

also categorised by single-walled and multi-walled varieties) include enhanced 

electro/thermo conductivity, robust mechanical resistance, architecture design from a 

few nanometers to micrometers, and sophisticated growth methodologies. For example, 

single-walled CNTs can be used for transporting a single water molecule under an 

appropriate electric field, a novel nano-component inaccessible with conventional 

technology. 
21

 It is arguable that this research can be used in, for instance, desalination, 

medicine, and sensing devices. 

Graphene, a single sheet of graphite, is also a promising material for nanoscience due to 

its intrinsic semiconducting behaviour.
24

 Suggested applications include molecular 

electronics; graphene has the potential to replace conventional silicon based electronics 

and to be scaled down even smaller. Although concerns about scalability and synthetic 

methodology exist (it costed $10,000,000/cm
2
 in 2005),

25
 research has now progressed  

enough to produce industrial scale (30 inch) graphene films for transparent electrodes 

using some fundamental techniques.
26

 

 

1.1.2 Inorganic Nanomaterials 

Inorganic nanomaterials have also been studied extensively. Many metal particles have 

been examined in order to obtain interesting nano-structured materials. For example, 

palladium, gold, silver, platinum and copper are the most commonly studied metals, 

whilst research on nano-sized cobalt, iron, nickel, ruthenium, rhodium and iridium is 

also increasing. 
27, 28

  

Gold nanoparticles (Au NPs) are one of the best known inorganic nanomaterials and 

show the surface plasmon resonance (SPR) effect, where electromagnetic waves 

adjacent to the particle surface interact with a collection of electrons (plasmon) in the 

metal, resulting in an electromagnetic wave. Researchers have applied this phenomenon 

to biosensing: for example, Stehr et al. have fabricated Au NP-based deoxyribonucleic 

acid (DNA) melting assays, where Au NPs were used as a heater as well as a colour 

indicator.
29

 Because the SPR is very sensitive to the surrounding environment of Au 

NPs, the array is also highly sensitive. Also, the stability and biocompatibility of gold 

makes the material extremely suitable for biological applications.
30

 DNA-Au NPs 

conjugation is an attractive candidate for the advanced functional materials; particularly, 
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Mirkin and co-workers have synthesised a variety of nanoparticles superlattices by 

careful choices of nanoparticles morphology and the type of DNA ligands.
31, 32

 The 

complementary base pairing between DNAs on the different Au NPs leads the 

formation of the nanoparticles superstructures in an organised manner, which made it 

possible to prepare complex superstructures other than face-centred cubic and body-

centred cubic structures.
33

 Other examples include catalysis, where Au NPs absorb 

UV/visible light due to the SPR effect and convert the energy into catalytic activity on 

organic molecules.
34

 

Metal oxide nanomaterials such as zinc oxide, manganese oxide and iron oxide are also 

common nanomaterials. A major advantage of using nano-sized inorganic materials 

instead of bulk solids is the increased surface-to-volume ratio. The reactive surface area 

is dramatically increased in nanomaterials compared to bulk counterparts, which is 

preferable in catalysis and sensing. 

Other noteworthy nanomaterials are zinc oxide (ZnO) nanorods, or nanowires. The 

development in the organised growth of ZnO nanowires and their semiconducting 

behaviour has attracted attention with the hope of realising future nano devices. Fully 

transparent, flexible transistors using ZnO nanowires as active channels have been 

fabricated,
35

 whilst Zhu et al. developed ZnO nanowires arrays and applied them to 

toxic vapour sensing, which showed enhanced sensitivity.
36

 Furthermore, ZnO nanorods 

exhibit the piezoelectric effect, where physical strain in materials produces electrical 

energy. Structural deformations of ZnO nanorod crystals were found to produce the 

accumulation of electric charges on the rod surface. Using this phenomenon, nano-sized 

generators were reported.
37, 38

 

Inorganic magnetic nanomaterials have also been synthesised, with iron oxide the most 

studied material, usually for medical applications. For example, an aerosol of iron oxide 

NPs was successfully delivered toward the lung via a magnetic field.
39

 Also humic acid-

coated iron oxide NPs were applied to water purification, resulting in 99 % removal of 

mercury and lead ions with a simple procedure using a magnetic field.
40

 

Additionally, recent advances in synthesis such as the formation of hollow nanoparticles 

are noteworthy. An important paper describing the nanoscale Kirkendall effect – the 

phenomenon which occurs when two components have different diffusion rate in a 

core/shell system, causing empty voids – was published in 2004.
41

 Whereas the first 

paper showed hollow cobalt oxides, sulfide and selenide, other metals (e.g. zinc, 
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cadmium and silver) have also shown similar behaviour.
42-44

 Potential applications of 

such hollow nanocrystals include catalysis, which is required to have large surface areas. 

 

1.1.3 Other Type of Nanomaterials 

Apart from these nanomaterials, there has been substantial progress in the synthesis of 

other nanomaterials, which include organic based materials (polymers, dendrimers and 

fullerenes), biological components (small organisms, enzymes, viruses and DNA), and 

inorganic-organic composites.
5
  Although characteristics of these materials listed differ, 

smart nano device fabrication is envisaged in all cases. 

One of the main advantages of the use of polymer NPs is biocompatibility. Because of 

this, many studies have been reported on biological/medical applications of polymer 

nanomaterials. Polyethyleneimine (PEI) for example, was found to encapsulate DNA 

molecules and form nanoparticles. The DNA-containing PEI NPs were then 

functionalised with short peptides and successfully delivered to human neuron cells in 

vitro.
45

 Another example is the use of conjugated polymer NPs, where single and double 

bonds are alternatively repeated on the polymer chain, giving semiconducting behaviour. 

Although the underlying photochemistry is different, the conjugated polymers are 

expected to overcome some difficulties in current inorganic semiconductors. One 

potential application is organic light-emitting diodes (OLEDs). Together with 

developments in synthetic chemistry, OLEDs have become smaller than the 

conventional bulk flat screen.
46

 

Biological components such as cells and viruses are often regarded as “ready-made” 

nanomaterials. Researchers have used such materials as scaffolds to exploit their 

stability.
47, 48

 Viruses, for example, were utilised as a stable scaffold for fluorescent 

probes, resulting in a virus-fluorophore complex. The complexes were shown to enter 

eukaryotic cells and were observed with optical microscopy.
49

 Additionally, reports 

exist describing nanoscale artificial complexes, which contain integrated functionalities 

such as entering, releasing, sensing and reacting. Fernandes et al. prepared an assembly 

of antibodies and fusion proteins that can target, sense and destroy bacteria and showed 

successful antimicrobial treatment,
50

 whilst Akin et al. fabricated gene-containing 

NP/bacteria complexes, which were injected into mice, where the internalised 

complexes released NPs followed by the genes showing the expression in vivo.
51
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Another emerging discipline is nanomedicine, which includes diagnostics (contrast and 

imaging agents), therapy (drug delivery and photodynamic therapy) and 

nanotoxicology.
5
 Although the term appeared in the late 1990s, it has gained increasing 

attention as a consequence of the recent development of nanotechnology and its medical 

applications, as well as an involvement of governmental agencies since 2005.
52, 53

 Also, 

researchers in molecular sciences have been working on “dual-modality imaging 

probes”, which utilise two different diagnostic functionalities such as optical imaging, 

positron emission tomography (PET) and magnetic resonance imaging (MRI).
54-56

 The 

probes have two independent reporters (luminescence, magnetism and radioactivity) in 

one nanomaterial. Additionally, from the therapeutic viewpoint, nanomaterials are 

commonly used for tumour treatment and drug delivery. Inorganic nanoparticles such as 

gold and iron oxide are used for thermal ablation to destroy tumour cells, whilst 

liposomes and polymer-carrying drug molecules can be accumulated inside tumour cells 

where upon the drugs are released by degradation of a surrounding nanomaterial entity. 

57
 Some of the nanomaterials for medical use are currently in clinical trials.  

Despite the recent development and dissemination of these nanoscale medicines, 

substantial debate on the toxicological effect of artificially-made nanomaterials on 

humans and the environment still exists. As can be seen previously in industrialisation 

and nuclear physics, new technology always leads to unprecedented concerns in society: 

as does nanoscience. The prime issue is the risk to biological systems including humans. 

Some regulatory bodies, such as the US Food and Drug Administration and European 

Commission’s Health and Consumer Protection Directorate, for instance, have started 

taking into account the risk of nanotechnology. 
5
 Unlike previous potential pollutants, 

however, conventional risk assessment cannot be applicable to nanomaterials because 

nanomaterials can change their behaviour with small changes in size. Therefore, an 

organised protocol of nanomaterials characterisation is desirable. Given this situation, 

there have been an increasing number of relevant reports. Baroli et al., for example, 

have examined the permeability of iron-based nanoparticles with diameters less than 10 

nm, on human skin tissues, showing that nanoparticles can penetrate skin to some extent 

via the stratum corneum.
58

 The biocompatibility of artificial nanomaterials has been 

studied as well; recently, single-walled CNTs were found to bio-degrade in vitro by the 

human neutrophil enzyme. The enzyme generated reactive intermediates, which 

attacked the carboxylic moiety of CNTs and decomposed the nanomaterial.
59
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1.2 Theory of Quantum Dots 

1.2.1 Wannier Exciton 

When semiconductor materials are prepared in the nanosize regime, they often exhibit 

intrinsic behaviour associated from quantisation of their energy states: the quantum size 

effect. When a semiconductor material absorbs sufficient external energy (photo or 

electrical energy), an electron is excited from the valence band to the conduction band, 

leaving an electron vacancy (a hole) inside the valence band. The electron and the hole 

can travel freely in the material via the conduction band or the valence band; however, 

the movement of the electron is limited by coulombic interactions with the hole because 

the negatively charged electron and the positively charged hole attract each other, 

resulting in an energetically stable state. As a result, the electron-hole pair in a 

semiconductor exhibits particle-like behaviour called a Wannier exciton; it can be 

thought of as analogous to a hydrogen atom; an electron travels within a certain distance 

around a centred proton with coulombic attraction (Figure 1.1). 

 

 

Figure 1.1. Schematics of Wannier exciton and a hydrogen atom. 

 

The distance between hole (proton) and electron is determined by several factors (e.g. 

dielectric constant and effective mass) so that each semiconductor has a specific exciton 

radius (exciton Bohr radius); in ZnS (hexagonal), the exciton Bohr radius,   , is 2.2 nm, 

whilst the    of CdTe (cubic) is 7.5 nm, and the    of GaAs is 12.4 nm.
60

 These exciton 

Bohr radii are significantly larger than the diameter of hydrogen atom (0.053 nm) and 

define the degree of quantum confinement. 
2
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Quantum size effects occur when the size of semiconductor materials decreases below 

the diameter of exciton Bohr radius in at least one dimension. In this regime, the 

movement of an electron and hole is physically confined rather than by electrostatic 

attraction. The semiconductor displays unusual characteristics unlike either molecules 

or bulk semiconductor materials, depending on its size and shape. In a sheet-like 

nanostructure, the exciton movement will be limited in two dimensions. A “quantum 

wire” refers to the semiconductor material whose exciton is spatially confined in two 

dimensions, whereas a “quantum dot (QD)” has a three dimensionally confined exciton 

(Figure 1.2).  

 

 

Figure 1.2. Influences of structure on the movement of the corresponding exciton. An exciton in bulk 

semiconductors moves freely within its exciton Bohr radius, whilst nanomaterials which have 

dimensions smaller than the exciton Bohr radius in at least one dimension will result in limited 

movement on the exciton depending on the degree of physical confinement. 

 

 

As a result of quantum size effects, nano-sized semiconductors display optical 

properties between molecules and bulk materials. In QDs, the band gap energy is 

widened corresponding to particle diameter (Figure 1.3), which means the same 

semiconductor material with different size shows different band gaps. For example, the 
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band gap energy of bulk CdSe is 1.74 eV whilst that of QDs ranges from 1.94–2.53 

eV,
61

  which allows them to have various fluorescent wavelengths because the band gap 

energies of CdSe QDs correspond to visible light (480-620 nm wavelength).  

 

 

 

Figure 1.3. Energy diagram of a single atom, quantum dots and a bulk semiconductor. The band gap 

energy (Eg) of quantum dots changes depending on particle sizes as indicated above. A small 

quantum dot has a larger Eg, whilst a big quantum dot has a smaller Eg.  

 

 

1.2.2 Free Electron Model 

Apart from the intuitive way to understand the quantum size effect concept, a theoretical 

explanation using simple physics and quantum mechanics exists. Initially, a three 

dimensional system (bulk material) will be examined. Subsequently, the explanation 

will address the spatially confined systems of sheets, wires and dots. For simplicity, the 

free electron rather than exciton is examined. 

In a bulk solid, the energy, E, of a free electron can be described as follows: 

   
 

 
  ⃗          (1) 

where   is the mass of an electron,   is the velocity and  ⃗     
    

    
  . The   , 

   and    are the velocity of the electron in each direction. The wave momentum   ⃗ is 

linear to the wave vector  ⃗⃗, which is explained as  ⃗    ⃗    ⃗⃗   ⁄ , where   is the 

Planck constant. Therefore, using these two equations, equation (1) is modified so that 

E( ) is proportional to   .  
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            (2) 

The wave vector of the free electron is denoted as   ⃗⃗  (        ) and | | is the wave 

number. From the De Broglie relation, the wave number can be related to wavelength λ. 

    | |   
  

 
        (3) 

The wavelength, λ, is typically between 10 nm to 1 µm in semiconductors. In the bulk 

material, it is assumed that the size of the material, d, is infinite (     ) (periodic 

boundary condition). Next, we examine a wave along the x-direction. The Schrödinger 

equation under this condition yields the wave function: 

                      (        )    

          
  

 
                as a solution   (4) 

where A is a constant, n is an integer. Also, the y and z-direction can be explained in the 

same manner. In the one dimensional free electron system, each vector    has two 

electrons (      ⁄ ), and    can have 0,                . Because    

   ⁄  from the equation (4) and     , the wave vector can be assumed to be very 

small:       ⁄   . Thus, using equation (2), the relationship between free electron 

energy and wave vector along x, y, z-directions can be depicted as Figure 1.4.  

 

 

Figure 1.4. Energy-vector relationship in the solid material in each three direction (x, y, z). The 

difference between each vector (  ) is very small so that a series of dots can be regarded as quasi-

continuous.  
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Because    is small, the dots on the graph can be assumed as quasi-continuous, which 

indicates the wave vectors in each direction have continuous values from 0 to    (Fermi 

vector). Electron states are continuously occupied from zero energy to EF (Fermi level) 

at 0 K.  

Two dimensional systems, where a solid is considered bulk along the x- and y-axis, but 

only a few nm in the z-direction (a sheet-like structure in Figure 1.2), is then examined. 

It is necessary to consider additional contributions in energy in the z-direction unlike the 

x- and y-directions. The particle-in-a-box model (Figure 1.5) can be applied to the 

electron in the z-direction; the electron cannot leave the box, because the potential 

energy is considered infinite outside the barrier and zero within. In this condition, the 

wave function      must be zero in borders at z = ± d/2. Therefore, the Schrödinger 

equation can be written as follows: 

                             (   
 

 
)      

        
 

 
           as a solution  (5) 

 

 

Figure 1.5. Schematics of the particle-in-a-box model. Blue curves the indicate electron wave. 

Waves with n = 4, 5,… are omitted. 
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In the lowest energy state (n = 1), the wave vector in the z-direction is       from 

equation (5). The electron energy for equation (2) gives: 

         
  

     
               (6) 

This means that the extra energy (       ⁄ ) is added to the electron energy in the z-

direction in the case of the two-dimensional system. Also,        from equation (5) 

is no longer zero in the z-direction because    is the same order as the De Broglie 

wavelength. Therefore,    has a large value and energy states in the z-direction cannot 

have continuous, but discrete values. The relationship between free electron energy and 

wave vector along x, y, z-directions in two-dimensional system is shown in Figure 1.6.  

 

 

Figure 1.6. Energy-vector relationship in two-dimensional system. Whereas the graph in x- and y-

direction is the same shape as Figure 1.4, the graph in z-direction is different, showing discrete wave 

vectors and energy states.    is relatively large hence energy states are quantised in the z-direction.  

 

 

The same strategy as two-dimensional systems can be applied to both one- and zero-

dimensional system. In a zero-dimensional system (quantum dot) where all three 

dimensions (x, y, z) have a length comparable to the De Broglie wavelength, the 

energy-vector relationship in quantum dot can be explained (Figure 1.7). 
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Figure 1.7. Free electron energy-vector relationship in quantum dots. Energy states in all direction 

have discrete level in contrast to Figure 1.6. 

 

 

Because electron states in all directions are discrete, free electrons in the quantum dot 

are regarded as “quantised”. The overall lowest energy of a cubic quantum dot is simply 

the sum of each dimension. Thus, from equation (6), EQD,cube = 3/8 (        ⁄  where d 

is the width of the cube. In the case of spherical quantum dots, the Schrödinger equation 

should be solved by spherical coordinate systems. It is known for the lowest energy: 

           
  

              (7) 

 

 

1.2.3 Energy States in Semiconductor Quantum Dots 

So far, free electrons in a solid have been examined; however, as explained earlier, 

electrons in semiconductors are not unbound and an excited electron forms an exciton 

via Coulombic forces with the hole. Therefore, it is essential that a few modifications 

are made in order to explain the energy state of the semiconductor quantum dot. First, 

energy states of the hole need to be addressed. The lowest energy of the hole of a 
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quantum dot can be written in the same manner as equation (7) using the hole mass. In 

addition, because             
                  

               
  , the lowest 

energy of electron-hole pair is: 

            
      

  

             (8) 

where   ⁄
 
    ⁄     ⁄ . The    and    are the effective masses of an electron 

and a hole, respectively. The band gap energy of semiconductor quantum dots is a 

combination of (i) band gap energy of bulk semiconductor (Eg(bulk)), (ii) the lowest 

energy of quantised electron-hole pair (             
     ) and (iii) Coulomb 

interaction (Ecoul). Therefore,  

                            
             

                      
  

       
     

      
     (9) 

where   is the charge of an electron,   is the dielectric constant of semiconductor,   is 

the dielectric constant of vacuum, and d is the diameter of the particle. Equation (9) is 

called the effective mass approximation (EMA) and used to estimate the behaviour of 

the band gap in semiconductors of varying size. The exciton-wave vector relationship in 

semiconductor quantum dots is shown in Figure 1.8. The energy curve of the hole is 

opposite to that of the excited electron. Because of the quantisation effect, the band gap 

energy of the quantum dot,       , is larger than the bulk band gap energy. Also, as 

can be assumed from equation (9),        would become larger when the particle 

diameter (d) decreases, which is shown in Figure 1.3.  
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Figure 1.8. Schematics of the exciton energy-wave vector relationship. Energy states of excited 

electrons are on the upper side, whilst those of holes are on the lower side of the k-axis. The 

contribution of Coulombic interactions was omitted. 

 

 

1.3 Synthetic Techniques for Quantum Dots 

Although a number of synthetic procedures have been reported in the past decades, one 

can generally categorise the synthesis into two methods: top-down and bottom-up. In 

the top-down procedure, bulk materials are depleted by cutting, milling, or corrosion to 

obtain smaller sizes. Laser-related technique can also be included in this approach. For 

example, AlGaAs/GaAs quantum wells are processed using lithographic techniques, 

which are analogous to chip manufacturing.
1
 Although the morphology can be modified 

almost arbitrarily, shape control with nanometer precision is still a challenge. In the 

bottom-up approach, atoms or molecules are used as building blocks to create larger 

complex structures. Self-assembly is a common technique often used in the bottom-up 

synthesis. It is known that chemical vapour deposition or molecular beam epitaxy can 

produce nano-sized islands of semiconductor when depositing the semiconductor on the 

substrate with a large lattice mismatch. The nano islands are often pyramidal in shape 

with dimensions in the order of nanometers, and therefore behave as quantum dots. 

Because the samples are already deposited on the substrate in an organised manner, 
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applications in optics and electronics are envisaged. Another common bottom-up 

technique, in contrast, is the formation of colloidal nanoparticles. The overall reaction 

can be achieved by chemical reactions in a flask. Typically, precursors of the 

semiconductor and surfactant molecules are put into a flask and the nanoparticle 

formation is driven by thermal decomposition. Because surfactant molecules have a 

bimodal functionality - to allow particle growth and to prevent particle aggregation - the 

synthesised quantum dots are stably dispersed in the solvent (Figure 1.9). Synthetic 

methodologies of colloidal quantum dots will be discussed hereafter, due to the 

relevance to this thesis. 

 

 

Figure 1.9. Schematic diagram of colloidal quantum dots synthesis. 

 

As can be seen in Figure 1.9, colloidal QD formation involves two steps: nucleation and 

growth. In the nucleation process, precursors decompose/react to form nuclei of QDs; 

for example, when high amounts of precursors are injected into the solvent, the 

concentration of these precursors exceeds their solubility (supersaturation), resulting in 

nucleation until the precursor concentration lowers sufficiently. In the subsequent 

growth process, the nuclei absorb the remaining precursors in the solution (diffusion-

limited growth), resulting in bigger particles with a relatively narrow size distribution.
62

 

Another phenomenon in the growth process is “Ostwald Ripening”, where smaller 

particles dissolve in solution and grow on larger particles, resulting in larger particles 

with a broader size distribution. In order to achieve high quality QDs, high temperatures 
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are often used in the reaction because the constituent atoms in the QDs can be 

rearranged to produce higher crystalline QDs as a result of the large thermodynamic 

energy (annealing).
28, 62

  

Another important factor to determine the property of the resulting QDs is surfactant. 

The surfactants routinely used in the synthesis of QDs were (i) trioctylphosphine oxide 

(TOPO), (ii) trioctylphosphine, (iii) phosphonic acid, (iv) thiol, (v) amine and (vi) 

carboxylic acid.
63

 In a colloidal system, the surfactant molecules (also referred to as 

capping agent or ligand in some reports) have a key functionality as a stabilising agent, 

preventing undesired particle growth and agglomeration. Additionally, the surfactants 

control the rate of growth, reaction pathways and the particle size distribution as they 

are closely linked to the nucleation process, and in some case, the surfactants form 

metal-surfactant complexes in solution prior to the particle formation.
63, 64

  Electronic 

and optical properties of the colloidal QDs can be controlled by the choice of 

surfactants; for example, thiols can effectively passivate the surface of CdTe QDs as 

their energy level inhibits a hole trapping and enhance radiative recombination of the 

excited electron/hole pair in CdTe QDs, while CdSe/thiol system causes the quenching 

of the emission and a reduced stability in solution.
63, 65

 The choice of surfactants also 

affects the morphology of the nanocrystals. This originates from the fact that different 

surfactants exhibit different binding characteristics to the QD’s surface. Theoretical 

modelling showed that TOPO preferentially binds to the cadmium terminated face but 

significantly less tightly to the selenium terminated face, whilst TOP binds strongly to 

the selenium terminated face on CdSe QDs.
66, 67

 Combining with the control of the 

monomer concentration, Manna et al. synthesised CdSe nanocrystals in a variety of 

shapes by changing the ratio of hexylphosphonic acid and TOPO as surfactants.
68

 

Binding affinities to the cadmium surface also vary depending on the type of 

surfactants; typically, phosphonic acid and carboxylic acid can bind strongly to the 

surface cadmium via dative bonding which affects the particle growth mode. Amines, 

for example, are known to weakly coordinate.
63, 69

  

To achieve the desired properties, several requirements should be fulfilled. As high 

reaction temperatures are routinely adopted in the QDs synthesis, surfactant molecules 

are required to be stable at such temperature. Also, surfactants should not quench the 

photoluminescence of the QDs, although some reports used surfactants which caused 

emission quenching for charge separation in photovoltaics.
63, 70, 71

 The outer layer of the 

micelle is also a critical factor when considering the behaviour of the QDs in solution. 
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Usually, a long alkyl chain is used to dissolve QDs in organic solvents whilst 

hydrophilic functional groups (e.g. deprotonated carboxylic acid) would bestow 

solubility in aqueous solution. Furthermore, extra functionalities would be required on 

the outer surface of the colloidal QDs for applications such as biological imaging.
72

 

Apart from some sporadic studies of colloidal formation of metals and semiconductors 

in the early 20th century,
73

 the modern synthetic methodology of colloidal QDs 

emerged in the late 1980s in a series of papers regarding colloidal nanocrystals from 

inorganic compounds.
74-76

 Although these reports provided early evidence for the 

quantised behaviour of colloidal semiconductors, the quality of material was poor due to 

poly-dispersity and the lack of suitable solvents. In 1993, Murray et al. published a 

paper regarding the synthesis of monodispersed CdS, CdSe, CdTe QDs (called 

“semiconductor nanocrystallites” at that time) using organometallic precursors in 

trioctylphosphine/trioctylphosphine oxide (TOP/TOPO).
77

 The paper is arguably the 

seminal study for synthetic methodology of semiconductor QDs due to its versatility 

and simplicity. Therefore, the pyrolysis of organometallic precursors in TOP/TOPO (or 

simply the “TOP/TOPO method”) has become a standard of nanocrystals synthesis 

particularly in II-VI semiconductors. The next breakthrough was the preparation of 

strongly luminescent semiconductor QDs by combining the TOP/TOPO method and 

shell deposition.
77-79

 Hines et al. synthesised CdSe/ZnS QDs with 50% quantum yields 

in 1996, again using organometallic precursors.
80

 The CdSe/ZnS QDs were 

subsequently examined carefully by Dabbousi et al.
61

 These pioneering studies 

significantly contributed in two ways: (i) nearly monodispersed QDs enabled the 

detailed comparison between theoretical and experimental results, (ii) simple synthetic 

procedures for high quality QDs formation made it possible to carry out further work.  

Also, synthetic techniques based on an organometallic route have evolved to produce a 

variety of semiconductor nanomaterials. One example is the synthesis of anisotropic 

nanocrystals using a modification of the TOP/TOPO method, where shape-controlled 

CdSe nanorods were reported.
81, 82

 Although several papers describing nanorods from 

other II-VI and III-V semiconductors already existed at that time, this study gave 

reproducible controllability in shape and the resulting nanorods exhibited quantum size 

effects. The same group also reported CdE (E = S, Se, Te) nanocrystals synthesis using 

relatively benign cadmium oxide as a precursor, which made a substantial contribution 

to QDs synthesis as the previously-used dimethyl cadmium is highly toxic and 
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pyrophoric, a barrier for further development.
64

 Subsequently, other morphologies, such 

as tetrapods have been investigated in CdSe and other II-VI semiconductors.
68, 83-85

  

Another notable advance is quantum dots heterostructures with staggered band gap 

configurations, where a different semiconductor material is deposited on the surface of 

the original QD, causing a different pathway for the exciton recombination (type II 

core/shell QDs). Type I core/shell QDs, in contrast, have a shell semiconductor material 

with higher conduction band and lower valence band than the core semiconductor. In 

2003, Kim et al. developed type II heterostructures, based on existing technology such 

as GaSb/GaAs and Ge/Si. Core/shell structures such as CdTe/CdSe, CdSe/ZnTe were 

prepared via a modified TOP/TOPO procedure.
86

 The CdTe core was first prepared and 

a CdSe shell was then deposited, giving CdTe/CdSe. Because the CdTe and CdSe have 

staggered energy states as shown in Figure 1.10, the excited electron moved to the 

conduction band of CdSe followed by recombination of the electron and the hole. The 

resulting band gap energy is smaller than that of original CdTe, therefore the emission 

of CdTe/CdSe QDs was red-shifted from the original CdTe core. Despite a limited 

emission quantum yield, the CdTe/CdSe and CdSe/ZnTe showed a new strategy for the 

design of functional QDs.  

 

 

Figure 1.10. Energy relationship in type II QDs (CdTe/CdSe). (CB and VB = conduction band and 

valence band, respectively.)  
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Another notable synthetic technique is oriented attachment. Although the first example 

of oriented attachment was achieved with titanium dioxide nanocrystals,
62, 87

 a key 

paper described CdTe QDs self-assembly which gave wire-like structures has gained 

much attention.
88

 More sophisticated shape control by the oriented attachment of PbSe 

nanocrystals was subsequently developed.
89-91

 These reports showed that careful choices 

of surfactant molecules in the solution (oleic acid, diphenyl ether, hexadecyl amine etc.) 

made it possible to control the morphologies of nanostructures, resulting in nanowires, 

zigzag, helical, branched and tapered nanowires.
90

  

These emerging synthetic techniques such as heterostructure formation and oriented 

attachment of colloidal QDs, have created previously inaccessible nanomaterials as a 

result of the hybrid synthetic methodologies. For example, gold tips grown on CdSe 

nanorods (dumbbell-like structures), multi-branched CdE (E = S, Se, Te) 

heterostructures, Y-shape and tetrapod CdTe/CdSe, and PbSe tips on CdSe and CdS 

nanorods etc. have also been reported.
92-97

  

In colloidal QDs, structural changes are required when one hopes to change the 

optical/electronic properties; for example, the particle size needs to be altered in order to 

change their emission wavelength in CdSe QDs: one potential solution of this is the 

formation of an alloy. Bailey et al. have made CdSeTe alloyed QDs by the modified 

TOP/TOPO method at high temperature, showing different band gaps of QDs keeping 

the nanoparticle sizes the same. While this was not the first report on alloyed 

nanostructures, it was the first careful examination of the relationship between 

composition and particle size, which was achieved due to the high quality QDs obtained 

by organometallic pyrolysis.
98, 99

 Unusually, the CdSeTe QDs exhibited a non-linear 

composition-particle size relationship, showing red-shifted emission from normal CdSe 

and CdTe QDs. Other variants of alloyed QDs have also been reported.
100-102

 

A similar technique to alloying is doping. Incorporating impurities into semiconductors 

is not a new idea, as doping technology was developed 50 years ago for bulk 

semiconductors.
103

 The most studied dopants are manganese and cobalt, with CdSe QDs 

commonly used as a model semiconductor.
104, 105

 This is simply because CdSe QDs 

prepared by the TOP/TOPO method exhibit excellent crystallinity and optical properties. 

Nevertheless, elucidating the internal physics/chemistry of doped QDs is not easy when 

compared to bulk solid doping due to the characteristics on the nanoscale. Supplemental 
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studies relevant to doping QDs have been therefore conducted in order for deeper 

understanding of nanoscale doping. 

Advances in synthetic techniques have pushed the boundaries further. One breakthrough 

reported recently is cation exchange, where metal cations inside the nanocrystals are 

replaced with another type of metal cation in solution, resulting in compositional change 

of the nanocrystals while keeping the morphology. In 2004, Son et al. reported the rapid 

(<1 second), room-temperature conversion of CdSe QDs to Ag2Se nanoparticles.
106

 The 

resulting Ag2Se NPs exhibited good crystallinity and interestingly, the Ag2Se NPs could 

be converted back to CdSe QDs by the addition of appropriate reagents. According to 

the authors, the reaction was favourably driven by thermodynamics of the Ag2Se 

formation and Cd
2+

 solvation. In following work reported by the same group, it was 

suggested that the hard soft acid base (HSAB) theory explained the cation exchange 

reaction in colloidal QDs (Figure 1.11).
107

 The theory proposed that both acids and 

bases can be roughly divided into “hard” and “soft” depending on their ionic radii and 

polarizability, and binding affinity is generally higher in the case of hard acids and hard 

bases, or soft acids and soft bases. In the preparation of Ag2Se from CdSe, for example, 

CdSe QDs consist of a hard acid (cadmium cation, Cd
2+

) and a soft base (selenium 

anion, Se
2-

). Because the silver cation (Ag
+
) is a soft acid, the Ag

+
 is easily replaced 

with Cd
2+

 in the presence of a hard acid (methanol (MeOH), in this case), resulting in 

the energetically more favoured combination, Ag2Se (soft acid + soft base) and 

Cd
2+

/MeOH (hard acid + hard base) (Figure 1.11(b)). The versatility of this method 

towards other colloidal nanomaterials has been reported by many groups
107-109

 and 

notably, metal/semiconductor core/shell structures which used to be extremely difficult 

to prepare with conventional synthetic techniques have been achieved by the cation 

exchange reaction.
110

 

Apart from the methodologies in colloidal semiconductor QDs reported so far, many 

unique reports on synthetic techniques also exist. For example, QDs made in ionic 

liquids,
111

 phosphine-free synthesis,
112

  and microwave synthesis,
113

 to name a few. 
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Figure 1.11. Schematic diagram of a cation exchange reaction. (a) List of hard/soft acids/bases and 

their relationship. (b) Visualisation of cation exchange in colloidal QD. Soft acids (light blue) in the 

solution will replace hard acids (thick blue) in the QD because of strong binding affinity between 

soft acids and soft bases. 

 

 

1.4 Application of QDs 

Compared to other nano-sized counterparts, the applications of semiconductor QDs 

might be somewhat limited. The intrinsic toxicity of heavy metals is regarded as a major 

drawback. Nonetheless, advances in the synthesis of colloidal QDs have created some 

specific applications that are impossible with other nanomaterials.  

Firstly, the production of high quality QDs (particularly the II-VI family) allows the 

incorporation of device-quality materials for the first time. These materials represent an 

intermediate between molecular and solid-state entities. (Additionally, quantum size 

effect can be seen in semiconductors more significantly than metals.) The size-

dependent band gap energy of QDs has been  examined using several models such as 

pseudopotential, tight binding model and effective mass approximations.
1
 The early 

transition from organometallic molecular precursors to nanoparticles was investigated in 
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several II-VI QDs using optical microscopy and size determination by transmission 

electron microscopy (TEM).
114, 115

  

The radiative recombination process of the electron-hole pair (fluorescence) of a 

semiconductor QD has been also studied extensively. Since the discovery of the “dark 

exciton”, the lowest state of exciton energy that is optically forbidden in a QD,
116

 many 

studies regarding the internal energy states in QDs have been carried out. One of the 

reasons that colloidal QDs are the best candidate for such studies is because QDs 

exhibit quantum size effects, causing the difference of energy states inside the 

semiconductor to become more significant compared to bulk semiconductor solids. 

With advances in fluorescence lifetime decay measurement, it is now possible to 

examine in more detail the energy states and establish a sophisticated model.
117

  

The most common use of semiconductor QDs, particularly II-VI QDs, is as light-

emitting fluorophores. Semiconductor QDs can exhibit multiple colours covering 

almost the entire visible region by changing their particle sizes. In colloidal synthesis, 

the prepared QDs are already dispersed in various solvents, which potentially makes the 

colloidal QDs excellent candidates for biological imaging studies. Biological imaging 

using colloidal QDs has received increasing attention since the publication of a series of 

reports in Science in 1998, both of which used CdSe/ZnS QDs with surface 

modifications to internalise them into animal and human cells.
118, 119

  The colloidal QDs 

mostly used in imaging application are CdSe/ZnS, whilst the use of other II-VI QDs 

(e.g. CdTe, CdTe/CdSe) and III-V (e.g. InP/ZnS) families have also been reported.
120-126

 

Because of the intrinsic incompatibility of semiconductor QDs toward biological 

entities, the importance of the surface modification of colloidal QDs has also been 

realised. A brief review of this surface modification of colloidal QDs will be presented 

in Chapter 5. 

The optical properties of QDs exhibit distinctive differences from conventional organic 

dyes. Figure 1.12 shows absorption and emission spectra of colloidal QDs synthesised 

via organometallic route (tetradecylphosphonic acid-capped CdTe QDs in toluene) and 

an organic dye (rhodamine 6G in ethanol). Whilst the narrow absorption/excitation 

range of the conventional organic dye molecules makes simultaneous excitation difficult, 

QDs that can be excited efficiently at any wavelength shorter than the band gap energy 

show almost similar emission spectra regardless of the excitation wavelength. Therefore, 

many sizes of QDs (with different emission wavelength) may be excited with a single 
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wavelength of light, resulting in numerous emission colours that may be detected 

simultaneously.
72, 118

 Other optical properties of QDs that can be ideal for biological 

application include: high quantum yield, high molar extinction coefficients (10 to 100 

times those of small fluorophores and fluorescence proteins),
127

  narrow and symmetric 

emission spectra (usually, full width at high maximum (FWHM) is 25–40 nm), high 

resistance to photo-bleaching and resistance to chemical degradation.
72

 Therefore, 

colloidal QDs are regarded as a supplemental toolbox for biological imaging, together 

with fluorescent proteins, fluorescent genetic tags and small organic dyes. However, 

some intrinsic drawbacks still exist when using colloidal semiconductor QDs for 

biological application. A water-soluble QD conjugated to biomolecules usually exhibits 

a larger hydrodynamic diameter (typically, 10-30 nm) than other conventional 

fluorophores for biological applications, which prevents efficient traversal of intact 

membranes. Also, a large particle size restricts their use to permeabilised cells or 

extracellular proteins.
127

 

 

 

 

Figure 1.12. Absorption (black) and fluorescence (coloured) spectra of (a) a typical QDs sample in 

toluene (tetradecylphosphonic acid-capped CdTe QDs) and (b) rhodamine 6G ethanolic solution. 

The QDs were excited at 550 nm, and the rhodamine 6G at 460 nm.  
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One of the issues often stated in biological imaging is that fluorescent probes are 

expected to fluctuate between “on” and “off” states in terms of fluorescence, called 

fluorescence blinking. Although some studies actively exploit this behaviour,
128

 the 

fluorescence blinking is generally an undesired characteristic in single molecule 

imaging.
129

 Wang et al. have reported that colloidal CdZnSe/ZnSe core/shell QDs with 

a gradual core/shell composition showed non-blinking characteristics.
130

 In the paper 

the authors reported that the QDs continued to photoluminesce despite being ionized, 

which is usually associated with Auger recombination and subsequent blinking of the 

QDs. Thus, the possibilities of using colloidal QDs as effective probes in single 

molecular imaging are promising. 

Another application related to QDs’ emission is quenching. The phenomenon is 

observed when an excited electron (or a hole) is trapped by the surface or outer energy 

states of the QDs, resulting in the disappearance of fluorescence. Inherently, inorganic 

nanocrystals have structures which may result in quenching: for example, dangling 

bonds on the surface, insufficient ligands coordination and stacking faults inside the 

crystal. Therefore, investigations into the quenching behaviour have been reported since 

the earliest synthetic reports.
65, 71, 131-133

 The work regarding quenching behaviour 

generally addresses two features: (i) the underlying photochemistry in order to achieve 

more efficient fluorophores, (ii) to actively apply the phenomenon to devices such as 

sensors
134, 135

 and photovoltaics.
71, 136-138

 For example, Uematsu et al. fabricated a 

glucose sensor that uses luminescent NPs as an indicator.
135

  

Quenching phenomena in semiconductor QDs can also be applied to photovoltaics 

applications. This is because quenching, which can be due to charge entrapment in 

another energy state, gives the possibility of electron-hole charge separation – a crucial 

step in photovoltaics. One can intuitively associate semiconductor QDs with 

photovoltaics due to the fact that bulk semiconductor materials (silicon, CdTe-CdS, 

CuInS2) are often used as the core component in solar cells. Although still at the “proof 

of concept” stage, the use of QDs for photovoltaics has several advantages: tuneable 

band gap energy depending on the particle sizes, large cross-section of absorption, 

availability of various QDs to cover the solar radiation spectrum and scalability. Since 

the first studies of charge separation and photo conduction of QDs,
71

 much work has 

been done using various strategies in order to achieve high efficient photovoltaics.
92, 136-

139
 Kongkanand et al. used CdSe QDs of differing diameters and assembled QDs-TiO2 

solar cells.
137

 The influence of particle size and morphology were investigated and 
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“rainbow solar cells” which used multi-coloured CdSe QDs for sensitizers was 

suggested. Recently, tandem type photovoltaics using PbS QDs with two different 

diameters have been fabricated. The device, consisting of PbS QDs with different band 

gaps (1 eV and 1.6 eV), covers most of solar radiation spectrum and achieved a solar 

power conversion efficiency of up to 4.2 %.
140

 

A relevant, intriguing but controversial theory is multiple exciton generation (MEG). 

The MEG occurs when the excess photon energy associated with one carrier (typically 

the electron) is instead used to generate additional carriers, which results in one or more 

additional excitons. The theory was first indicated by Nozik
141

 and experimentally 

assessed by Schaller and Klimov using PbSe nanocrystals which are, so far, the most 

studied MEG-active semiconductor.
142

 However, despite an expectation of the 

improvement in solar cells, experimental observations of the MEG and measuring the 

efficiency have been extremely challenging, which leads to scepticism of the theory.
143

 

Other applications include quantum dot lasers,
144, 145

 photodetector,
146

 and reagents for 

photodynamic therapy.
147

 

 

1.5 CdTe QDs 

Cadmium telluride (CdTe) QDs are a member of the same semiconductor family as CdS 

and CdSe QDs and exhibit similar chemical/physical properties. However, CdTe QDs 

are different from other QDs in II-VI families for several reasons; the band gap is 

different, covering the near infrared region to visible region in nanosize regime (1.65–

2.21 eV for CdTe QDs, while 1.94–2.53 eV for CdSe QDs and 2.53–4.13 eV for CdS 

QDs).
61, 148, 149

 The favoured crystal structure is zinc blende (cubic) in contrast to 

wurtzite (hexagonal) in CdSe, which can make a difference in crystal growth. Notably, 

water-soluble CdTe QDs have generally stronger emission than CdSe QDs in water due 

to the difference in energy states and the subsequent photochemical interaction with 

ligands.
65

   

Figure 1.13 shows band gap energy (Eg) of CdTe QDs as a function of diameter 

calculated from effective mass approximation (EMA) using equation (9). The Eg(QD) 

gradually increases from the original Eg(bulk) of CdTe (1.45 eV at 300 K) as the 

particle size decreases. The EMA can give a good picture of how particle size on the 

nanoscale affects the band gap energy of QDs. Nevertheless, it is now found that the 
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experimentally determined Eg/diameter relationships do not precisely follow the 

estimated curve determined by the EMA. The Eg(QD) from the EMA shows a 

reasonable agreement with the particle above 5 nm, whilst the difference between 

theoretical and experimental Eg(QD) becomes significant in smaller sizes. The possible 

explanation of such a mismatch in the EMA and experimental values is that the crystal 

anisotropy and spin orbit coupling can affect the QDs energy states, whilst the influence 

of surfactants and solvents should also be considered in a colloidal system.
1
 

 

Figure 1.13. Band gap energy of CdTe QDs as a function of diameter. Bulk band gap energy 

Eg(bulk) is 1.45 eV at 300 K,
60

 the Planck constant h is 6.626∙10
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 The effective masses of 
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Historically, the synthesis of colloidal CdTe QDs has developed both in aqueous and 

organic media. Brennan et al. synthesised an organometallic molecular precursor for 

CdTe, (Cd(TePh)2), and showed an electron micrograph of the pyrolysis products, 

indicating the presence of CdTe QDs.
76

 CdSe and HgTe nanocrystals were also 

prepared in the same manner.
75, 76

 Studies using this synthetic procedure have been 

superceded by the  highly effective TOP/TOPO method.
77

 Developments of CdTe QD 

synthesis by the organometallic route are as described in Chapter 1.3 with some 

important improvements noted.
64, 84, 149, 152, 153

 The organometallic synthesis of colloidal 

CdTe QDs can be described thus; typically, the cadmium precursor (cadmium oxide) is 
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heated with a long alkyl carboxylic acid, and reacted with trioctylphosphine telluride 

(TOPTe). TOPTe is still considered the best candidate as a tellurium precursor, and 

various solvents (such as long alkyl amines and acids, TOPO) are available to yield high 

quality CdTe QDs grown at high temperature (e.g. 270 
○
C). 

Unusually, CdTe can also be prepared as a high-quality material in water; usually the 

aqueous synthesis of QDs yields substandard particles. Predominantly, thiols, which are 

known to bind strongly to cadmium on the surface, are used as surface stabilizers. The 

successful aqueous synthesises of CdTe QDs using short alkyl thiols such as 

mercaptopropionic acid (MPA) and thioglycolic acid (TGA) with quantum yield up to 

60 % have been reported.
154-156

 Strong photoluminescence in the visible region, in water, 

is a critical difference from other semiconductor QDs, particularly CdSe QDs. 

Therefore, thiol-capped CdTe QDs are expected to have potential applications in 

biological imaging and biosensing.
156

 In addition to strong fluorescence, thiol-caped 

CdTe QDs can be easily synthesised relative to the organometallic counterpart. The 

synthesis is easy and simple because the nucleation and growth of the QDs proceed at 

relatively lower temperature (<100 
○
C), although the Te precursor, H2Te gas, is 

regarded as toxic and harmful, alternative tellurium precursor such as NaHTe and 

(NH4)2Te have been developed.
120

 Last but not least, thiol-capped CdTe QDs generally 

have small hydrodynamic diameter in contrast to organically synthesised QDs which 

need to be covered with a thick shell (e.g. silica and polymer) to keep their functionality 

in water. However, aqueous synthesised QDs are generally not as monodispersed as 

organically synthesised QDs due to different particle growth kinetics from the 

TOP/TOPO route. 

A number of papers describing cell imaging using thiol-capped CdTe QDs have been 

reported to date. In order to obtain  high quality images, the surface of  CdTe QDs is 

often modified with proteins
157, 158

, small peptides, oligonucleotides
159, 160

, polymers
160

, 

or commercially available transfection regents.
120

 It is commonly known that QDs with 

unmodified surface would experience unspecific binding to the surface of cells and 

therefore cause a decrease in image quality.
161

 The CdTe QDs bioconjugates are thought 

to be small enough for facile internalisation into cells. For example, glutathione-capped 

CdTe QDs with hydrodynamic diameters of 4 nm and 5 nm were incubated with Hep 

G2 cells, staining two regions in a cell depending on the particle size and their mobility; 

smaller QDs accessed the nucleus within 1 hour, whilst larger QDs could not reach the 

nucleus and stayed in the cytoplasm 24 hours after the incubation.
157
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Although many reports concluded that imaging applications using CdTe QDs were 

successful, little work regarding the influence of the CdTe QD on cells’ biological 

activity and mortality has been done. This viewpoint is crucial for both understanding 

and developing semiconductor QDs as fluorescent probes. The study and reviews based 

on the toxicity of QDs (predominantly II-VI semiconductors such as CdSe/ZnS, CdSe 

and CdTe) state that the main causes of CdTe QDs toxicity are cadmium leakage and 

reactive oxygen species (ROS) produced by photochemical reaction of fluorescent QDs. 

Cadmium causes acute injury in the liver, whilst at a subcellular level, cadmium binds 

strongly to thiol group of some critical mitochondrial proteins, resulting in dysfunction 

of the liver, in addition to several reports on cell internalisation of Cd
2+

 and damages to 

DNA and ribonucleic acid (RNA).
162, 163

 The ROS is a collective term of singlet 

oxygens, super peroxide anions, hydrogen peroxides and free radicals. The ROS readily 

reacts with peripheral biological molecules such as proteins and DNA, causing 

irreversible damage to an entire cell. There have been a number of studies focusing on 

free radical production and/or cadmium leakage in order to systematically investigate 

the influence of semiconductor QDs on single cells, animals and bacteria.
158, 163-166

  

Although there are some controversies on QDs toxicity (for example, whether 

CdSe/ZnS QDs produce free radicals or not 
164, 165

), it seems that some consensus have 

been gradually formed thanks to an accumulation of the knowledge in the field; (i) Cd
2+

 

is likely to be released from the surface of QDs if the surfactants are short (e.g. MPA-

capped CdTe QDs).
166

 (ii) Thiol-capped CdTe (or CdSe) QDs are known to produce 

free radicals upon irradiation. (iii) Particle size and surface charge can have significant 

influence on the toxicity because these two factors dominate the physical property 

(mobility, permeability and non-specific adsorption) of the QDs.
163

  

It is somewhat unfortunate that there is no clear answer to the toxicity of QDs. This is in 

part due to the wide variation in quantum dot size and structure, which in turn leads to a 

lack of standard protocols for determining the cause of toxicity. For example, CdSe/ZnS 

QDs vary depending on core size, shell thickness, mono-dispersity, surfactants and 

solvent to be used, storage conditions etc. However, most of the parameters are often 

overlooked and the material is used simply as “CdSe/ZnS QDs”. Also, it is impossible 

to adopt one global standard of QDs synthesis. Therefore it is advisable that QDs 

synthesis should provide as much of information and parameters as possible so that 

other researchers can evaluate the characteristics more precisely.  
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Other applications using CdTe based materials include sensors,
167-169

 self-assembled 

structure for optoelectronics,
88, 170-172

 and photovoltaics.
86, 136

 For example, Tang et al. 

modified the surface of thiol-capped CdTe QDs and fabricated light emitting one-

dimensional superstructures, whilst antigen/antibody-QDs bioconjugates were 

fabricated using different coloured CdTe QDs, showing Fӧrster resonance energy 

transfer between different QDs when forming antigen-antibody immunocomplexes. 

Both examples took advantage of thiol-capped CdTe QDs, where strong emission was 

obtained and surface chemistry could be controlled by simple treatment. 

 

1.6 The Objective of the Thesis 

This thesis concerns the synthesis of functional nanomaterials based on CdTe QDs. As 

discussed in Chapter 1.5, there are several potential applications for CdTe QDs-based 

nanomaterials. However, because of their inherent toxicity, it is unlikely that CdTe QDs 

can overtake all the competing candidates in these applications (e.g. silicon in 

photovoltaics, or fluorescent proteins in imaging). The thesis describes a variety of 

synthetic techniques for colloidal QD preparation including both aqueous and 

organometallic synthesis. The thesis will present detailed synthetic procedures and 

experimental observations of the resulting nanomaterials so that one can investigate and 

repeat the work reproducibly in future. The thesis will also show previously inaccessible 

CdTe-based nanomaterials which will be useful in some specific applications.  

In Chapter 2, the synthesis of core/shell/shell type QDs in a one-pot reaction for 

biological imaging is described. In Chapter 3, CdTe QDs from the TOP/TOPO route are 

chemically transformed into other materials using reactive metal cations. In Chapter 4, 

the use of single-source precursors, which contains both cadmium and tellurium sources, 

is described and their use in the synthesis of CdTe and CdTe/ZnS QDs are reported. In 

Chapter 5, phase transfer techniques from organic solvent to water using amphiphilic 

proteins are presented.  
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Chapter 2  

 

Synthesis of CdTe/CdSe/ZnSe Quantum Dots for 

in vivo Deep Tissue Imaging 

 

2.1 Introduction 

There have been many studies regarding biological imaging with colloidal 

semiconductor QDs, as mentioned in the last chapter, since the pioneering reports using 

CdSe/ZnS bioconjugates.
118, 119

 Because CdSe-based fluorophores cover most of the 

visible wavelength (e.g. 480-620 nm),
61

 they are expected to offer intriguing 

opportunities for imaging science and, therefore, research has evolved rapidly from the 

early stages. However, CdSe/ZnS QDs have an intrinsic limitation when it comes to 

biological imaging. CdSe-based QDs do not exhibit optical characteristics past the 

visible region, which indicates that the material itself needs to be altered when one 

hopes to prepare fluorophores with wavelength outside the visible region, such as near 

infrared (NIR) region. Certain imaging applications, specifically deep tissue imaging, 

take advantage of the optical transparency of biological materials at the NIR wavelength. 

Emission in this region can penetrate through skin with less interference when 

compared to visible emission. Pushing the optical characteristics towards the NIR 

region has, therefore, gained increasing attention in colloidal QDs synthesis.  

Applications using NIR-emitting colloidal QDs for biological imaging have been 

realised since the report of alloyed CdSeTe QDs which can emit at 850 nm.
98, 173

 Also, 

type II core/shell QDs offered new alternative NIR emitting materials.
86

 The same 

group showed successful imaging of lymph nodes using CdTe/CdSe QDs.
174

 Because of 

the variety of choices for core and shell materials, in addition to the band gap tuning for 

the core particle, type II QDs are expected to achieve various wavelengths which were 

previously inaccessible, typically toward the NIR region. Another advantage is that both 

alloyed and type II QDs can effectively avoid the drastic change in size required in bare 
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QDs alone. For example, the synthesis of CdTe QDs which emit in the NIR region will 

involve substantial particle sizes along with a decrease in emission efficiency.
149, 156

  

Several studies regarding the synthesis of other type II QDs have been reported.
175-179

 It 

is also worth mentioning that III-V semiconductors based on InAs and InP can be 

exploited in tissue imaging, although these have yet to be used routinely in the NIR 

region.
180, 181

 The synthesis of QDs in organic solvents, however, has an inherent 

drawback in biological applications; extra synthetic steps are required to transfer 

organically soluble QDs into water, by changing surfactants or by adding extra 

hydrophilic shells on the QDs (phase transfer). The phase transfer process generally 

results in adverse effects, such as an increase in hydrodynamic diameter and a decrease 

in fluorescence efficiency.  

A potential solution for such a problem is the aqueous synthesis of colloidal QDs. There 

are, however, few studies based on the aqueous synthesis of QDs for NIR imaging 

reported so far. HgTe and CdHgTe QDs which have IR to NIR emission were reported 

via an aqueous route, but these QDs are unlikely to be useful in biological imaging 

without further processing. 
99, 182

 Recently, however, alloyed CdHgTe-based 

nanomaterials synthesised in aqueous solution were used in biological studies.
183, 184

 

Thiol-capped CdHgTe/CdS alloys emitting at 780 nm with an approximate 20 % 

quantum yield were injected in living mice for fluorescence imaging. Type II 

CdTe/CdSe QDs have also been prepared directly in water. Zhang et al. reported the 

synthesis of QDs via an aqueous route which utilised a cadmium-cysteine complex, 

NaHTe and KaHSe as precursors,
122

 whilst similar work on CdTe/CdSe QDs used a 

thioglycolic acid (TGA)-cadmium complex and Na2TeO3 and Na2SeO3.
185

 The resulting 

QDs from both reports were injected to HeLa cells for imaging studies.
122, 167, 185

 

CdTe/CdS QDs are also known to have type II behaviour and several reports on the 

aqueous synthesis of CdTe/CdS based materials and their biological uses have been 

published.
121, 186, 187

 For example, ultra small (magic-sized) CdTe/CdS QDs with 

emission wavelengths up to 820 nm were synthesised in water for tissue imaging 

studies.
187, 188

  

In the work reported in this thesis, a simple aqueous synthesis for core/shell/shell QDs 

(CdTe/CdSe/ZnSe) capped by long alkyl thiol ligands is presented as shown in Figure 

2.1. The band gap configuration between CdTe and CdSe is type II, whilst the band gap 

between CdSe and ZnSe is type I (Figure 2.2). When the CdTe core is excited, the 
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excited electron moves to the conduction band of the inner shell (CdSe) and recombines 

with the hole in CdTe, whereas the outer shell (ZnSe) presents an energy barrier, which 

prevents the exciton from escaping to surface traps. The ZnSe shell also works to stop 

cadmium leakage – a major toxicity issue associated with II-VI quantum dots. 

Furthermore, an established synthetic technology, successive injection precursors in 

one-pot (SIPOP), was adopted for the synthesis. Previous reports showed the production 

of core/shell/shell (CdSe/ZnSe/ZnS, CdTe/CdS/ZnS) QDs with greater scalability and 

less by-products when using this technique.
121, 189

 The CdTe/CdSe/ZnSe QDs reported 

in this work exhibited emission in NIR region and were the first report (to the best of 

knowledge) showing in vivo deep tissue imaging with CdTe-based QDs synthesised in 

water.   

 

Figure 2.1. Suggested structure of mercaptoundecanoic acid (MUA)-capped CdTe/CdSe/ZnSe QDs. 

 

 

Figure 2.2. Energy band offsets for semiconductors comprised of the core/shell/shell QDs. The 

energy states in conduction band (CB) and valence band (VB) were obtained from literature.
190
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2.2 One-pot Synthesis of CdTe/CdSe/ZnSe QDs in Aqueous Media 

The basic procedure for CdTe QDs synthesis was referred from the work published 

from our group with some minor modifications (detailed procedure can be found in 

Chapter 6.2.3).
120, 121

 Mercaptoundecanoic acid (MUA), which has a relatively long 

alkyl chain (estimated length is ~1.9 nm)
191

, was used as a surfactant molecule in 

contrast to commonly known shorter thiols such as TGA. The use of MUA in biological 

applications is assumed to be ideal whilst referring to the work of Mikulec, who 

reported the chain length of MUA is optimum for labelling application of colloidal QDs 

(CdSe/ZnS).
192

 The molecular ratio of precursors used was a major factor which 

determined the characteristics of the resulting QDs. The molar ratio of cadmium to 

MUA was changed to 1:1.5, from the original ratio of 1:2.0-2.3.
120, 121, 193

 This is due to 

several reports arguing that the optimised ratio of cadmium and thiol surfactant is 1:1.3-

1.5 in aqueous CdTe system.
156, 194

 The CdTe QDs synthesised under such conditions 

should contain the minimum amount of surfactants, allowing the addition of selenium to 

readily proceed on the CdTe surface. Furthermore, the concentration of overall 

precursors was reduced to prevent undesired precipitation. Indeed, our experimental 

observations indicated difficulties when preparing core/shell/shell QDs when precursors 

addition of all the monomers exceed as >0.1 mmol. Therefore, initial monomer 

concentrations for core CdTe QDs synthesis were: cadmium acetate (Cd(OAc)2) 0.079 

mmol, Te(NH4)2 0.04 mmol, and MUA 0.126 mmol in 60 mL deionised water. Extra 

cadmium precursor was left in the solution to allow shell formation following selenium 

precursor addition. This concept is the key principle of the SIPOP method.
189

 The 

resulting MUA-capped CdTe QDs showed bright green emission (Figure 2.3). 
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Figure 2.3. Prepared QDs under (a) room light and (b) UV lamp (λ = 365 nm). The left vial is MUA-

CdTe QDs, whereas the right is MUA-CdTe/CdSe/ZnSe QDs.  

 

For the CdSe shell formation, Na2SeSO3 was chosen as a selenium source due to the 

previous report by Hankare et al. on HgSe thin film synthesis using this precursor.
195

 

The reason for using Na2SeSO3 is the stability in ambient condition, in contrast to 

conventional water-soluble selenium precursors such as NaHSe and H2Se, which are 

highly reactive and immediately oxidised when exposed to an ambient atmosphere. It 

was observed that the Na2SeSO3 precursor solution was stable for a day, although the 

interface between liquid and air yielded small amounts of red solid (thought to be 

polymerised selenium due to oxidation). Therefore, Na2SeSO3 could be readily used and 

it was not necessary for the CdTe QDs solution to be degassed and purified before shell 

deposition, allowing the synthesis on a large scale.  

The CdSe shell was deposited on the CdTe surface by the decomposition of selenium 

precursor in alkaline condition.
195

  

Na2SeSO3 + OH
- 
→ Na2SO4 + HSe

-
 

HSe
-
 + OH

-
 → Se

2-
+ H2O 

Equation 2.1  Production of the selenium anion in alkaline solution. 

 

The resulting Se
2-

 reacted with the excess cadmium monomer left in the solution to 

form a CdSe Shell. There is still a possibility, however, of cadmium leakage from 

CdTe/CdSe to cells. Therefore, an additional ZnSe shell was added on the CdSe shell by 

injecting a Zn-MUA complex which was prepared from zinc nitrate and MUA. Addition 
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of the zinc precursor caused a reaction with excess selenium ions left in the solution, 

depositing a ZnSe shell (Figure 2.4). After 16 hours of reflux at 90 
○
C, the solution was 

found to be slightly cloudy and had red emission when excited at 365 nm (as shown in 

Figure 2.3).  

 

 

Figure 2.4. Reaction schematics for the synthesis of CdTe/CdSe/ZnSe QDs using the SIPOP method. 

Extra cadmium and selenium ions are left in the solution for subsequent deposition of a CdSe inner 

shell and a ZnSe outer shell.  

 

 

2.3 Characterisation of the QDs 

2.3.1 Optical Spectroscopy 

Absorption and emission spectra of the prepared CdTe/CdS/ZnSe QDs are shown in 

Figure 2.5. The emission peak of CdTe/CdSe/ZnSe QDs was largely red-shifted after 

shell deposition. Absorption spectra were also slightly red-shifted, whilst the 

disappearance of excitonic peak of CdTe QDs at 450 nm was observed after shell 

formation. The full width at half maximum (FWHM) of the emission changed from 

original 51 nm to 101 nm. All the spectral changes mentioned can be explained as a 

consequence of CdSe shell formation on CdTe surface as previously reported.
86, 122, 177, 

185
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Figure 2.5. Normalised emission and absorption spectra for CdTe QDs (orange curves) and 

CdTe/CdSe/ZnSe QDs (brown curves). Solid lines show absorption spectra, whilst dashed lines 

indicate emission spectra.  Excitation wavelength = 450 nm. 

 

Figure 2.6 shows the emission spectrum at each reaction stage, and the emission 

intensity as a function of reaction time. The steady red-shift was observed from 

emission peak (Figure 2.6 (a)), whereas an unusual change of emission intensity 

regardless of reaction time was shown (Figure 2.6 (b)). These non-linear intensity 

changes can be separated into three stages: (i) rapid increase in intensity (0-4 hours), (ii) 

rapid drop in intensity (4-6 hours), and (iii) slow recovery to higher intensity (6-22 

hours). The change in emission intensity (or quantum yield) such as stage (i) and (ii) 

was also observed in conventional core/shell QDs such as CdTe/CdSe and ZnSe/ZnS 

QDs in both organic and aqueous solution, where emission is improved at the first stage 

of thin shell formation on a core, whilst the emission quenched as the shell becomes 

thicker.
122, 153, 177, 185, 196

 Therefore, it is assumed that stage (i) and (ii) in our QDs are 

associated with the formation of CdTe/CdSe QDs. Interestingly, the emission intensity 

again increased by prolonged reaction after the final precursor addition, which 

suggested that additional ZnSe outer shell was formed on the CdSe inner shell. ZnSe 

shell formation indicated internalisation of the exciton within the QDs, as well as the 

removal of surface trapping site, resulting in the enhancement of the emission.  

It should be mentioned that the first zinc source was added in the stage (i) in order to 

avoid the precipitation of the particles (Figure 2.6 (b) plot 3); we observed that after the 

first selenium source addition, the particles aggregated after 1.5 hours without zinc-
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MUA addition, which indicated that the selenium-rich surface tended to aggregate due 

to the lack of surfactants. Also, given the thermodynamic driving forces such as 

standard redox potential, E
0
 (E

0
 for Cd

2+
 + 2e

-
 → Cd = -0.40 eV, whilst Zn

2+
 + 2e

-
 → 

Zn = -0.76 eV) and acid softness (the cadmium cation is softer than the zinc cation, 

hence the cadmium cation preferably binds to the selenium anion, a soft base, over the 

zinc cation),
197, 198

 it is reasonable that the CdSe formation is favoured over ZnSe 

formation in our reaction system. Under these conditions, zinc-MUA addition did not 

cause immediate ZnSe formation and allowed CdSe shell deposition prior to ZnSe 

whilst preventing the particle aggregation. Therefore, we suggest that CdTe/CdSe 

formation occurred in stage (i) and (ii) although the zinc precursor already existed in the 

solution. The zinc source gradually formed a ZnSe shell after the complete deposition of 

the inner CdSe shell at the stage (iii). 

Photoluminescence quantum yields (PL QY) were calculated (detailed procedure is 

described in Chapter 6.1.2.2) from the comparison of a fluorescence standard using:  

       
  
   

 (  
   

)
 

        (10) 

where    is the quantum yield of QDs,    is the known quantum yield of a standard 

fluorophore, G is the gradient from the plot of integrated emission intensity versus 

absorbance, and    is the refractive index of the solvent. The gradient was calculated 

from Figure 2.7,        ⁄    is 0.96 in a water/methanol system, and     is known to be 

0.95 for an ethanolic solution of rhodamine 6G excited at 450 nm.
199

 Thus, the PL QY 

of CdTe/CdSe/ZnSe QDs was 4.8 %, whereas CdTe was 1.4 %. The obtained quantum 

yield is comparable to the quantum yield reported from Kim et al. of 4 %.
86

 The final 

materials were found to be stable in ambient conditions for months. 
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Figure 2.6. (a) Normalised spectral transition of QD during the shell formation. From the left to right, 

1) crude CdTe, 2) first Se addition (0.025 mmol), 3) first Zn addition (0.10 mmol), 4) second Se 

addition (0.025 mmol), 5) second Zn addition (0.10 mmol), 6) third Se addition (0.025 mmol), and 

7) the sample after 16 hours reaction from the final precursor addition. (b) Emission intensity as a 

function of reaction time. CdTe QDs formation was set as 0 hour.  

 

 

Figure 2.7. Relationship between integrated emission intensity and absorbance of rhodamine 6G 

(black), CdTe QDs (orange), and CdTe/CdSe/ZnSe QDs (brown).  The gradients of the slopes are 

indicated inside the graph. 
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2.3.2 Transmission Electron Microscopy (TEM) 

Transmission electron micrographs of CdTe, CdTe/CdSe (CdTe/CdSe QDs were 

prepared by the same procedure as CdTe/CdSe/ZnSe but excluded additional zinc and 

selenium additions), and CdTe/CdSe/ZnSe QDs are shown in Figure 2.8. Whilst CdTe 

QDs are predominantly spherical, a slight anisotropy was observed in the sample of 

CdTe/CdSe/ZnSe QDs (Figure 2.8 (c) and (d)). Anisotropic particle growth is a 

commonly observed phenomenon in colloidal nanostructures and was in good 

agreement with other reports of core/shell QDs. For example, CdSe/CdS nanorod 

growth was examined, where the c-axis of the material was elongated at lower 

temperature synthesis (120-130 
○
C in an organometallic route) due to the kinetic factor 

of wurtzite CdSe and CdS.
94

 It is possible for the CdSe component in our samples to 

induce crystal growth along the c-axis. Other QDs previously reported in our group 

(CdTe/CdS/ZnS) also exhibited anisotropic crystal growth with an aspect ratio of 1.8.
121

 

From high resolution TEM image (Figure 2.8 (d)), the lattice fringe can be seen, 

indicating the good crystallinity of the prepared QDs.  

The particle diameter was investigated by measuring approximately 200 particles on 

each sample. Figure 2.9 shows the size distribution of CdTe, CdTe/CdSe, and 

CdTe/CdSe/ZnSe QDs. The average diameters were 2.2 ± 0.4 nm for CdTe QDs, 2.9 ± 

0.6 nm for CdTe/CdSe and 4.0 ± 0.8 nm for CdTe/CdSe/ZnSe QDs, respectively. Given 

zinc blende lattice constant for CdSe (6.050 Å) and ZnSe (5.668 Å), the CdSe shell is 

assumed to be one monolayer (ML) on the CdTe core and 2 MLs of ZnSe on the CdSe 

shell. The resulting shell thicknesses were comparable to the previously reported 

core/shell/shell QDs. CdTe/CdS/ZnS QDs synthesised in aqueous solution using the 

SIPOP method showed ca. 1.4 ML of CdS inner shell formation, while ZnS outer shell 

formation showed pronounced anisotropic growth (0.57 ML and 5.8 ML along short 

and long axes, respectively).
121

 Other core/shell QDs, however, exhibited different 

behaviours in shell formation. For example, CdTe/CdSe QDs synthesised in water using 

stepwise addition of the shell precursors achieved thicker shell formation up to 4.2 

ML,
185

 whilst organically synthesised CdTe/CdSe showed up to 4 ML of the CdSe 

shell.
177

 Although it is reasonable that different precursors, solvents and reaction 

procedure should lead different shell growth mode, we suggest that relatively stable 

nature of the selenium precursor and reaction temperature (90 
○
C) affected the rate of 

the shell growth, both in CdSe and ZnSe, which leads to relatively thinner shell growth 

in this work. Also, it was difficult to prove from only the TEM study that exactly one 
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ML of the CdSe shell and two ML of the ZnSe shell formed on the CdTe core. For 

example, some CdTe particles formed CdSe and ZnSe shells effectively, whereas other 

CdTe particles stayed as bare particles, which could cause poly-dispersity in the size 

distribution. Nonetheless, the broaden size distribution, as can be seen in Figure 2.9, 

was a common phenomenon in the core/shell QDs synthesis. The emission wavelength 

of the CdTe/CdSe/ZnSe QDs was similar to the reported emission wavelength of 

CdTe/CdSe (1 ML of CdSe shell) at 650 nm.
61, 177

 Therefore, our estimation that 

CdTe/CdSe/ZnSe QDs had 1 ML of the CdSe and 2 ML of the ZnSe shells is to some 

extent reasonable.  

 

 

Figure 2.8. TEM images of purified (a) CdTe, (b) CdTe/CdSe, and (c) CdTe/CdSe/ZnSe QDs. (d) 

high resolution TEM image of CdTe/CdSe/ZnSe QDs.  

 



41 
 

 

Figure 2.9.  Size distribution of the QDs measured from TEM images. CdTe (blue), CdTe/CdSe 

(orange), and CdTe/CdSe/ZnSe QDs (red), respectively. 

 

 

2.4 QDs Formation Mechanism 

The main advantage of CdTe/CdSe/ZnSe QDs described in this work is the simplicity 

and scalability bestowed by the SIPOP method. In order to use the SIPOP method, 

several unconventional precursors for the synthesis, such as (NH4)2Te and Na2SeSO3 in 

contrast to commonly used chemicals (e.g. NaHTe, H2Te, Na2TeO3, NaHSe and H2Se) 

have been chosen. It is essential, therefore, to analyse the reaction observed in this 

system and to suggest a plausible mechanism for the formation of CdTe/CdSe/ZnSe 

QDs. CdTe QDs capped with short alkyl thiols such as mercaptopropionic acid (MPA) 

and TGA show Ostwald ripening, a thermodynamically favoured particle growth mode, 

resulting in the formation of bigger QDs via the dissolution of smaller particles. For 

example, when CdTe QDs capped with TGA were heated to reflux, a red-shift in optical 

properties could be observed after a few hours reaction; the particle size reached around 

5 nm after 40 hours reflux with an emission wavelength at 620 nm.
194

 MUA-capped 

CdTe QDs, however, did not show any growth consistent with Ostwald ripening. A 

comparison of CdTe QDs heated for the usual 16 hours during synthesis and a sample 

heated for a prolonged duration (68 hours) displayed no change in emission wavelength. 

Instead, the emission intensity was notably increased after the prolonged reflux time, 

which could be explained as annealing.
62, 100

 Therefore, the observed optical red-shift in 

the MUA-capped CdTe/CdSe/ZnSe (Figure 2.5) was consistent with type II core/shell 

formation, rather than Ostwald ripening of the CdTe core. Another intriguing 
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phenomenon specific to this reaction system is the transition of solution colour during 

the shell addition. Figure 2.10 shows the colour change during CdTe/CdSe/ZnSe QDs 

synthesis. The yellow CdTe QDs solution turned darker after Na2SeSO3 addition (in 

<10 minutes), whilst the dark colouration faded as the reaction proceeded, resulting in a 

light orange solution. The lower picture of Figure 2.10 shows the same samples excited 

at 365 nm. The emission colour shifted gradually towards the red end of the spectrum 

with changes in emission intensity, which was comparable to the results presented in 

Figure 2.6. Interestingly, it seemed that the black colouration in the sample (b) and (c) 

in Figure 2.10 did not affect the emission, showing strong fluorescence under excitation. 

From these experimental observations, the dark colouration obtained after the first 

selenium precursor addition is assumed not to influence the exciton and energy states of 

QDs, but to be a result of macroscopic changes in environment surrounding the CdTe 

QDs.  

 

 

Figure 2.10. Photograph showing the colour change in the course of CdTe/CdSe/ZnSe QDs 

formation. (upper) Under room light and (lower) under 365 nm excitation.  From left to right, a) 

CdTe, b) the first Se source addition, c) the first Zn source addition, d) the second Zn/S sources 

addition, and e) 16 hours after the final precursor addition. No samples were purified. 

 

To investigate the reaction mechanism further, a TEM image was taken from the darker 

solution (Figure 2.10, sample (b)) and shown in Figure 2.11, displaying rod-shaped 

structures and individual particles present in the same image. The smaller CdTe 
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particles appeared to be clustered together, indicating the rod structure formation 

possibly through oriented attachment. It is suggested that the addition of the selenium 

precursor induced a network consisting of CdTe QDs and other compounds such as Cd-

MUA and Na2SeSO3. There are several papers which reported the formation of 1-D 

structures in thiol-capped CdTe QDs solution.
88, 171, 200, 201

 In these reports, it is 

suggested that thiol-Cd complexes in solution were polymerised to form rod-like 

structures,
202

 which subsequently worked as a “glue” and internalised CdTe QDs inside 

(Figure 2.12). Chen et al. described crude TGA-capped CdTe QDs, which inherently 

contained excess TGA-Cd in the solution, when mixed with ethanol and sodium acetate 

at 70 
○
C for 8 minutes, caused the formation of rod-like structures (several micrometres 

in length and 25 ± 8 nm in width). The rod-like structures included CdTe QDs (as 

determined by high resolution TEM) and the sample was still emissive without any 

significant red-shift,
171

 all of which were in good agreement with the observations in 

this study. Also, other groups observed black colouration upon nanorod formation using 

TGA and CdTe QDs, where the dark colouration was thought to be concentration 

dependant. The precursor concentrations needed to be lower than 2.4 mM in order to 

obtain the darker solution.
201

 The CdTe/CdSe/ZnSe QDs reported here were prepared 

with a comparable concentration. It is possible that the black colouration and rod-like 

structures obtained in the TEM after selenium source addition were a result of MUA-Cd 

polymerisation followed by CdTe QDs inclusion.  
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Figure 2.11. TEM image of CdTe QDs 1 hour after selenium source addition.  

 

 

Figure 2.12. Suggested mechanism of nanorod formation after Na2SeSO3 addition on MUA-CdTe 

QDs.  

 

Another unusual aspect was the fading from dark brown to light orange of the QDs 

solution after prolonged reaction. A possible explanation is “digestive ripening.” 

Digestive ripening is one of the less common growth modes where bigger structures 

break into smaller fragments or are “digested.” There are a limited number of reports on 

the digestive ripening of inorganic nanomaterials such as gold nanoparticles, PbS QDs, 

Co nanoparticles and CdTe QDs from our group. 
120, 203-205

 Additionally, Zhang et al. 

reported that a light-black solution of CdTe nanotubes turned to a light-red solution 

after prolonged storage. The authors checked both samples by TEM and indicated the 

degradation of rod-like structure into individual particles of luminescent QDs.
201
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Since the rod formation could not be seen at lower temperature (below 70 
○
C) during 

shell precursor addition, the rod formation is assumed to be a temperature dependent 

process (as well as concentration dependant). Therefore, we assign two driving forces - 

kinetics and thermodynamics - to the reaction chemistry for CdTe/CdSe/ZnSe QD 

synthesis. The rod formation after the first Na2SeSO3 addition was attributed to a 

kinetically driven process, whilst subsequent digestive ripening into spherical QDs was 

thermodynamically favoured. 

 

2.5 Tuning the Emission Wavelength 

We have explored tuning the emission wavelength further towards the red region of the 

spectrum (Figure 2.13). The emission peak of CdTe/CdSe/ZnSe could be further red-

shifted by 57 nm by reducing the amount of MUA in the CdTe synthesis. The decreased 

amount of MUA on the CdTe cores possibly caused an increase in the CdSe shell 

formation rate and hence subsequent thicker CdSe/ZnSe shell growth on CdTe. Other 

variables are listed in Table 2.1. For example, addition of twice the amount of selenium 

precursor caused precipitation of the QDs, whilst a temperature change in shell addition 

from 90 
○
C to 70 

○
C caused a blue-shift in emission peak of the products. Given these 

results, it is arguable that the emission wavelength of the CdTe/CdSe/ZnSe QDs is 

highly dependent on each reaction parameter and it may be possible to synthesise QDs 

with emission wavelengths further into the infrared region by appropriate combinations 

of reaction parameters.  
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Figure 2.13.  Absorption (grey lines) and emission spectra (black lines) of CdTe/CdSe/ZnSe QDs 

with lower MUA concentration (solid lines) and the emission of original CdTe/CdSe/ZnSe QDs 

(dashed lines). In the QDs with lower amounts of MUA, 21 mg (0.098 mmol) of MUA was used in 

the CdTe QDs synthesis, resulting in a CdTe solution where the molecular ratio of Cd and MUA was 

1:1.2, instead of 1:1.5. The remaining synthetic procedure was kept the same.  

 

 

 

Table 2.1. Changes in reaction parameters and their results. (Detailed descriptions of reaction 

conditions are outlined in Chapter 6.2.6). 
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2.6 Synthesis of Glutathione-Capped CdTe/CdSe/ZnSe QDs 

One of major factors determining the optical characteristics of QDs is the surface ligand. 

Although MUA has shown excellent ligand functionality for CdTe/CdSe/ZnSe QDs 

synthesis, a single functional group (carboxylic group) does not necessarily provide the 

best functionality for biological imaging applications. When one considers 

bioconjugation to biological molecules such as antibodies, it is preferable that a surface 

ligand has other functional groups. Glutathione (GSH), a short peptide comprised of 

three amino acids, can be used as an excellent ligand for QDs as it has a thiol moiety to 

bind to QD’s surface and a carboxylic acid and amino group on the terminal end (Figure 

2.14). The aqueous synthesis of glutathione-capped CdTe QDs (GSH-CdTe QDs) was 

first reported in 2007 with application in cell imaging experiments.
157

 There is no report 

on direct aqueous synthesis of GSH capped core/shell type QDs. In the synthesis of 

GSH-CdTe/CdSe/ZnSe QDs, an analogous procedure was adopted by substituting 

MUA with GSH. The reaction temperature was maintained at 90 
○
C and the overall 

reaction time was shortened to 3 hours in order to suppress Ostwald ripening.  

The emission spectra are shown in Figure 2.15. The emission wavelength was clearly 

red-shifted, resulting in an emission peak at almost 700 nm after selenium and zinc 

precursor addition, as can be seen in Figure 2.15 (a) and (b). Figure 2.15 (c) shows the 

change in emission intensity at each reaction stage, showing the similar tendency to the 

MUA-capped CdTe/CdSe/ZnSe QDs in Figure 2.6 (b). It seems at first glance that the 

synthesis of GSH-CdTe/CdSe/ZnSe QDs was successful. However, there have been 

several critical issues which need to be mentioned. Firstly it was not possible to exclude 

the possibility of Ostwald ripening due to the higher reaction rate when using the GSH 

capping system. (The emission wavelength of GSH-CdTe QDs reached 630 nm after 

only 2.5 hours reflux.) Secondly, the resulting solution contained an insoluble grey 

metallic precipitate, presumably selenium or tellurium. Lastly, prepared GSH-CdTe-

based materials were extremely unstable compared to MUA-capped QDs. Samples 

turned darker after 1 day storage under ambient condition, with emission quenching. 

Although further investigation would be preferable, the observed instability in GSH-

capped QDs seems difficult to address, especially in our core/shell/shell system. It is, 

therefore, reasonable that other ligand molecules or ligand exchange should be explored 

to prepare functional CdTe/CdSe/ZnSe QD-bioconjugates.  
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Figure 2.14. Molecular structure of glutathione (reduced form). 

 

 

 

Figure 2.15.  (a) Emission spectra of GSH-CdTe (green line) and the product after selenium and zinc 

source addition (red line). Excitation wavelength = 450 nm. (b) Emission wavelength at each 

reaction stage. (c) Intensity as a function of reaction time. For (b) and (c), each dot indicates 1) 

GSH-CdTe, 2) 1 minute after first selenium addition, 3) 20 minutes after first selenium addition, 4) 1 

hour after the first selenium addition, 5) 10 minutes after zinc addition, and 6) 1 hour after the  zinc 

addition. 
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2.7 Application to Deep Tissue Imaging 

(This work was carried out by Dr Sarwat Rizvi at the Division of Surgery and 

Interventional Science, University College London.) As a “proof of concept” 

experiment, we injected 0.2 mL of purified QDs (Figure 2.16 (a)) subcutaneously into 

the hind leg of a 200 g male Wistar rat (detailed description is outlined in Chapter 6.2.7). 

The NIR fluorescence of the QDs was detected immediately after subcutaneous 

injection (Figure 2.16 (b)). Within 5 minutes, the QDs were seen migrating up 

lymphatic tracts (Figure 2.16 (c)) indicating that the QDs easily entered the lymphatic 

channels and could be imaged in deep tissue. Biological tissues are relatively 

transparent to light in the NIR range and as these QDs have an absorption threshold and 

emission in the NIR range, they can be excited and detected in deep tissues, allowing 

numerous possibilities for their application in biology and biomedicine. However, 

further investigation into their in vitro and in vivo toxicity profiles is required along 

with an optimisation of their optical properties prior to this application. 

 

 

Figure 2.16. (a) The image of the MUA-capped CdTe/CdSe/ZnSe QDs solution under excitation 

(630 nm) as viewed through a 680 nm long pass emission filter using a charged coupled device. (b) 

Subcutaneous injection of the CdTe/CdSe/ZnSe QDs into the hind leg of a rat. (c) The QDs 

migrating to lymphatic tracts.  
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2.8 Conclusion 

In conclusion, NIR emitting CdTe/CdSe/ZnSe QDs capped with MUA were prepared in 

aqueous solution using a SIPOP method. Optical measurements indicated that the shells 

were successfully deposited on a CdTe core, giving a substantial red-shift in the 

emission which was associated with type II core/shell formation. Improvement in the 

emission intensity was also observed after a prolonged reaction time, due to ZnSe shell 

formation. The resulting CdTe/CdSe/ZnSe QDs were approximately spherical crystals, 

consisting of 1 ML of CdSe and 2 ML of ZnSe shell. The PL QY of prepared QDs was 

4.8 % for MUA-capped CdTe/CdSe/ZnSe QDs and 1.4 % for MUA-capped CdTe QDs. 

The reaction mechanism was studied, indicating rod formation through the 

polymerisation of Cd-thiolate complexes after selenium source addition, whilst the 

possibility of digestive ripening was suggested. Reaction conditions were modified to 

control optical characteristics of resulting CdTe/CdSe/ZnSe QDs. Glutathione-capped 

CdTe/CdSe/ZnSe QDs were explored and the difficulty associated with their use was 

described. The MUA-capped CdTe/CdSe/ZnSe QDs were successfully used for in vivo 

deep tissue imaging.  
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Chapter 3  

 

The Room-Temperature Chemical 

Transformation of CdTe QDs by Reactive Cations 

 

3.1 Introduction 

A variety of synthetic techniques have emerged in the field of colloidal nanocrystals in 

the past decades as described in Chapter 1.3, which enabled nanomaterials to be 

manufactured with controlled morphologies, optical and electronic properties. In 

general, multiple synthetic steps are required in order to obtain materials which exhibit 

the desired property in the nanostructural regime. One emerging recent strategy is the 

post-synthetic chemical transformation, where nanocrystals, which are synthesised from 

established procedures such as the TOP/TOPO method or the aqueous method with 

thiol ligands, are defined as starting materials and are chemically transformed to 

designer complex nanocrystalline materials by addition of the relevant reagents or 

alteration of the reaction environment.
206, 207

 Figure 3.1 shows several examples of the 

chemical transformations of nanomaterials, highlighting a variety of changes in 

conformation. An obvious advantage of using a nanomaterial over bulk materials in 

chemical transformations is the high surface-to-volume ratio. As most of the chemical 

reactions proceed on a surface or at an interface, the high surface-to-volume ratio in 

nanomaterials can make the transformation easier and quicker than in bulk alternatives. 

For example, the chemical conversion to Ag2Se from 4.2 nm CdSe QDs was achieved 

rapidly ( 1 second), whereas comparable reaction using ZnS wires of ~200 nm 

diameter took up to 17 hours.
106, 208

 These observations clearly support the observation 

that the reaction rate can be substantially shortened in the nanosize regime and 

nanoscale chemical transformation is an effective strategy to design innovative 

materials.  
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Regardless of the techniques used in the nanoscale chemical transformation, the quality 

of starting nanomaterial is thought to be an essential factor deciding the successfulness 

of subsequent chemical transformation. Therefore, nanomaterials with an established 

synthetic methodology are routinely chosen for the starting materials. In all examples 

depicted in Figure 3.1, the complex chemistry was made possible by the accumulation 

of the synthetic knowledge of almost all families of metal/semiconducting systems 

specifically in a form of colloid;
27, 28, 62, 63

 the synthesis and shape control of 

nanomaterials, such as gold, silver and cadmium selenide are advanced enough that one 

could reproducibly prepare them with ease, as precursors for further reactions. The 

nanomaterials synthesised in nanoscale chemical transformations have already been 

utilised in some areas such as electronics,
209

 photonic devices,
210

 sensors
211

 and 

photovoltaics,
136, 138

 whilst there is a wealth of underlying chemistry yet to be 

understood.  

 

 

Figure 3.1. Schematic diagram of post-synthetic chemical transformations of nanomaterials. The 

chemical transformations can be successfully controlled by the careful choice of starting materials, 

additives and reaction conditions.  

 

Despite the number of methodologies in nanoscale chemical transformations, studies 

exploring the role of redox potentials have not been reported. The colloidal solution 

system, particularly in metal/semiconductor nanocrystals, is thought to exhibit a highly 

complex electrochemical nature due to the quantised energy states depending on the 

crystal size, the high surface-to-volume ratio of the nanocrystals, and the contribution of 

surfactant molecules. Also, there is currently a lack of theoretical understanding in this 
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nanosize regime (e.g. many reports assume the nanocrystals are isotropic in shape, but 

in reality the nanocrystals exist as a form of polyhedron). The study presented in this 

chapter regards the chemical transformations in preformed nanoparticles as explained 

by redox potentials which can be explored further leading to new and innovative 

designer structures. Previous reports from our group have shown the reactive nature of 

mercury cations in HgE QDs (E = S, Se, Te) synthesis and suggested that room-

temperature preparation of HgE QDs can be explained by redox potentials.
197, 212, 213

 In 

this chapter, the knowledge obtained from these studies has been utilised for post-

synthetic particle growth. In particular, CdTe QDs were reacted with mercury cations to 

result in distinctly anisotropic structures. Subsequently, several analogous nanocrystals 

and different metal cations were used as starting materials, and the influence of redox 

potential on nanocrystal was systematically examined.  

Finally, it is noteworthy to mention the impact of research regarding cation exchange 

reactions, which is comparable to this work. Cation exchange reactions, as introduced in 

Chapter 1.3, is one of the emerging synthetic techniques in nanoscience and can 

potentially overcome the difficulty in preparing complex and monodispersed 

nanomaterials. As the cation exchange reaction retains the structure of starting parent 

material, several nanomaterials which were previously impossible to synthesise have 

been reported.
106, 108, 110, 214

  

 

3.2 Molecular Welding Effect on CdHgTe Synthesis 

For this study, CdTe QDs were chosen as a starting material. CdTe QDs are routinely 

prepared with a highly monodispersed size distribution and have a tuneable emission 

wavelength with high quantum efficiencies, in addition to solubility in various solvents. 

Furthermore, a number of studies have been reported on the shape-controlled synthesis 

of CdTe, from spherical particles to rods, wires and branched shapes.
83, 92, 149

 

Additionally, the small energy differences between polytypes are important to produce a 

variety of CdTe nanocrystals with different shapes.
83, 215

 Therefore, CdTe is an ideal 

candidate for studies into the chemical transformations of nanomaterials.
149, 156, 216

 There 

are several recent reports which describe the use of CdTe nanocrystals to create 

functional nanomaterials. Post-synthetic modification of TGA-capped CdTe QDs 

caused an aggregation of particles and produced wire-like structures keeping their 

emissive characteristics,
88, 171

 whilst CdTe nanocrystals were used as seeds to deposit 
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CdSe or CdS, leading to branched topologies or elongated shapes for potential use in 

optoelectronic devices and photovoltaics.
92, 95, 97

  

The basic synthetic procedure in this work stemmed from the report describing the 

cation exchange reactions of colloidal QDs (detailed procedure can be found in Chapter 

6.3.1 and Chapter 6.3.6).
107

 First, tetradecylphosphonic acid (TDPA)/hexadecylamine 

(HDA) capped CdTe QDs (4.5 ± 0.9 nm) in toluene were used as starting materials.
153

 

To a vigorously stirred HgBr2 toluene/methanol solution, the CdTe solution was swiftly 

injected, causing an immediate precipitation with a change in colour from yellow to 

brown. The resulting precipitate was collected by centrifugation and readily re-

dispersed in toluene (Figure 3.2).  

 

 

Figure 3.2. Illustrated reaction scheme for the synthesis of CdHgTe nanoalloys. 

 

From TEM investigations, nearly monodispersed spherical CdTe QDs were found to 

form randomly directed, wire-like structures, as can be seen in Figure 3.3 (a) and (b). 

Most of the anisotropic particles were elongated or connected to a neighbouring 

structure to form a complex material, whilst few apparently original CdTe QDs (in 

terms of size and shape) were observed. High resolution TEM (Figure (c) and (d)) 

confirmed each crystalline entity was completely linked with another, whilst the overall 

anisotropic particles showed several crystalline orientations with different directions in 

lattice fringes, suggesting that several individual particles were attached regardless of 

their crystalline axis. The high resolution TEM measurement was carried out by Dr 

Teck Lim at the Department of Materials, University of Oxford. 
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Figure 3.3. TEM image of (a) CdTe QDs (diameter 4.5 ± 0.9 nm). (b) CdHgTe nanoparticles after 

the reaction with mercury bromide. (c,d) High resolution TEM images of CdHgTe nanorods.  

 

 

Figure 3.4 shows X-ray diffraction (XRD) analysis of the particles before and after the 

reaction. A previous report from Smith et al. suggested CdTe QDs prepared under 

similar reaction conditions to this work showed a zinc blende structure, and is in good 

agreement with the XRD pattern of CdTe QDs presented here, indicating the successful 

formation of zinc blende CdTe QDs. Despite the almost identical lattice parameter in 

CdTe and HgTe (0.648 nm in CdTe; 0.646 nm in HgTe (cubic)), the diffraction pattern 

after mercury bromide addition showed a shift in the reflection at ~25
○
 (2θ) to a smaller 

angle, consistent with an increase in lattice parameter and in agreement with Vergard’s 

law, which suggested the participation of the relatively larger mercury atoms into the 
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structure and thus an alloyed composition.
217

 This demonstrated a change in the solid 

state material whilst maintaining the overall cubic crystal structure. Similar effects have 

been observed in ZnCdS alloyed nanoparticles.
100

  

 

 

Figure 3.4.XRD patterns for CdTe QDs (grey line) and CdHgTe nanoalloys (black line). Millar 

indices for zinc blende CdTe and zinc blende HgTe referred from other papers are shown below.
152, 

218
  

 

Analysis using inductively coupled plasma-mass spectrometry (ICP-MS) showed 

significant mercury content after the reaction (Cd: 63.3 %, Hg: 19.8 %, Te: 16.9 %), 

equivalent to Cd3.7Hg1.2Te1.0. (The ICP-MS work was conducted by Andrew Cakebread 

and Roger Tye in the Mass Spectrometry Facility, King’s College London.) 

The average width of the elongated structure in Figure 3.3 (b) was 3.9 ± 0.8 nm, which 

was consistent with the hypothesis that the resulting structures were predominantly 

based on CdTe QDs. To elucidate the mechanism of the heterostructure formation from 

CdTe QDs, the reactive nature of the mercury cation (a relatively soft acid and strong 

oxidising agent) has been focused on. In this work, it is suggested that a partial cation 

exchange reaction from CdTe to HgTe proceeded under the hard soft acid base (HSAB) 

theory. In the CdTe solution, Cd
2+

 is regarded as a relatively hard acid when compared 

to monovalent metal ions or ions with larger ionic radii (e.g. Ag
+
, Hg

2+
 and Pb

2+
). 
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Therefore, the Cd
2+

 would be preferably exchanged with Hg
2+

 using methanol (MeOH), 

a hard base, which binds strongly with Cd
2+

 instead of Hg
2+

, leading the cation 

exchange from CdTe to HgTe. Indeed, as discussed earlier, some notable reports on the 

synthesis of Ag2Se, Cu2Se, Cu2S and PbS nanocrystals using an analogous methodology 

were based on the same theory.
106-108, 110

 It is, therefore, probable that in our case, 

displaced Cd
2+

 was dissolved into the MeOH, whilst Hg
2+ 

was incorporated partially 

into the particle to form CdHgTe.  

It is also necessary to explore the strong oxidising nature of the Hg
2+

 ion, which has a 

positive redox potential, and the effect such species could have on the surface chemistry 

of the CdTe QDs, unlike other metal species commonly used in QDs synthesis 

(cadmium, zinc and lead) which have negative redox potentials. Previous reports from 

our group into the remarkably rapid growth of HgSe QDs and the difficulty in shape 

control proposed that the difference was possibly explained by redox potential of 

Hg
2+

,
197, 213

 where the standard electrode potential, E
0
, for Hg

2+
 + 2e

-
 → Hg is +0.85 V, 

in contrast, E
0
 for Cd

2+
 + 2e

-
 → Cd is -0.40 V. Another possibility is that a surfactant 

molecule reduced the mercury cation from Hg
2+

 to [Hg
0
], a key step in the reaction 

mechanism which led to the rapid growth and difficult controllability. The positive 

redox potential means Hg
2+

 + 2e
-
 → Hg is favoured and rapid, unlike the reduction of 

other metal species.  

Given the similarity in the reaction conditions and the environment surrounding the 

QDs, surfactant molecules (TDPA, HDA and TOP) could reduce Hg
2+

 to provide 

elemental Hg or provide Hg-Te bonds through a dangling bond on the CdTe surface. 

The possibility of a phosphine being a reducing agent was firstly indicated in the 

synthesis of PbSe nanocrystals and subsequently examined in other II-VI nanocrystals 

(e.g. CdSe, HgSe and HgS) by several groups.
197, 213, 219, 220

  In the synthesis of CdHgTe 

nanoalloys presented in this work, however, there are several important differences 

from these reports; (i) phosphonic acid was used as a ligand instead of carboxylic acid, 

(ii) TOPTe would not exist as a monomer in the CdTe QDs solution after purification. 

Despite these differences, we assume that phosphonic acid exhibits an analogous 

reactivity to a carboxylic acid. Also, a certain amount of the TOPTe species should exist 

on the surface of CdTe via the coordination of TOP on the chalcogen site as suggested 

in several reports.
63, 66, 67

 Whilst referring to reports on other II-VI QDs, as well as 

noting the positive redox potential of the mercury cation, a reaction mechanism for Hg-

Te formation on the CdTe surface is proposed (Equation 3.1).
197, 219, 220

 Negative 
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charged TDPA readily coordinates to the mercury cation, followed by formation of 

(TDPA)2-Hg-Te-TOP intermediate. Subsequently, the phosphorus in TOP undergoes a 

nucleophilic attack by an anionic counterpart of phosphonic acid, yielding TOPO and an 

anhydride of TDPA. As a result, a Hg-Te bond is formed.    

 

Equation 3.1. Proposed reaction mechanism of HgTe formation on the surface of CdTe. (R = C14H29, 

R’ = C8H17.)  

 

Another suggested mechanism involves the reduction of the Hg
2+

, or the oxidation of 

surfactant molecules, which can yield [Hg
0
]. The elemental mercury may then react 

with a Te species on the nanoparticle surface to give the alloy. It is envisaged that this 

could lead to the particles “welding” together, as the alloy forms while the deactivated 

surfactants would separate from the nanoparticle surface. Steckel et al. studied the 

reduction of the lead cation in PbSe QDs formation, whilst Howes et al. extended the 

theory in order to understand the high reactivity of a mercury salt in the synthesis of 

HgSe QDs.
197, 219

 Both groups suggested that the oxidation of TOP and carboxylic acid 

to form the anhydride is a key reaction for the reduction of metal cations. Using 

phosphonic acid and TOP, the reduction of the mercury cation can be explained as 

follows (Equation 3.2): 
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Equation 3.2. Reduction of Hg
2+

 by phosphonic acids and TOP and reaction of [Hg
0
] with surface Te. 

(R = C14H29, R’ = C8H17) 

 

However, it is reasonable to assume that the reaction proceeded without TOP, which is 

excluded from the solution after the purification of CdTe QDs, although it is on the QD 

surface, and surfaces are known to be labile. Therefore, we suggest an alternative route 

of the Hg
2+

 reduction using methanol as a reducing agent instead of TOP (Equation 3.3). 

 

Equation 3.3. Reduction of Hg
2+

 using methanol and phosphonic acid as reducing agents. R = C14H29. 

 

As there is clearly cadmium still present in the final anisotropic nanomaterial as 

confirmed by mass spectrometry, it is proposed that this is a surface phenomenon, 

which corresponded with the TEM observation that the final anisotropic CdHgTe 

structures were slightly narrower than the diameter of the parent CdTe particles; CdTe 

QDs acted as a donor material in the reaction with mercury, causing a partial digestion 
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of CdTe QDs and the formation of HgTe-like species on the surface. The resulting 

HgTe then acted to “weld” surrounding particles together, leading to a series of 

anisotropic CdHgTe alloy structures. Figure 3.5 shows the schematic diagram of the 

molecular welding reaction of CdTe QDs with mercury cations.  

 

 

Figure 3.5. Schematic diagram of the molecular welding effect of CdTe QDs with Hg
2+

. It is 

suggested that the mercury cations reacted with the CdTe in two ways: (1) cation exchange reactions 

and (2) reduction of the Hg
2+

 by surfactant molecules.  

 

 

3.3 Optical Characterisation 

Figure 3.6 (a) shows the absorption spectra of CdTe QDs and CdHgTe alloyed 

nanoparticles after HgBr2 addition. An excitonic peak at 620 nm is clearly observed in 

the starting CdTe QDs, whilst the CdHgTe product exhibited a notable excitonic peak at 

780 nm. Whilst referring to the red-shift in the absorption peak, one might take into 

account the effect of particles aggregation or rod formation. When considering the 

optical red-shift in QDs, Gaponik et al. and Chen et al. reported 3D nanostructures 

where water-soluble CdTe nanoparticles aggregated, exhibiting a solid-like material.
170, 

171
 According to the reports, the optical characteristics of the original CdTe and CdTe 

self-assembly showed similar optical features with a slight broadening of the excitonic 
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peak shape in the case of the assembly. An optical red-shift can also be observed when 

highly anisotropic CdTe nanocrystals are formed, although not as significant as the shift 

reported in this work. For example, CdTe nanorods (<10 nm width and 40 nm length) 

have an excitonic peak at 715 nm and CdTe tetrapods (<10 nm core and <50 nm arms) 

have the peak at 730 nm. It should be mentioned that the resulting heterostructures from 

our work had a profoundly small width (< 5nm).
83, 221

 It is likely, therefore, that the 

large red-shift in the absorption peak in our heterostructure was caused by mercury 

incorporation and hence alloy formation rather than by simple aggregation of CdTe 

nanoparticles. Indeed, alloyed CdHgTe nanocrystals synthesised via aqueous routes 

were reported to have absorption peak around 800 nm,
172, 183

 whereas Smith et al. 

showed CdHgTe QDs in chloroform with a significant excitonic peak from 550 nm to 

900 nm, depending on reaction conditions, which were in good agreement with our 

CdHgTe particles.
222

 The red-shift in absorption spectra could be visually observed as 

the solution colour changed from the original yellow to dark brown immediately after 

the mercury cation addition (Figure 3.7).  

The emission spectra are shown in Figure 3.6 (b). The original CdTe solution exhibited 

strong narrow band edge emission, whereas the CdHgTe nanostructures displayed weak 

(<1% quantum yield) red-shifted band edge emission whose shape was slightly 

broadened. Additionally, it should be mentioned that the emission profile from this 

work would exclude the possibility of the trap emission of CdTe nanocrystals, which is 

typically much broader and generally located around 100 nm red-shifted from the 

original band edge emission.
223

 Again, the emission profile was consistent with 

previously reported CdHgTe nanoparticles.
183, 222
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Figure 3.6.  (a) Absorption spectra of CdTe QDs (grey) and CdHgTe nanoparticles (black). (b) 

Normalized emission spectra of CdTe QDs and CdHgTe nanoparticles (excitation wavelength = 450 

nm for CdTe, 500 nm for CdHgTe). 

 

 

Figure 3.7. Pictures of CdTe QDs and CdHgTe nanoparticles in toluene. 

 

3.4 Influences on Redox Potential of Metal Cations 

Whilst observing the nanoscale chemical transformations, the reactive natures of 

mercury cation - the relative softness and positive redox potential - have been 

mentioned. Figure 3.8 (a) shows a list of standard redox potentials of metal cations 

commonly used for nanomaterials synthesis. Metal cations such as Cd
2+

, Pb
2+

 and Zn
2+

 

have a more negative redox potential than Hg
2+

, and they can be regarded as less 

reactive oxidising agents. Hence, they are less likely to react with the surfactants at 

room-temperature, which was subsequently followed by the reaction with CdTe 
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nanoparticles. To investigate the possibility that these transformations were driven by 

the positive redox potential of the mercury cation, the addition of other metal cations to 

CdTe with analogous condition (Pb
2+

, Cd
2+

, Zn
2+

, Ag
+
 and Au

3+
) was explored in order 

to see the difference in the electronic and optical properties of the resulting materials 

(Figure 3.9). Addition of the Pb
2+

, Cd
2+

 and Zn
2+

 cations enhanced the emission spectra 

but did not change the position of either the emission or absorption spectra, unlike the 

addition of Hg
2+

 as shown in Figure 3.6. The result suggested that a coordination of the 

Pb
2+

, Cd
2+

 or Zn
2+

 to the particle surface occurred but no further change in internal 

electronic structure, whilst it is predictable that Cd
2+

 addition essentially does not cause 

any spectral shift – the cadmium cation was added simply to provide a baseline for a 

series of cation additions. Notably, if an alloyed CdZnTe, or pure ZnTe had formed, 

significant blue shift should be expected, which was not observed.  

Also, it should be noted that mercury cation has other redox modes which involve 

Hg(II) → Hg(I) and Hg(I) → Hg(0)
 
as indicated in Figure 3.8 (a). As all the redox 

potentials for the mercury cation have relatively positive redox potential (+0.8 to 0.85 

V), we used the redox reaction of Hg(II) → Hg
0
 (described as “Hg

2+
/Hg” in Figure 3.8) 

as a representative redox reaction for the mercury in this work, for the simplicity.  

 

Figure 3.8. (a) Standard electrode potential and (b) acid hardness of metal cations. Values of acid 

hardness in each metal cation were obtained from previously reported literature.
198
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Figure 3.9. Absorption and emission spectra of CdTe QDs reacted with some metal cations in the 

same manner as CdTe QDs with Hg
2+

 (a). Solid curves represent absorption spectra, whilst dashed 

curves represent emission spectra (emission was not observed for the products of the reaction with 

Ag
+
 and Au

3+
). Excitation wavelength = 450 nm. 

 

Addition of the Ag
+ 

and Au
3+

 which have positive redox potentials, however, resulted in 

a drastic change in the spectra, leaving no trace of the original excitonic peak of CdTe 

QDs, whilst all measurable emission was quenched from both materials. The structural 

configuration was then examined after the reaction CdTe QDs with either Ag
+
 or Au

3+
. 

Figure 3.10 (a) shows CdTe after Ag
+
 addition, maintaining a spherical morphology 

(diameter of 6.0 ± 1.2 nm), which was a slight enlargement when compared to the 

original CdTe QDs. The product resulting from Ag
+
 addition was identified as Ag2Te 

nanoparticles as confirmed by XRD (Figure 3.10 (b)). The absorption spectrum shown 

in Figure 3.9 was also similar to the previous report of cation exchange reactions using 

CdSe QDs and silver cation to produce Ag2Se nanoparticles,
106

 and was consistent with 

the absorption profile of Ag2Te nanoparticles prepared from other routes.
224

  

Au
3+

 addition to CdTe QDs resulted in an immediate formation of poorly soluble black 

material and this was reflected in the absorption profile, which was a featureless curve 

with absorbance throughout the measured spectrum range (Figure 3.9). The electron 
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micrograph showed a complex anisotropic nanostructure whose minimum dimension 

(<15 nm) was considerably larger than the original CdTe QDs (Figure 3.11 (a)). A 

similar morphology has been observed with gold nanowire capped with adenosine in 

aqueous solution.
225

 Additionally, XRD studies identified the product primarily as 

elemental gold, as shown in Figure 3.11 (b). These results clearly indicated that the 

chemical, optical and structural properties of the reaction product from CdTe QDs and 

extraneous metal cations are dependent on the reactivity, in this case redox potential, of 

the different cation species added.  

 

Figure 3.10. (a) TEM images of the products from the reaction of CdTe QDs and silver(I) cations. 

(b) X-ray diffraction pattern of the resulting nanoparticles. Miller indices for monoclinic Ag2Te were 

shown below. 

 

 

Figure 3.11. (a) TEM images of the products from the reaction of CdTe QDs and gold (III) cations. 

(b) XRD pattern of the resulting nanostructures. Miller indices for elemental gold (fcc) were shown 

below. 
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Interpretation from Redox Potential and HSAB theory 

The redox potential theory is also supported by observations in other reports that gold 

tips could be grown on CdSe nanorods at room-temperature (Au
3+

 + 3e
-
 → Au is +1.52 

V),
93

 whilst the transformations of CdS to Cu2S was also rapid at room-temperature 

(Cu
2+

 + 2e
-
 → Cu is +0.34 V).

107, 108
 In contrast, depositing PbSe tips on CdSe rods 

required mild heating due to Pb
2+

 having a relatively negative redox potential as can be 

seen in Figure 3.8 (a).
96

 In this work, the synthetic methodology of CdHgTe nanoalloys 

was inspired from the cation exchange reaction of CdS nanorods dispersed in toluene to 

Cu2S nanorods (within a second) using a copper salt in methanol. Likewise, the reaction 

system in this study involved toluene/methanol solution as a parent solution but using 

mercury bromide as an additive. The cation exchange reaction required vigorous stirring 

and an excess of mercury species relative to the CdTe QDs. Indeed, alternative methods 

such as stepwise addition of a methanolic mercury bromide solution into a CdTe 

QDs/toluene solution caused precipitation without any optical red-shift (Figure 3.12). It 

is suggested that stepwise addition of Hg
2+

 introduced only a small amount of the 

reagent to the CdTe QDs, which reacted with only the surfactant molecules instead of 

the CdTe itself, resulting in the subsequent aggregation due to a lack of surfactants. The 

resulting solution did not show any spectral shifting as the mercury cations were not 

incorporated into the particle’s solid state structure.  

 

 

 

Figure 3.12. Change in absorption spectra of CdTe QDs with stepwise addition of mercury stock 

solution followed by purification. 



67 
 

 

One of the most useful theories in cation exchange reactions is the hard soft acid base 

(HSAB) theory, in which harder acids preferentially bind with harder bases and vice 

versa, as shown in Figure 1.11. Also, the acid hardness of some metal cations is listed in 

Figure 3.8 (b). CdHgTe formation in this work can also be explained by such a 

hypothesis; Cd
2+

 is a harder acid than Hg
2+

 and in the solution containing methanol, the 

Hg
2+

 preferably binds to the Te component of the QDs, whilst Cd
2+

 tends to replace the 

Hg
2+

 and binds to the harder base, methanol. One problem in this theory, however, is 

that Hg
2+

 and Pb
2+

 have an almost similar hardness from Figure 3.8 (b) and one should 

expect, therefore, that Pb
2+

 when reacted with CdTe QDs would yield either PbTe or 

CdPbTe alloy particles in a similar manner to Hg
2+ 

addition. From a redox potential 

viewpoint, however, Hg
2+

 and Pb
2+

 are significantly different (Figure 3.8 (a)). Whilst 

the addition of Hg
2+

 had a distinct effect, the addition of Pb
2+

 did not appear to shift the 

absorption of emission spectra as one might expect. Apart from the redox potential, it is 

possible to explain that the low solubility of PbTe in CdTe may hinder alloy formation.  

The change in conformation after Ag
+
 and Au

3+
 cation addition can also be explained 

through redox potentials. Also, the conversion products might be affected by redox 

potential; the Au
3+

 addition (which has a more positive redox potential than either Ag
+ 

or Hg
2+

) resulted in materials mostly consisting of elemental gold. Mercury or silver 

cation addition did not cause total conversion to elemental mercury or silver, and 

instead resulted in an alloyed or compound structure or partial substitution in the 

composition. 

 

3.5 Application to Other Nanomaterials 

3.5.1 CdSe QDs 

The redox potential-driven nanoscale chemical transformations have been discussed so 

far with CdTe QDs and some metal cations. To further investigate whether the 

conformational evolution triggered by the metal cations addition was an intrinsic feature 

for CdTe QDs capped with TDPA and HDA, a similar quantum dot system (stearic 

acid/octadecylamine-capped CdSe QDs) was synthesised and reacted with mercury 

cations in the same manner (synthetic procedure is stated in Chapter 6.3.2). Figure 3.13 

(a) shows electron micrographs of monodispersed CdSe QDs (4.0 ± 0.6 nm) showing a 
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similar morphology to CdTe QDs. The micrograph after mercury cation addition, 

however, showed less obvious inter-particle connectivity, although each particle 

appeared to be attached to some extent from TEM images (Figure 3.13 (b) and (c)). 

Although several factors such as different surfactants, crystal structure and chalcogen 

ions need to be taken into account, it is possible that the mercury cation had a distinctive 

influence on the morphology of CdSe QDs and the molecular welding effect appeared 

to be applicable to other colloidal QDs with similar surface environments.  

Figure 3.14 shows absorption and emission spectra of the CdSe QDs before and after 

mercury salt addition, displaying the similar trend with CdTe QDs, in terms of 

absorption spectrum, where the excitonic peak and band edge in CdSe at 560 nm were 

broadened and red-shifted with a resulting excitonic peak at 660 nm. The emission peak 

which originated from CdSe QDs was almost completely quenched, and no significant 

emission was observed after mercury cation addition. Although little research has been 

done for the optical properties of CdHgSe nanoparticles to the best of our knowledge, 

Cd1-xHgxSe thin films (x = 0.3) were reported to show red-shifted absorption thresholds 

compared to pure CdSe thin films, which is consistent with the results in this work.
226

 

An additional systematic examination of the particle diameter and absorption peaks in 

the quantum dots provided by Yu et al. strongly suggested that the possibility of simple 

CdSe QDs having an absorption peak at 660 nm without any drastic size change was 

unlikely.
148

 Anisotropic CdSe nanorods, however, were known to have an absorption 

peak around 660 nm depending on their dimension (e.g. 25.7 nm × 5.7 nm rods).
84

 

Given the result from the micrograph, spectra, and the similarity to the case of CdHgTe 

formation described above, it is reasonable that the resulting optical change was caused 

by mercury cation addition rather than by CdSe-only morphological transformation. 

Hence, it is possible to refer to the resulting materials as CdHgSe nanoalloys. 

The XRD pattern for CdSe QDs are clearly assigned to wurtzite (hexagonal) CdSe and 

no distinct change can be observed after mercury cation addition (Figure 3.15). 

Importantly, most of the reflections for zinc blende HgSe are consistent with wurtzite 

CdSe, which presents a difficulty in analysing the crystal structure of the resulting 

CdHgSe nanoalloys. Also, the empirical formula of CdHgSe nanoalloys obtained by 

ICP-MS was Cd1.00Hg0.03Se0.91. The result indicated that less than 3% of the original 

CdSe particles was doped with mercury and was consistent with the XRD results, where 

no drastic change in diffraction peaks were observed. In terms of optical spectra, 

however, a small amount of mercury can lead to substantial red-shifts in optical 
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characteristics as Qian et al. observed in CdHgTe alloys, in which a 5% inclusion of 

mercury in CdTe QDs caused more than a 100 nm red-shift in emission.
183

  

 

 

Figure 3.13. TEM image of (a) CdSe QDs. (b) CdHgSe nanoalloys after the reaction with mercury 

bromide. (c) High resolution TEM image of CdHgSe nano alloys. 
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Figure 3.14. Optical properties of CdSe (grey curves) and CdHgSe (black curves), where solid lines 

show absorption whilst dashed lines indicate emission profiles. Excitation wavelength was 450 nm 

(CdSe) and 500 nm (CdHgSe). 

 

 

Figure 3.15. X-ray diffraction pattern of CdSe QDs (grey line) and CdHgSe nanoalloys (black line). 

Miller indices for wurtzite CdSe were shown below and Miller indices for zinc blende HgSe were 

indicated on the upper end of the graph. 
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3.5.2 CdSe Nanorods 

The chemical transformation triggered by mercury cation addition which converted 

cadmium chalcogenide nanoparticles into cadmium mercury chalcogenide nanoalloys 

was further explored using anisotropic nanocrystals. CdSe nanorods have a different 

morphology yet have approximately the same elemental composition as spherical CdSe. 

It is known that the nanorod formation could be driven by the different growth kinetics 

from the nanoparticle formation.
82

 Typically, the nanocrystal shape could be controlled 

by changing monomer concentrations and the type of stabilising agents. (e.g.  

phosphonic acid binds strongly to the CdSe surface than TOPO,
69

 which causes 

anisotropic growth in wurtzite CdSe) The CdSe nanorods (5.3 ± 0.8 nm by 15.4 ± 1.8 

nm, see Chapter 6.3.3 for detailed synthetic procedure), capped with TDPA and TOPO, 

are shown in Figure 3.16 (a) and (b). Although they were packed closely, CdSe 

nanorods appeared to be appropriately capped with surfactant molecules and hence 

separated with a specific distance (< 3 nm), which was consistent with the experimental 

observation in the previous report.
84

 The effect of mercury cation addition is shown in 

Figure 3.16 (c) and (d). The observed width and length of the rods were measured after 

mercury addition at 5.4 ± 0.9 nm and 13.4 ± 1.7 nm, around 2 nm shorter whilst keeping 

the width from the original CdSe nanorods. Additionally, one could observe a different 

trend in nanorods alignment. CdSe nanorods which reacted with the mercury cation 

were attached with the next nanorod on, possibly, a certain aspect of the rod; the 

nanorods preferentially attached through c-axis of the crystal, forming a series of end-

to-end structures. Figure 3.17 shows absorption and emission spectra of the CdSe 

nanorods before and after addition of the mercury cation. The absorption profile of the 

CdSe nanorods exhibited an absorption band edge at ca. 670 nm, which red-shifted by 

ca. 40 nm upon cation addition (Figure 3.17, inset), although the excitonic peak 

maintained the same position. The emission of CdSe nanorods was red-shifted after the 

mercury cation addition, resulting in a weak, broadened emission at 810 nm, suggesting 

incorporation of the mercury cation. From the absorption spectra, it is assumed that the 

resulting CdSe nanorods from mercury cation addition maintained their electronic states 

and did not obviously form alloyed particle, unlike the significant spectral change in 

absorption as can be seen in Figure 3.6. It is plausible that the mercury cations 

preferentially attached to the c-ends of the rods, possibly causing ligand 

detachment/etching of the material which leads to oriented attachment of each rod. This 
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is supported by the observation in other reports where CdSe nanorods/gold tip dumbbell 

structures retained the absorption peak of the CdSe nanorods at the same wavelength 

after addition of other metal cations.
93

  

Due to the intrinsic morphology of nanorods, applications in biological labelling 

experiments and chromospheres in light-emitting diode are envisaged, in preference to 

spherical nanoparticles.
81

   

 

Figure 3.16. TEM image of (a, b) CdSe nanorods. (c, d) Resulted nanomaterials after the reaction 

with mercury bromide.  
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Figure 3.17. Optical changes in CdSe nanorods (grey curves) and CdHgSe nanorods (black curves), 

where solid lines show absorption whilst dashed lines indicate emission profiles. Excitation 

wavelength was 450 nm (CdSe) and 500 nm (CdHgSe). (Inset) Magnified absorption spectra of 

CdSe/CdHgSe nanorods, showing a red-shift in absorption threshold. 

 

 

3.5.3 CdTe Tetrapods 

The mercury cation addition technique was applied to CdTe tetrapods, which were 

synthesised via an analogous procedure using different surfactant molecules (oleic acid, 

oleylamine and TOP). CdTe, in contrast to CdS, CdSe and ZnS, is known to favour the 

tetrapod shape growth mode due to an appropriate energy difference between two 

crystal structures (cubic and hexagonal structures); selective nucleation in the zinc 

blende (cubic) structure occurs whilst subsequent wurtzite (hexagonal) arms growth is 

also allowed at the elevated temperature.
83

 Tetrapods can potentially be applied to solar 

cells due to the inherent benefits such as the self-alignment on the surface and tuneable 

arm length/bandgap energy.
83, 85, 92

  

TEM images of CdTe tetrapods capped with oleic acid/oleylamine/TOP are shown in 

Figure 3.18 (a) (detailed synthetic procedure can be found in Chapter 6.3.4). The 

calculated core diameter and arm length were 6.9 ± 0.9 nm and 6.7 ± 0.7 nm, 
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respectively. Figure 3.18 (b) shows the CdTe tetrapods after mercury cation addition. 

No distinct nanocrystals attachment was observed unlike in CdTe QDs, CdSe QDs and 

CdSe nanorods. Also, the core diameter and arm length appeared to be almost the same 

as the original CdTe tetrapods. Absorption profiles, in contrast, showed spectral red-

shift after mercury cation addition. The excitonic peak of the original CdTe tetrapods 

was at 710 nm, whilst the peak shifted to 870 nm after the reaction, which suggested the 

modification of internal energy states by the addition of mercury. However, the lack of 

study on tetrapod-shaped CdHgTe nanocrystals hinders the mercury incorporation into 

CdTe. Therefore, further characterisation such as elemental analysis would be essential 

to confirm the possibility of the CdHgTe formation. Our experimental observation also 

indicated that the resulting nanostructures after mercury cation addition also had poor 

solubility in toluene, possibly due to the removal of surfactant molecules.  

 

 

Figure 3.18. TEM images of CdTe tetrapods (a) before and (b) after mercury cation addition. 
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Figure 3.19. Absorption spectra of CdTe tetrapods (grey line) and the adduct with mercury cation 

(black line).  

 

 

3.6 Conclusion 

In conclusion, CdHgTe nanoalloys with complex morphologies have been synthesised 

at room-temperature. The redox potential of the metal cation has been used as an 

indicator of reactivity and a possible explanation for CdHgTe anisotropic structure 

formation (“molecular welding effect”) was investigated. The addition of other cations 

such as Cd
2+

, Zn
2+

 and Pb
2+

 did not show any spectral shift from original CdTe solution, 

whilst Ag
+
 and Au

3+
 addition to a CdTe solution resulted in Ag2Te and Au formation. 

The redox potential and acid hardness were compared, which suggested that 

contribution of redox potential to the nano-conversion chemistry was extremely 

important.  

The procedure has been applied to CdSe QDs to produce alloyed materials with similar 

optical and structural characteristics to CdHgTe. CdSe nanorods were reacted with 

mercury cations in the same manner and the oriented attachment of the rods was 

observed. The reaction between tetrapod-shaped CdTe nanocrystals and mercury cations 

was examined, showing spectral red-shift but without distinctive structural change. 
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Chapter 4  

 

Colloidal CdTe/ZnS QDs Synthesis Using 

Molecular Single-Source Precursors 

 

4.1 Introduction 

As discussed in Chapter 1.3, a number of synthetic methodologies have been developed 

for colloidal QDs synthesis, which enable one to prepare monodispersed, high quality 

nanomaterials. Additionally, it is noteworthy that most of the synthetic methodologies 

for novel compound semiconductor QDs, particularly for II-VI semiconductors, have 

stemmed from the organometallic pyrolysis of molecular precursors in a hot organic 

solvent; typically, the procedure is described as the “TOP/TOPO method”, where a 

chalcogen precursor dispersed in TOP is reacted with a metal precursor in hot TOPO 

(up to 350 
○
C) as a coordinating solvent, leading to the formation of the QDs.

1, 28, 62, 64, 77
 

Despite being a sophisticated methodology, the TOP/TOPO method (or any other 

synthetic method using separate sources) has limitations because the nature of 

nanocrystal formation strongly depends on the reaction of two (or more) constituent 

precursors (monomers) with differing chemical properties and reactivities. The 

properties of each precursor (e.g. inherent purity, reactivity and stability) are critical 

factors, as subtle changes in reaction precursor conditions effect the morphology and 

optical properties of the nanomaterials; hence, difficulties in reproducibility.
227

  

An organometallic single-source precursor (SSP) is a compound having both metal and 

chalcogen atoms within a molecular structure.
228

 SSPs are regarded as benign 

precursors compared to separate precursors due to the nature of preformed ionic bonds 

between metal and chalcogen. Additionally, the use of SSPs can exclude unfavourable 

uncertainties arising from the dual-precursors system, where the quick injection of 

precursors at higher temperature and the subsequent diffusion-controlling nucleation are 

required.
227, 229, 230

 The prime application of SSPs is in thin film fabrication using metal 
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organic chemical vapour deposition, where SSPs for a variety of compound 

semiconductors have been synthesised in order to obtain homogeneous high quality thin 

films.
228, 231, 232

   

Molecular SSPs for colloidal nanomaterials have also been studied from the early stages 

of nanoparticle synthesis. SSPs with a M(ER)2 structure (M = Zn, Cd, Hg, E = S, Se, Te 

and R = short alkyl or phenyl group) were synthesised in the mid-1980s by Osakada et 

al. and Steigerwald et al.
74, 233, 234

 Steigerwald reported that Cd(SePh)2 when heated to 

reflux in 4-ethylpyridine yielded particle-like CdSe clusters with a distinctive excitonic 

peak.
75

 Subsequently, a systematic study using analogous SSPs based on M(EPh)2 was 

carried out by the same group, showing early evidence of nano-crystalline CdSe, CdTe 

and HgTe particles.
76

 Nevertheless, the synthesis of colloidal nanomaterials using these 

precursors appeared to be limited due to their polymeric nature and the difficulty in 

isolation of the resulting particles.
228, 235

 O’Brien and co-workers have prepared a 

number of SSPs and applied the precursors to colloidal QDs synthesis using the 

TOP/TOPO method. The group reported the synthesis of CdS, CdSe and ZnSe 

nanocrystals using molecular SSPs of metal dithio/diselenocarbamate and metal imino-

bis(diisopropylphosphine selenide) compounds, yielding colloidal II-VI nanocrystals 

with optical properties suggesting the quantum size effects.
236-241

 Other example 

includes Zn(TePh)2 and organometallic complexes such as [M10Se4(SPh)16]
4-

 (M = Cd, 

or Zn).
227, 242, 243

  

Whilst a number of cadmium chalcogenide nanocrystals such as CdS and CdSe have 

been prepared using SSPs, little is reported regarding the synthesis of CdTe 

nanocrystals using such methods. Synthetic challenges in tellurium-containing SSP may 

hinder further progress in CdTe-based material fabrication, despite an apparent 

chemical analogy between tellurium, sulfur and selenium. Early reports showed that 

Cd(TePh)2-1,2-bis(diethylphosphino)ethane (DEPE) complexes dissolved in 4-

ethylpyridine, when heated at 168 
○
C, resulted in nanoparticulate CdTe with an exciton 

peak at 600 nm.
76

 Other CdTe-based SSPs such as Cd[(TePiPr2)2N]2 have been used for 

thin films deposition.
231

  In the work reported in this thesis, a CdTe SSP was 

synthesised whilst referring to the previous literature and applied to current QDs 

synthesis using established solvent and ligand systems. The prepared CdTe QDs were 

then overcoated with a ZnS shell in order to obtain photo-stable, bright nanoparticles. 

Although several issues regarding quality and reaction mechanism still exist and need to 
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be addressed, the provided synthetic methodology is clearly advantageous in potential 

scale-up and hence in practical applications thereafter. 

 

4.2 CdTe SSPs Preparation 

To maximise the advantages of using molecular SSPs (e.g. scalability, safety and 

controllability), it is important that the CdTe SSPs also are prepared in an accessible 

way. In this work, Cd(TePh)2 was chosen as a single-source precursor for CdTe QDs 

(detailed synthesis is stated in Chapter 6.4.1). The synthetic procedure (as well as 

proton nuclear magnetic resonance (
1
H NMR) spectra) for Cd(TePh)2 was reported by 

Steigerwald et al.
234

 The group successfully achieved colloidal particle formation via 

pyrolysis of the precursor in a coordinating solvent, yielding quantum dot-sized CdTe 

colloids.
75

 The QDs prepared by this previous work were of poor quality. The particles 

had no reported emissive properties, possibly due to the solvent system used. The 

choice of correct ligands to passivate a QD surface is a key parameter, and we report 

here the utilisation of Cd(TePh)2 with a suitable passivating agent, yielding high quality 

particles. The synthesis of the precursor as reported by Steigerwald involved harmful 

starting materials such as dimethyl cadmium (CdMe2) (Equation 4.1).
234

  

 

 

Equation 4.1. Synthetic pathway of the CdTe SSP proposed by the previous literature.
234

 

 

Therefore, an alternative synthetic procedure avoiding the use of dimethyl cadmium is 

desired. The use of bis[bis(trimethylsilyl)amido] cadmium, Cd[N(SiMe3)2]2, towards the 

cadmium tellurolato complex, Cd(TePh)2 was achieved from commercially available, 

benign precursors.
244

 The Cd[N(SiMe3)2]2 formation is shown in Equation 4.2, where 

cadmium iodide (CdI2) and sodium bis(trimethylsilyl)amide, NaN(SiMe3)2, were reacted 

from -196 
○
C to room-temperature using liquid nitrogen, yielding a clear yellow liquid 

(Cd[N(SiMe3)2]2) and a white residue (NaI).
244
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Equation 4.2. Synthesis of the cadmium precursor. 

 

The resulting cadmium precursor was then reacted with phenyl tellurol (PhTeH) to give 

Cd(TePh)2. Due to the instable nature of tellurol, diphenyl ditelluride, (PhTe)2, was used 

instead and converted in situ to phenyl tellurol by an addition of NaBH4 in the mixture 

of cadmium precursor.
245

 The overall synthetic route can be described as in Equation 

4.3. Each chemical addition proceeded at liquid nitrogen temperature (-196 
○
C) to 

prevent undesired reactions, and after adding all the necessary precursors, the 

temperature was gradually increased to room-temperature with stirring.  

 

 

Equation 4.3. Synthesis of CdTe SSP provided in this work. 

 

After 1 hour of the reaction, a yellow precipitate (Cd(TePh)2) was observed in diethyl 

ether, in good agreement with experimental observations from previous reports.
74, 234, 244

 

Potential by-products such as diphenyl ditelluride and bis(trimethylsilyl)amine were 

removed via washing with warm toluene and diethyl ether. Analysis using inductively 

coupled plasma mass spectrometry (ICP-MS) of the purified SSPs gave an elemental 

ratio of Cd:Te = 1.22:2.00, which indicated the formation of Cd(TePh)2. However, mass 

spectrometry also showed that strong signals arose from Na and B. These signals can be 

associated with the residue from NaBH4. The resulting Cd(TePh)2 was readily dissolved 

in coordinating solvents such as N,N-dimethylformamide (DMF), pyridine and dimethyl 

sulfoxide (DMSO). Re-crystallisation of Cd(TePh)2 in DMF yielded yellow needle-like 

crystals, which were then characterised using 
1
H NMR (detailed descriptions are 

outlined in Chapter 6.4.2). 
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4.3 Synthesis of CdTe QDs from SSP 

CdTe QDs were then synthesised using the Cd(TePh)2 as a precursor (detailed reaction 

procedure is outlined in Chapter 6.4.3). As a growing number of synthetic procedures 

towards QDs have been reported in the last decade, an extensive choice of solvents and 

surfactant molecules are now available to obtain the desirable characteristics of QDs. In 

this study, TOP was first used to coordinate and stabilise the CdTe SSP, as phosphines 

are often thought to be efficient ligands for organometallic compounds. Typically, an 

excess of TOP (>50 times more than Cd(TePh)2 by molar ratio) was mixed with the 

CdTe SSP under an inert atmosphere and sonicated in an ultrasound bath until the 

yellow colour from Cd(TePh)2 faded, giving a clear solution. A similar phenomenon 

was reported by Jun et al., in which pale-yellow coloured Zn(TePh)2 turned to 

colourless after formation of a Zn(TePh)2-tetramethylethylenediamine complex.
243

 After 

removal of insoluble precipitates by centrifugation, a transparent colourless solution of 

Cd(TePh)2-TOP was obtained (Figure 4.1).  

 

 

Figure 4.1. Pictures of (a) Cd(TePh)2 powder after washing with anhydrous ether and toluene, (b) 

Cd(TePh)2 dissolved in TOP, after sonication and centrifugation. 

  

The prepared Cd(TePh)2-TOP was then injected into degassed oleylamine (OAm) at 

room-temperature. The solution at room-temperature was gradually increased (ca. 10 

○
C/min) up to 210 

○
C, and the solution displayed a light-yellow colouration at 120 

○
C, 

followed by a red-shift in solution colour. The observed colour change suggested the 

formation of nuclei of CdTe QDs, which is described by this reaction: 
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Equation 4.4. Pyrolysis of Cd(TePh)2. 
74

 

 

The obtained absorption spectra are shown in Figure 4.2, showing a gradual red-shift in 

the absorption profiles. Quantum size effects can be seen from the spectra where the 

absorption onset was shifted from 530 nm to 680 nm as the band gap energy becomes 

smaller as the particle size increases. Additionally, the half width at half maximum 

(HWHM) of the excitonic peaks, which were determined from the centre of absorption 

peak to the half value of the absorbance in lower energy, were investigated, showing 

that the HWHM of the absorption profile of CdTe QDs after 10 minutes of the reaction 

was 18 nm, whilst that of the sample after 55 minutes of heating was 35 nm. (HWHM 

was used instead of the full width at half maximum (FWHM) as absorption peaks in 

Figure 4.2 were asymmetric and the FWHM could not be obtained from the given 

spectra.) The single observable excitonic peak present throughout the reaction and wide 

excitonic HWHM in larger particles can be comparable to thiol-stabilised CdTe QDs 

synthesised in aqueous solution, where the Ostwald ripening process is the major 

driving force in particle growth.
156, 246

 It is reasonable that QDs formation using the 

SSPs has a similar growth dynamics to thiol-stabilised aqueous routes as Cd-Te clusters 

are thought to be formed already (or instantly) in the solution at lower temperature, 

where thermodynamics then dominate the particle growth, in contrast to diffusion-

controlling growth dynamics achieved by slow decomposition of metal precursor such 

as TDPA-Cd in hot solvent.
62, 149
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Figure 4.2. Absorption transition observed during CdTe QDs growth. 

 

The resulting CdTe QDs showed a tuneable emission wavelength dependant on the 

particle size (Figure 4.3 (a)). It is possible to control the emission wavelength 

continuously from 528 nm to 664 nm. Figure 4.3 (b) and (c) show the temporal 

evolution of photoluminescence quantum yield (PL QY) and FWHM of emission 

profiles at each reaction stage. The PL QY of CdTe QDs prepared through the SSPs 

route changes depending on peak wavelength and the maximum PL QY (18 %) was 

recorded in the sample with an emission peak at 641 nm. The obtained PL QY was not 

as high as other CdTe QDs, with PL QY typically up to 70%.
149, 152, 156

 The FWHM of 

the emission profile was in good agreement with the CdTe QDs prepared via the 

aqueous routes, where the values started from as low as 35 nm and increased above 50 

nm as the particles grew, 
156, 246

 whilst CdTe QDs prepared by the organometallic route 

gave smaller FWHM below 30 nm.
149

 Despite this, it is possible to improve the quality 

of the CdTe QDs through the SSPs route by the optimisation of reaction condition and 

post-synthetic treatment, such as size selective precipitation. Figure 4.4 shows pictures 

of purified CdTe QDs in toluene under ambient condition and excitation at 365 nm, 

confirming their notable fluorescence. Given the optical characteristics, Cd(TePh)2 

could be successfully used as an alternative to the conventional dual precursors system 

for the synthesis of colloidal CdTe QDs. 
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Figure 4.3. (a) Changes in emission spectra during CdTe growth, (b) evolution of quantum yield  and 

(c) FWHM of the emission profile. Each plot represents the sample 1) 10 minutes, 2) 11 minutes, 3) 

12 minutes, 4) 13 minutes, 5) 15 minutes, 6) 20 minutes, 7) 30 minutes and 8) 55 minutes after 

heating. Excitation wavelength = 500 nm.   
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Figure 4.4. Images of CdTe QDs prepared from SSPs (a) under room light and (b) excitation at 365 

nm. Each vial represents the sample prepared 1) 12 minutes, 2) 13 minutes, 3) 15 minutes, 4) 20 

minutes, 5) 30 minutes and 6) 55 minutes after heating.  

 

The elemental ratio of the resulting CdTe QDs has been investigated using ICP-MS, 

showing Cd:Te = 1.00:0.74. The Cadmium content exceeded the tellurium content in 

contrast to the elemental ratio in Cd(TePh)2. The result was in good agreement with 

other reports, where elemental analysis by energy-dispersive X-ray spectroscopy (EDX) 

gave Cd:Te = 1.0:0.7-0.8.
247, 248

 Furthermore, the resulting cadmium concentration 

calculated from ICP-MS showed close values to theoretical value given by the mass of 

Cd(TePh)2 used in the reaction. The fact indicates that most of the Cd(TePh)2 in 

solution was successfully consumed to form CdTe QDs with a preferable reaction yield. 

For example, 100 mg of Cd(TePh)2 (0.19 mmol) resulted in 3.3 nm CdTe QDs solution 

containing 0.14 mmol of cadmium (73.7 % reaction yield), from the calculation 

explained in Appendix A.
148

 In contrast, the organometallic dual-precursor procedure 

described in Chapter 3 gave a limited reaction yield; 0.2 mmol of CdO produced 3.9 nm 
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CdTe QDs solution containing only 0.034 mmol of cadmium contents (17% reaction 

yield).  

 

4.4 Formation of CdTe/ZnS Core/Shell QDs 

As interest in the application of colloidal QDs favours biological imaging, it is 

important to suppress unfavourable effects arising from the nature of cadmium-related 

materials. Therefore, a ZnS shell deposited on a core surface - one of the best known 

synthetic treatments of colloidal QDs systems – was investigated (detailed reaction 

procedure is stated in Chapter 6.4.4). To further simplify the reaction procedure, a SSP 

was used as a ZnS source. In this study, zinc diethyldithiocarbamate (ZnDDTC2), whose 

chemical structure is depicted in Figure 4.5, was used as a SSP. 

 

Figure 4.5. Chemical structure of ZnDDTC2.  

 

ZnDDTC2 is a common dithiocarbamate and used extensively as a precursor for thin 

film deposition due to its stability.
228

 The use of ZnDDTC2 for the shell formation on 

colloidal nanoparticles was also reported by several groups. Particularly, CdSe/ZnS, 

CdTe/CdSe/ZnS and CdS/ZnS QDs have been achieved using ZnDDTC2 and the 

resulting QDs showed enhanced/photo-stable fluorescent characteristics.
177, 249, 250

 The 

rationale for the use of ZnDDTC2 in this work is; (i) air stability and ease of handling, 

(ii) viability of shell deposition as proven by several researchers, and (iii) commercial 

availability and cost. The reaction mechanism of ZnS deposition is known to be as 

follows (Equation 4.5):
228

 



86 
 

 

Equation 4.5. Pyrolysis of ZnDDTC2 under vacuum condition to form ZnS.  

 

whilst another reaction route is proposed in the presence of primary amines (Equation 

4.6).
249, 251

  

Equation 4.6. ZnS formation by the thermal decomposition of ZnDDTC2 in the presence of primary 

amines.  

 

In a typical synthesis of CdTe/ZnS QDs, CdTe QDs (emission peak at 610 nm, 

absorption exciton peak at 557 nm) were precipitated by methanol and re-dispersed in 

hexane, and then mixed with degassed oleylamine (OAm). To the QDs solution at 90 
○
C, 

the ZnDDTC2 dissolved in TOP was added and the temperature was increased to 

deposit the ZnS shell. The amount of ZnS SSPs added was calculated so that only one 

layer of ZnS should deposit on the CdTe surface (see detailed calculation process in 

Appendix B). The original clear red colour turned slightly cloudy due to the addition of 

the less soluble ZnDDTC2, then a distinct brown colouration was observed upon heating 

at 130 
○
C presumably due to the thermal decomposition of ZnDDTC2 with amines 

(Equation 4.6). The solution was stirred at 180 
○
C for 20 minutes and cooled to 100 

○
C. 

The solution was ready for a second addition of ZnDDTC2 and the same process was 

repeated six times to ensure sufficient ZnS was formed. The procedure mentioned above 

is described as “thermal-cycling using single-source precursors” inspired from the work 

of Chen et al. reporting the CdS/ZnS QDs formation using ZnDDTC2.
250
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Figure 4.6 shows absorption spectra of the resulting CdTe/ZnS QDs solution after 

purification. Although the excitonic peak at 570 nm became less pronounced after each 

shell addition, there was no significant spectral red-shift observed, which is thought to 

be a common phenomenon in CdTe/ZnS synthesis.
153, 173

 It should be mentioned that the 

absorption threshold also became unclear due to the difficulty in separating pure 

CdTe/ZnS QDs from reaction solution: purified QDs still showed a slight cloudiness in 

solution and this contributed to the shape of the resulting absorption spectra.  

 

 

Figure 4.6. Absorption spectra during the ZnS shell deposition on a CdTe surface. 

 

The emission spectra of the resulting CdTe/ZnS QDs were also studied (Figure 4.7 (a)). 

No observable change in fluorescence wavelength was seen, as can be expected from 

the absorption spectra. Figure 4.7 (b) shows the change in fluorescence intensity at each 

ZnS shell deposition stage, indicating a rapid decrease in fluorescence intensity after the 

first ZnS addition. The intensity then gradually increased and decreased at the point of 

4th shell addition, which is well known behaviour in core-shell QDs synthesis where the 

quantum yield declines after several monolayers of shell formation. The decrease in 

emission intensity can partly be explained as a result of the unwanted nucleation of ZnS 

nanoparticles and by-products. Figure 4.8 shows the emission spectrum of CdTe/ZnS 

(6th shell addition) excited at shorter wavelength (350 nm). The spectrum showed 

emission peak at higher energy (ca. 420 nm), which indicated the presence of other 
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chemical species in the solution (e.g. ZnS nanoparticles), affecting the fluorescence 

quality of CdTe/ZnS QDs. Whilst it is necessary to investigate the underlying surface 

chemistry to obtain improved optical properties, it is also important to consider that the 

correct shell precursor needs to be chosen and that subtle difference in reaction 

conditions can result in insufficient shell deposition or a drop in emission.
153, 177

 For 

example, Smith et al. reported emission quenching of CdTe QDs after an addition of Zn 

and S source equivalent to 1 monolayer (ML), whilst 0.5 ML shell addition achieved 

improved emission. Also, Zhang et al. observed successful shell deposition using 

ZnDDTC2 but failed to deposit a ZnS shell using a dual precursors system with zinc 

carboxylate and elemental sulfur. Optimisation of the ZnS shell deposition is currently 

being investigated.  

 

 

Figure 4.7. (a) Changes in emission spectra of CdTe QDs at each ZnS shell deposition (excitation 

wavelength = 500 nm). (b) Relationship between emission intensity and reaction stage.  
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Figure 4.8. Emission spectrum of CdTe/ZnS QDs (6th ZnS shell addition) after purification. The 

excitation wavelength was 350 nm. 

 

The structural characterisation of the resulting CdTe/ZnS QDs is shown in Figure 4.9. 

TEM images of CdTe QDs before and after ZnS addition are shown in Figure 4.9 (a, b). 

The CdTe QDs appeared to be spherical, although clearly aggregated on the grid 

making it difficult to identify individual nanoparticles. The observed aggregation could 

be explained by the lower coordinating capability of primary amines as ligands.
63, 252

 

Particularly, it has been reported that two to three purification steps by precipitation 

with non-solvents caused almost complete removal of hexadecylamine from the surface 

of CdSe QDs.
69

 It is therefore reasonable to assume that the same effect occurred on our 

nanoparticles given the similarity in the system. Hence, the surface of the CdTe QDs 

when lacking sufficient ligands became highly susceptible to aggregation as can be seen 

in Figure 4.9 (a). The electron micrograph of CdTe/ZnS QDs can be seen in Figure 4.9 

(b). Although individual particles could be observed, rod-like materials were also 

observed, adjacent to the spherical particles. Figure 4.9 (c) shows the size distribution of 

obtained CdTe and CdTe/ZnS QDs calculated by measuring approximately 150 

particles for each sample. The average diameter of each sample is 3.1 ± 0.9 nm for 

CdTe and 3.7 ± 0.7 nm for CdTe/ZnS QDs. Given the amount of ZnS precursor added 

(4ML equivalent) and estimated thickness of monolayer of ZnS (0.31 nm), theoretical 

prediction of the diameter of CdTe/ZnS QDs would be 5.6 nm. There is a substantial 

difference between obtained and estimated diameter on CdTe/ZnS QDs and this is 

possibly due to an insufficient deposition of ZnS on the CdTe surface and unwanted 

nucleation of ZnS clusters.  
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Figure 4.9. TEM images of (a) CdTe QDs prepared from SSPs and (b) CdTe/ZnS QDs after the 4th 

addition of ZnDDTC2. (c) Size distribution of CdTe QDs and CdTe/ZnS QDs based on the TEM 

images.  

 

The crystal phase of the resulting QDs was studied using X-ray diffraction (XRD) 

analysis. Figure 4.10 shows the XRD patterns of CdTe QDs and CdTe/ZnS QDs 

prepared from SSPs. The patterns showed a phase transition of the QDs after shell 

deposition; whilst CdTe QDs indicates a zinc blende (cubic) structure, CdTe/ZnS QDs 

clearly shows the characteristics of wurtzite (hexagonal) ZnS. From the fact that the 

peak at 24
○
 (2θ) of the original CdTe QDs completely disappeared after the shell 

formation, we can conclude that the internal crystal structure of the CdTe core was 

affected by the ZnS shell formation, rather than maintaining the structure. It is 

somewhat unusual, as other reports using ZnDDTC2 showed that XRD patterns after 

ZnS deposition were predominantly zinc blende structure;
177, 250

 the formation of 
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wurtzite ZnS is less common compared to zinc blende ZnS. There are a limited number 

of papers showing the XRD patterns of wurtzite ZnS nanocrystals, where, for example, 

diethyl zinc/bis(trimethylsilyl)sulfide, or zinc ethylxanthate were decomposed in 

organic solvents.
100, 253, 254

 It is possible that the crystal structure of a ZnS shell does not 

only depend on the type of precursors; other factor such as core crystals, reaction media, 

temperature and surfactants also affect the final crystal structure. It is also possible that 

the XRD pattern is from separate ZnS nanoparticles not on the CdTe core (i.e. 

individual particles). However, we would expect the pattern from the core particles to 

still be visible, which is not the case.  

 

 

Figure 4.10.  XRD patterns of CdTe QDs (grey curve) and CdTe/ZnS (4th shell deposition) QDs 

(black curve) prepared from SSPs. Millar indices for zinc blende CdTe (bottom) and wurtzite ZnS 

(top) are included as references.  

 

 

4.5 Examination of Reaction Parameters 

Table 4.1 shows a list of changes in reaction condition and their outcomes for the 

synthesis of CdTe QDs. Other reaction conditions were the same as those described in 



92 
 

Chapter 4.3 unless noted. As discussed in many previous studies, solvents and capping 

agents are major factors for particle growth. Whilst long alkyl amines such as 

hexadecylamine (HDA) had virtually the same effect as oleylamine (OAm), carboxylic 

acids and phosphonic acids caused negative effects on the optical properties of QDs. 

Cd(TePh)2-TOP was injected in OAm at 230 °C (hot injection) to compare to the 

conventional TOP/TOPO method. The solution colour changed immediately after 

injection and the emission wavelength reached 650 nm within 10 seconds of the 

injection, which indicated the rapid particle growth at high temperature.  

 

 

Table 4.1. List of reaction conditions used to synthesise CdTe QDs from CdTe SSPs and the optical 

properties of the resulting products with additional comments. (RT = room-temperature, PL = 

photoluminescence) 

 

The influence of reaction parameters on the synthesis of CdTe/ZnS was also 

investigated. Table 4.2 shows conditions for the synthesis of CdTe/ZnS QDs using 

different solvents, shell precursors and reaction temperatures. Several reports suggested 

that successful deposition of a ZnS shell on a CdTe core gave optical red-shifting with 

significant enhancement in emission efficiency.
153, 173

 However, none of the reactions in 

this work gave similar result, causing either a decrease in the emission intensity or an 

optical blue-shift. Although further study is necessary, the decrease in emission 

efficiency suggested undesired Ostwald ripening of CdTe and/or an insufficient ZnS 
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shell formation, whereas an optical blue-shift strongly indicated etching of the CdTe 

surface.  

 

 

Table 4.2. CdTe/ZnS QDs synthesis in different shell growth conditions (solvents, precursors and 

temperatures) and resulting emission changes with some additional comments. The last method was 

referred from the previous report of CdSe/ZnS QDs.
249

 

 

 

4.6 Conclusion 

A molecular single-source precursor, Cd(TePh)2, was prepared using a modified 

procedure utilising relatively stable starting materials. Colloidal CdTe QDs were 

synthesised in oleylamine using Cd(TePh)2 coordinated with TOP. The resulting QDs 

showed quantum size effects and their particle size could be controlled by changing 

reaction times to produce the QDs emitting from green to red. The QDs showed the 

highest quantum yield of 18% (emission peak of 647 nm). The mechanism of particle 

growth and the optical characteristics recorded in this study were comparable to thiol-

capped CdTe QDs prepared in aqueous solution. The SSPs for ZnS, ZnDDTC2, has 

been used to deposit a ZnS shell on a CdTe core. The overall fluorescence intensity 

decreased as the ZnS shell formed. TEM results showed spherical particles of both 

CdTe and CdTe/ZnS QDs having diameter of 3.1 ± 0.9 nm and 3.7 ± 0.7 nm, 

respectively. The structural study indicated a less effective ZnS shell formation on CdTe. 

An XRD study suggested that a phase transition occurred after ZnS shell deposition on 

a CdTe core, showing the characteristics of less-known wurtzite ZnS. The synthesised 

Cd(TePh)2 showed excellent potential as an alternative precursor for CdTe QDs 
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synthesis, whilst the optimisation of optical characteristics and the stability of 

CdTe/ZnS QDs are currently underway.  
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Chapter 5  

 

Phase Transfer of QDs Using Hydrophobins for 

Cell Imaging 

 

5.1 Introduction 

Fluorescent labelling (e.g. cell/tissue imaging, biodistribution mapping) is one of the 

primary interests in colloidal semiconductor QDs, and considerable progress in 

converting inorganic nanoparticles into biocompatible robust fluorophore for extensive 

biological work has been reported in the past decade and a half.
72, 255-257

  The favourable 

optical characteristics of semiconductor QDs, such as tuneable emission, high 

photoluminescence quantum yield (PL QY) and photo-stability, could provide distinct 

advantages over conventional dyes for fluorescent imaging applications.
127, 258

 However, 

the synthetic nature of commonly used monodispersed QDs dictates that most of as-

prepared colloidal QDs have a hydrophobic surface, which would hinder further 

biological applications in aqueous environments. Two options are suggested in order to 

address the problem: altering the reaction medium to an aqueous solution (“aqueous 

synthesis”) as discussed in Chapter 2, or modifying the hydrophobic surface to 

hydrophilic (“phase transfer”). Considering the former option, the synthesis of water-

soluble (typically thiol-capped) QDs has been extensively studied because the method is 

simple and can provide particles which can be readily used in biological applications,
156, 

160, 246
 although poor morphology would still need to be addressed.

259
 Whilst several 

synthetic steps are necessary, the latter option can circumvent the problems which arise 

from the aqueous synthesis by using robust, bright and high quality QDs (e.g. CdSe/ZnS 

QDs) as a starting material.  

The significance of the surface modification of hydrophobic QDs was originally 

described by the work of two research groups in 1998,
118, 119

 and important 

breakthroughs have been reported by other groups afterwards.
258, 260-262

 In all studies, 
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researchers have overcome the sensitive nature of surface chemistry and succeeded in 

retaining the strong emission of the QDs, despite the fact that emission from colloidal 

QDs can be easily quenched. The surface modification of the colloidal QDs can be 

further subcategorised; ligand exchange and surface encapsulation (Figure 5.1). The 

ligand exchange is a post-synthetic treatment where hydrophobic surfactants are 

replaced with hydrophilic alternatives, whereas the surface encapsulation is a process to 

cover the hydrophobic surfactants with amphiphilic molecules. These processes have 

their own advantages, depending on their possible applications. For example, the ligand 

exchange generally requires only simple steps (typically mixing with an excess amount 

of hydrophilic surfactants and stirring for a couple of hours to a day), hence is 

reproducible and a number of reports described this method in imaging studies.
131, 164, 166, 

176, 177, 189
 However, the QDs covered with hydrophilic ligands, typically short alkyl 

thiols, which are less stable, are known to be cytotoxic in some studies, and the process 

is also known to quench emission.
163, 166

 Therefore, additional surface treatment (e.g. 

silica coating, polymer coating) will be required for practical applications.
118, 134, 263

  

Recently, polyethyleneimine (PEI) was found to be a useful ligand exchange agent.
261, 

264
 The resulting QDs-PEI-polyethylene glycol (PEG) conjugates were biologically 

stable and showed endosomal disruption. Also, a novel ligand exchange strategy using 

metal chalcogen complexes has been reported, describing a versatile method for 

dissolving nanoparticles in various solvents whilst keeping their optical and structural 

properties,
262

 although the usefulness in biological imaging is yet not fully realised.
265-

267
  

Alternatively, the surface encapsulation techniques using synthetic amphiphilic 

molecules have been developed to maintain the optical properties of QDs for biological 

applications. The amphiphilic molecules can be phospholipids,
173, 258, 268

 poly(styrene 

co-maleic anhydride),
269

 and multidentate molecules.
259, 270, 271

 Also, electrostatic 

interaction is proven to form an additional surrounding layer.
272

 In addition to 

converting the polarity of the QD’s surface, additional functionalities can be added by 

attaching other molecules or functional groups on the outer layer of the amphiphilic 

molecules. For example, PEG is commonly known to prevent non-specific adsorption 

inside the biological entity.
258

  

In this work, hydrophobins (amphiphilic proteins) were used as a phase transfer agent 

for colloidal QDs, from organic to aqueous solvent. Hydrophobins are small proteins 

consisting of approximately 100 amino acid residues, originated from filamentous fungi. 
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The prime function of the protein is lowering the surface tension of materials, allowing 

them to escape an aqueous environment and to enhance their dispersion capability in 

air.
273

 Because of the amphiphilic nature of the protein, it is hypothesised that the 

hydrophobic moiety of the hydrophobins interacts with the surface of hydrophobic QDs 

to form hydrophobin-QDs bioconjugates. Furthermore, the biocompatibility of the 

protein could prevent non-specific binding, as well as providing stability against pH and 

ionic salts arising in biological media.
274

 In this study, CdTe/ZnS QDs were synthesised 

in organic media and the phase transfer reaction using hydrophobins was examined. 

Because of their versatility, biocompatibility and simplicity, hydrophobins are an 

attractive phase transfer agent for inorganic nanomaterials in biological applications. 

 

 

Figure 5.1. Schematic diagram of two phase transfer reactions of hydrophobic QDs. 
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5.2 Characteristics of Hydrophobins 

Although the protein sequence differs between originating organisms, hydrophobins 

typically have eight cysteine residues in a specific pattern in its sequence, which 

contributes to the hydrophobin’s specific characteristics and structural robustness.
275

 

Early studies showed that hydrophobins can be further divided into two classes 

depending on genetic patterns: class I and class II. The sequences could be classified 

based on the occurrence of hydrophilic and hydrophobic amino acid residues in the 

protein sequence via their hydropathy plots.
276, 277

 These proteins have significant 

differences in solubility and polymeric structure, whilst maintaining their amphiphilic 

nature. Class I hydrophobins  are stable proteins with relatively large molecular masses 

compared to class II hydrophobins and form highly insoluble aggregates in aqueous 

solution (typically rod-like aggregations).
275, 278

 In addition, the proteins have a higher 

stability versus solvents and detergents.
273

 Class II hydrophobins have lower molecular 

mass of less than 10 kDa and are easily dissolved at high concentration.
274

  

The hydrophobin used in this work was obtained as a commercial product named 

H*Protein B from BASF. The H*Protein B is a recombinant protein consisting of 

hydrophobin DewA (A. nidulans) and the 40 N-terminal amino acids of yaaD with a 

molar mass of 18.8 kDa.
273

 The protein is classified as a class I hydrophobin and 

showed reasonable similarity to other class I hydrophobins in oligomerisation and 

emulsification properties. (As the company does not provide the product based on class 

II hydrophobins, we used the class I hydrophobins as a phase transfer agent.) The 

H*Protein B showed characteristic protein self-assembly-type behaviour depending on 

concentration, ionic strength, surfactants and temperature. Figure 5.2 shows the number 

distribution versus hydrodynamic diameter taken by dynamic light scattering (DLS). 

The peak at 15 nm disappeared after dilution, whereas the peak at around 1.5 nm 

increased and became narrower. This behaviour can be explained as self-assembled 

hydrophobins exhibited agglomerated structures at the beginning of dilution, which 

gradually dis-assembled to lower sized structures, which is in good agreement with 

other experimental observations.
273

 The final hydrodynamic diameter calculated from 

DLS result was 1.2 nm ± 0.2 nm, which is a close value to the hydrodynamic diameter 

of H*Protein B diluted 100 times and stored at 4 
○
C over a day (1.3 nm ± 0.3 nm).  
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Figure 5.2. Number distribution of 150 µL H*Protein B solution diluted with 3mL deionised water, 

measured  initially  (blue), 10 minutes (green), 20 minutes (orange) and 30 minutes (red) after the 

dilution. 

 

 

5.3 Preparation of Water-soluble Hydrophobin-CdTe/ZnS QDs 

Many studies have focused on the hydrophobin’s capability of altering the polarity of 

surfaces, converting hydrophobic surfaces to hydrophilic or vice versa. Potential 

envisaged applications by surface modification with hydrophobins are drug delivery,
274, 

279
 biosensing,

280
 lithographic processing,

281
 and surfactants.

273, 282, 283
 Particularly, 

Linder and co-workers have published several studies, suggesting the application of 

hydrophobins as phase transfer agents in material sciences. For example, the 

hydrophobic surface of single-walled carbon nanotubes (SWCNTs) was covered with 

class II hydrophobins to induce dissolution in water, in addition to conjugation with 

gold nanoparticles (Au NPs) forming SWCNT-hydrophobin-Au NPs 

bioconjugations.
284

 The group also applied the analogous procedure to solubilise 

graphene sheets in aqueous solution.
285

 Therefore, it is reasonable to assume that surface 

modification using hydrophobins can be applied other nanomaterials such as QDs.  

For the phase transfer experiments, oleylamine (OAm)-capped CdTe/ZnS QDs with a 

ZnS thickness of 6 monolayers (theoretical value) were synthesised and used as starting 
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nanomaterials, following a previously reported procedure with some amendments 

(detailed synthetic procedure can be found in Chapter 6.5.1).
153

 The resulting CdTe/ZnS 

QDs had a narrow emission profile at 659 nm with a FWHM of 29 nm, indicating a 

good mono-dispersity. For the phase transfer, H*Protein B solution (50 mg/mL) was 

diluted 20 times in deionised water, sonicated with an ultrasonic bath for a minute to 

ensure protein dispersion. To 2 mL of protein solution, 50 μL of concentrated 

CdTe/ZnS QDs/hexane solution (concentration assumed to be up to 5 μM)
148

 was added, 

followed by sonication again (5 minutes). The water/hexane mixture was subsequently 

emulsified to a stable cloudy solution, and the solution retained bright 

photoluminescence under UV excitation (365 nm) (Figure 5.3).  See Chapter 6.5.2 for 

more detailed reaction procedures. 

Hydrophobins are known to be robust and it is unlikely that sonication affected the 

structure. For example, it is suggested that the class II hydrophobin keeps its secondary 

and ternary structure after exposure to sodium dodecyl sulfate, a compound routinely 

used to denature proteins.
282

 In addition, ultrasound treatment has been applied in some 

phase transfer reactions using both class I and class II hydrophobins, showing no 

evidence of protein unfolding.
280, 284, 285

 Despite the H*Protein B having minor 

differences from these proteins in the amino acid sequence, it is possible that the 

H*Protein B kept its structure after ultrasound treatment in our study, given the 

functional similarity provided elsewhere.
273

  

 

 

Figure 5.3.  As-prepared hydrophobin-CdTe/ZnS QDs solution under room light (left) and UV lamp 

excitation (365 nm, right).  
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After the phase transfer reaction, it was observed that the initial cloudiness gradually 

cleared to over three hours storage, although the solution after standing overnight still 

retained turbidity to some extent. The gradual fading of the cloudiness can be explained 

as a result of the hydrophobins’ slow dynamic transition and the reorganisation of 

micelles in solution. Figure 5.4 (a) shows absorption and emission spectra of 

hydrophobin-CdTe/ZnS QDs which were isolated via filtration (11 µm cut-off). The 

absorption profile clearly indicated characteristics associated with the original 

semiconductor QDs and there was no significant change from original hydrophobic 

CdTe/ZnS QDs (Figure 5.4 (b)) except a small back ground absorbance which arose 

after the phase transfer, presumably due to the turbidity of the solution. Additionally, 

emission profile after the phase transfer was almost unchanged with the emission peak 

at 662 nm with a FWHM of 30 nm. The emission efficiency was decreased (about a 

half), although direct comparison is difficult because of the cloudiness. The decline of 

emission efficiency is a phenomenon often observed in phase transfer in ligand 

exchange reaction, whilst not in surface encapsulation.
177, 261, 269, 270

 This small 

quenching suggests that the exciton from the QDs is not completely isolated from the 

outer environment, even though the CdTe is coated with a ZnS shell and a hydrophobic 

layer.  

 

 

Figure 5.4. (a) Absorption and emission spectra for hydrophobin-CdTe/ZnS QDs (excitation 

wavelength = 550 nm). Grey lines show absorption spectra (scale on the left side), whilst black lines 

indicate emission spectra (scale on the right). (b) Optical spectra of CdTe/ZnS QDs before phase 

transfer. 
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Figure 5.5 (a, b) shows TEM images of hydrophobin-CdTe/ZnS QDs. The nanoparticles, 

which are assumed to be CdTe/ZnS QDs, can be observed in both micrographs. Also, as 

can be seen in Figure 5.5 (b), the electron micrograph shows a darker area located on 

the TEM grid. Given the reaction procedure, where the molar ratio of 

hydrophobins:QDs was approximately 1,000:1, with no further isolation other than 

centrifugation (4,000 revolutions per minute (rpm), 2 minutes) and filtration (11 µm 

cut-off, it is plausible that the dark contrast comes from the proteins. This was 

confirmed by DLS, showing no signal corresponding to individual hydrophobin-

CdTe/ZnS QDs (which is thought to be around 10-20 nm) (Figure 5.6). The number 

distribution showed a predominant signal at 1.5 nm, due to excess hydrophobins. 

Further procedures for isolating hydrophobin-CdTe/ZnS QDs from unreacted 

hydrophobins were therefore necessary for any practical applications. 

 

 

Figure 5.5. TEM images of hydrophobin-CdTe/ZnS QDs. (a) high resolution and (b) low resolution 

micrographs, respectively.  
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Figure 5.6. Number distribution of hydrophobin-CdTe/ZnS QDs after filtration (11 µm cut-off) and 

centrifugation. A peak at 1.5 ± 0.3 nm was detected by DLS. 

 

 

5.4 Other Methods for Phase Transfer 

Several other methods have been explored for a better understanding of the phase 

transfer using hydrophobins. Table 5.1 summarises the phase transfer reactions with 

hydrophobins in different conditions. These reactions were inspired from the literature, 

focusing on phase transfer reactions of colloidal QDs from organic solvent to water. 

Unfortunately, none of these methods gave water-soluble QDs with bright emission. For 

example, Method 1 in the Table 5.1 is a common proven strategy.
258, 261, 264, 270

 However, 

this technique was not applicable to hydrophobins, as they crystallised after the 

evaporation of water and found to be insoluble in both organic solvents and water, 

which prevented further processing that is essential in this method. Method 2 is a simple 

shaking, in which Wohlleben et al. showed that oil/water emulsions were successfully 

formed by adding up to 5 ppm of H*Protein B.
273, 279

 In our work with H*Protein 

B/water and CdTe/ZnS QDs/hexane, despite an initial formation of emulsion after 

several times of manual shaking, the solution appeared less stable and tended to separate 

into two original layers after overnight storage. Method 3, where precipitated QDs are 

stirred in protic solvents such as ethanol with excess phase transfer reagents, is referred 

from ligand exchange reactions using small organic molecules (Figure 5.1, top).
131, 164, 

176, 177, 189
 Although the QDs appeared to be dispersed in the hydrophobin-ethanol 

mixture, the emission of the QDs was completely quenched during the reaction. Also, 
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the resulting materials could not pass through an 11 µm cut-off filter, indicating the 

formation of large aggregates.  

The phase transfer method described in Chapter 5.3 was therefore used, and all further 

discussion refers to this method. 

 

 

Table 5.1. Phase transfer methods known commonly in colloidal QDs, the obtained results when 

used with H*Protein B and comments. 

 

5.5 Purification of Hydrophobin-CdTe/ZnS QDs 

Two strategies have been examined for isolating the hydrophobin-CdTe/ZnS QDs from 

excess hydrophobins and other by-products in the solution: ultra-centrifugation and the 

use of centrifugal concentrator. It is expected that ultra-centrifugation could precipitate 

hydrophobin-CdTe/ZnS QDs selectively as the material should have a larger density 

than other dissolved constituents such as hydrophobins or other small molecules. In 

ultra-centrifugation, which was carried out with the support of Dave Lincoln at the 

School of Biomedical Sciences, King’s College London, 5 mL of the hydrophobin-QDs 

solution (after 11 µm cut-off filtration) was applied at 300,000 g for 30 minutes, 

yielding a brown pellet. The pellet was re-dispersed in water and the optical properties 

were characterised. Figure 5.7 (a) shows absorption and emission spectra of 

hydrophobin-CdTe/ZnS QDs recovered in water from the pellet. The emission was 

quenched dramatically and no visible fluorescence was observed under excitation at 365 

nm, whilst the absorption profile maintained its shape. DLS results showed a peak at 

26.5 ± 9.5 nm (Figure 5.7 (b)). Interestingly, signals from the small size range that was 
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predominant in Figure 5.6 were not present due to the removal of free hydrophobins by 

ultra-centrifugation. In the TEM image (Figure 5.7 (c)), a number of clustered small 

particles up to 100 nm were observed. Figure 5.7 (d) is a high resolution TEM image, 

showing spherical particles (average 4.5 ± 0.6 nm) with high contrast from the 

background. The particles were clustered, and it is likely that the hydrophobins 

encapsulated numerous particles. For example, some particles seen in the Figure 5.7 (d) 

had an inter-dot distance as short as 2.0 nm. Given the weight of H*Protein B (18.8 

kDa),
283

 it is reasonable that the majority of particles were separated via the surfactant 

molecule (OAm), and hydrophobins did not participate in single particle encapsulation. 

Possibly, hydrophobins formed relatively larger micelles as indicated in DLS result and 

internalise CdTe/ZnS QDs.  

 

 

Figure 5.7. (a) Absorption (grey line) and emission (black line) spectra for hydrophobin-CdTe/ZnS 

QDs after ultra-centrifuge. Excitation wavelength was 550 nm. (b) Number distribution of the 

hydrophobin-CdTe/ZnS QDs. A peak at 26.5 ± 9.5 nm was observed. (c) Low resolution and (d) 

high resolution TEM images of the hydrophobin-QDs.  
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Purification using a centrifugal concentrator has also been examined. The centrifugal 

concentrator with an appropriate cut-off range (100 kDa in this work) should exclude 

the proteins and other small molecules whilst keeping relatively large hydrophobin-QDs 

conjugates in solution. In a typical reaction, 2 mL hydrophobin-CdTe/ZnS QDs (after 

brief filtration by a filter paper (11 µm cut-off) and following centrifugation at 4,000 

rpm for 2 minutes) was put in a centrifugal concentrator and centrifugation was applied 

at 5,000 rpm for 5 minutes, giving a concentrated solution via removal of the solvent 

and the small molecules. The concentration process was repeated until the volume of the 

solution became 200 µL. The process was repeated twice and the concentrated product 

was diluted with pure water for further analysis. Figure 5.8 shows the emission and 

absorption spectra of the product after treatment by a centrifugal concentrator. The 

absorption excitonic peak at 640 nm became more prominent, compared to the sample 

before the centrifugal concentrator treatment (Figure 5.4, absorption profile), implying a 

removal of excess hydrophobins. The emission profile appears unchanged and the 

fluorescence of the solution was visible under UV excitation at 365 nm (Figure 5.9).  

The PL QY of the final product was 3.5 % from 15 % of the original CdTe/ZnS QDs in 

hexane.  

Analysis of the hydrophobin-CdTe/ZnS QDs after centrifugal concentrator treatment 

was undertaken using TEM and DLS (Figure 5.10). Unlike samples purified by the 

ultra-centrifugation, the particles were completely separated from each other. 

Nonetheless, there were clusters consisting of several nanoparticles (mostly two to three 

particles) still present. These results suggest that the hydrophobin-CdTe/ZnS QDs 

formation is a competitive reaction between single particle encapsulation and multi-

particles encapsulation. Additionally, DLS result supports the argument, showing two 

peaks at 14.2 ± 2.0 nm, and 49.9 ± 15.5 nm. The smaller peak could be assigned to 

single-particle encapsulation of hydrophobin-QD conjugates, whereas the larger peak 

was thought to be multiple-particle encapsulation. The suggested hydrophobin-QDs 

formation mechanism is illustrated in Figure 5.11.  
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Figure 5.8. Absorption (grey line) and emission (black line) spectra for hydrophobin-CdTe/ZnS QDs 

after centrifugal concentrator treatment. Excitation wavelength = 500 nm. 

 

 

 

Figure 5.9. Hydrophobin-CdTe/ZnS QDs after the centrifugal concentrator treatment under room 

light (left) and under UV excitation at 365 nm (right). 
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Figure 5.10. (a,b) TEM images of hydrophobin-CdTe/ZnS QDs after centrifugal concentration 

treatment. (c) Number distribution of the hydrophobin-QDs conjugates. Two peaks (14.2 ± 2.0 nm, 

49.9 ± 15.5 nm) were observed.  

 

 

Figure 5.11. Possible mechanism of hydrophobin-QDs conjugation. Hydrophobic moieties are 

coloured light blue, whilst hydrophilic moieties are coloured red.  
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Considering these results, a centrifugal concentrator would be a more favourable way to 

purify the hydrophobin-CdTe/ZnS QDs. Thus, the samples treated with the centrifugal 

concentrator were used for further imaging work. 

 

5.6 Phase Transfer Using Other QDs 

The viability of the phase transfer reaction described above was tested using different 

type of colloidal QDs. As a standard nanomaterial, commercially available CdSe/ZnS 

core-shell QDs, dissolved in toluene, were reacted with H*Protein B followed by the 

analogous procedure described above and purified further by the centrifugal 

concentrator. Figure 5.12 shows absorption and emission spectra of purified 

hydrophobin-CdSe/ZnS QDs. The absorption and emission profiles were mostly 

unchanged after the phase transfer to water (Figure 5.12 (b)). The resulting solution 

shown in Figure 5.13 appeared to be relatively transparent and maintained fluorescence 

in aqueous solution. It should be also mentioned that emission efficiency was decreased 

after the phase transfer, which was a similar consequence to CdTe/ZnS QDs based 

products. The final PL QY of hydrophobin-CdSe/ZnS QDs was 3.0 % from 10 % of the 

original as-received CdSe/ZnS QDs in toluene.  

 

 

Figure 5.12. Absorption and emission spectra of (a) hydrophobin-CdSe/ZnS QDs in water and (b) 

CdSe/ZnS QDs in toluene before the phase transfer. Grey curves and black curves indicate 

absorption and emission spectra, respectively. Excitation wavelength was 500 nm.  
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Figure 5.13. Hydrophobin-CdSe/ZnS QDs after the centrifugal concentrator treatment in room light 

(left) and under UV excitation at 365 nm (right). 

 

Hydrophobin-CdSe/ZnS QDs were analysed by TEM and DLS. Electron micrographs in 

Figure 5.14 (a, b) shows clustered elongated particles. An anisotropic structure is 

commonly seen in CdSe/ZnS QDs,
61

 and no structural change in CdSe/ZnS QDs after 

the reaction is assumed. However, hydrophobin-CdSe/ZnS QDs appear to form clusters 

more likely than the CdTe-based reaction, as shown in Figure 5.14 (b). This can be 

explained by the fact that CdSe/ZnS QDs have different surface environments when 

compared to the CdTe/ZnS QDs (different particle size, particle shape and surfactant 

molecules). It is necessary to systematically study how these differences have an effect 

on the optical/structural properties of the resulting products. Figure 5.14 (c) shows the 

number distribution based on DLS, giving consistent pattern with previous result from 

hydrophobin-CdTe/ZnS QDs (Figure 5.10 (c)). Two peaks were seen in the 

hydrophobin-CdSe/ZnS QDs as well, but peak diameters were slightly different to those 

observed with CdTe/ZnS QDs; the smaller peak was at 9.4 ± 2.1 nm, and the larger 

peak at 60.1 ± 19.5 nm. These differences can be explained by the fact that CdSe/ZnS 

QDs have a smaller diameter and that relatively large numbers of particles were 

clustered, as shown in the TEM image. However, it is difficult to quantitatively 

investigate the hydrodynamic diameter of hydrophobin-QDs by DLS as it is known that 

the signal/noise ratio of a number distribution significantly decreases at lower size 

ranges.
286, 287

 Despite the small variances observed, CdSe/ZnS QDs were reproducibly 

phase transferred to aqueous solution with the analogous method described in Chapter 



111 
 

5.3 and Chapter 5.5. Therefore, it is expected that the phase transfer method provided in 

this work has a certain degree of compatibility for colloidal nanomaterials. 

 

 

 

Figure 5.14. (a, b) TEM images of hydrophobin-CdSe/ZnS QDs. (c) Number distribution of the 

hydrophobin-CdSe/ZnS QDs conjugates. 

 

 

5.7 Biological Experiments 

(This work was carried out with the support of Raha Ahmad Khanbeigi and Lea Ann 

Dailey at the Institute of Pharmaceutical Sciences, King’s College London.) Figure 5.15 

shows cell viability of macrophages (J774A.1) after 2 hours exposure to hydrophobin-

CdTe/ZnS QDs before and after the centrifugal concentrator treatment (detailed 
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procedure is described in Chapter 6.6.3). A significant improvement in cell viability was 

observed after the centrifugal concentrator treatment, whilst the sample before the 

treatment showed only 30 % cell viability. The possible explanation is the existence of 

excess hydrophobins, as well as potential impurities such as organic surfactants and 

organic solvent, which are likely to be acutely toxic to macrophages.  

Using the same hydrophobin-CdTe/ZnS QDs after the centrifugal concentrator 

treatment, cell imaging experiment using the macrophages was explored (Figure 5.16). 

Figure 5.16 (a) indicates the typical staining of the nuclei by standard fluorescence dyes 

(4',6-diamidino-2-phenylindole (DAPI)), and the light-green signal seen in Figure 5.16 

(b) is hydrophobin-CdTe/ZnS QDs. It showed that most of the light-green fluorescence 

was observed in the peripheral region of the nuclei, which is not consistent with a 

typical nanoparticles uptake via phagocytosis, in which the fluorescence could be 

observed as vesicles inside the cytosol.
288

 Hence, we suggest that hydrophobin-

CdTe/ZnS QDs were attached on the cell surface or trapped in the membrane of the 

macrophages (also, it is possible that the particles were fixed on the glass surface 

through the experimental setup). The observed fluorescence images strongly indicated a 

non-specific binding of the hydrophobin-QDs on the surfaces. Therefore, it is essential 

to control the surface environment of the hydrophobin-QDs as there are several factors 

to explore in order to optimise the cell uptake of nanoparticles. For example, the 

hydrophobicity of the surface of the hydrophobin-QDs is not fully investigated, whilst it 

is possible that free cysteine moieties in the hydrophobins interact with biological 

materials. Surface modification such as PEG coordination could mitigate the non-

specific bindings, whereas bioconjugation with signalling proteins such as transferrin is 

known to mediate the endocytosis.
119, 258

 

Further investigation for the improvement of the optical properties of the resulting 

hydrophobin-CdTe/ZnS QDs is currently underway, as well as an optimisation of the 

cell imaging experiment.  
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Figure 5.15. Cell viability of macrophages after 2 hours incubation with hydrophobin-CdTe/ZnS 

QDs. Left bar represents the sample after the centrifugal concentrator treatment, whilst right bar 

represents before the treatment.  The viability was quantified by crystal violet staining, followed by 

the measurement of absorption. 

 

 

Figure 5.16. Macrophages cells incubated with hydrophobin-CdTe/ZnS QDs. (a): The blue stain 

represents depicts the cell nuclei. (b): The light-green stain represents the fluorescence channel used 

to attempt to determine QD fluorescence (excitation wavelength = 514 nm, detection wavelength = 

500-550 nm). (c): An overlap with image (a) and (b). The image plane is set at approximately 50% 

of the total cell height. 
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5.8 Conclusion 

As a phase transfer agent, a commercially available recombinant hydrophobin, H* 

Protein B, was applied to inorganic nanoparticles. CdTe/ZnS QDs were made water-

soluble by co-sonication with the hydrophobins, resulting in a cloudy hydrophobin-

CdTe/ZnS QDs solution. The solution maintained the same optical profiles and retained 

bright emission. Excess hydrophobins dissolved in the solution could be removed by 

using a centrifugal concentrator. TEM images of the purified hydrophobin-CdTe/ZnS 

QDs showed that the products were homogeneously dispersed, forming either single 

particle-proteins conjugation or multiple particles-proteins conjugations. The phase 

transfer method was successfully applied to commercially available CdSe/ZnS QDs. 

Cell viability could be improved by the centrifugal concentrator treatment. Cell imaging 

studies showed no observable uptake of hydrophobin-CdTe/ZnS QDs, possibly due to 

non-specific binding and insufficient surface modification of the hydrophobin-

CdTe/ZnS QDs. 
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Chapter 6  

 

Experimental Methods 

 

6.1 General Materials and Methods 

6.1.1 Chemicals 

6.1.1.1 Quantum dots 

Cadmium acetate dihydrate (Cd(OAc)2∙2H2O) (98.5 %), mercaptoundecanoic acid 

(MUA) (95 %), tellurium powder (99.8 %), aluminium powder (99 %), 5 M ammonium 

hydroxide solution, selenium powder (99.8 %), sodium sulfite (98 %), zinc nitrite 

hexahydrate (Zn(NO3)2∙6H2O) (98 %),  L-glutathione reduced (GSH, 98.0 %), cadmium 

oxide (CdO, 99.5 %), trioctylphosphine (TOP, 90 %),  trioctylphosphine oxide (TOPO, 

90 %), stearic acid (97.0 %),  hexadecylamine (HDA, 90 %), octadecylamine (ODA, 

97 %), diethylzinc (ZnEt2, 15 wt. % in toluene), sulfur powder (99.5 %) were obtained 

from Sigma Aldrich. 1-tetradecylphosphonic acid (TDPA, 98 %) was obtained from 

Alfa Aesar. All the chemicals were used as received.  

 

6.1.1.2 Cation Exchange Reagents 

Mercury(II) bromide (HgBr2, 99.998 %), lead(II) acetate trihydrate (Pb(OAc)2∙3H2O, 

99.999 %), gold(III) chloride trihydrate (HAuCl4∙3H2O, 49.0 %), silver nitrate (AgNO3, 

99 %) were obtained from Sigma Aldrich. All the chemicals were used as received.  

 

6.1.1.3 Single-Source Precursors 

Cadmium iodide (CdI2, 99.0 %), sodium bis(trimethylsilyl)amide solution 

(NaN(SiMe3)2, 1.0 M in tetrahydrofuran), diphenyl ditelluride (PhTeTePh, 98 %), 
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sodium borohydride (NaBH4, 99 %), zinc diethyldithiocarbamate (ZnDDTC2, 97 %), 

oleic acid (90 %), anhydrous N,N-dimethylformamide (DMF, 99.8%), dimethyl 

sulfoxide-d6 (DMSO-d6, 99.96 atom % D) were obtained from Sigma Aldrich. 

Technical grade oleylamine (OAm, 70 %) was obtained from Fluka. All the chemicals 

were used as received. 

 

6.1.1.4 Phase Transfer Agents 

CdSe/ZnS QDs (Lumidot™590, 5 mg/mL in toluene, emission peak at 590 nm, 

approximate particle size = 4.0 nm)
289

 was purchased from Sigma Aldrich. 

Hydrophobins (H*Protein B, 50 mg/mL)
290

 was obtained from BASF. All the chemicals 

were used as received.  

 

6.1.1.5 Solvents 

1-octadecene (ODE, 90 %) was obtained from Sigma Aldrich and was degassed by the 

freeze–pump–thaw method before use and stored under nitrogen. Reagent grade ethanol, 

2-propanol, butanol, hexane, anhydrous diethyl ether, anhydrous toluene were 

purchased from Sigma Aldrich. Reagent grade toluene and methanol were purchased 

from Fisher Scientific. Ultra-pure water (Millipore, Direct-Q 3 UV Water Purification 

System, 18.2 M cm
-1

) was used at all stages. 

 

6.1.2 General Analysis Techniques 

6.1.2.1 Transmission Electron Microscopy (TEM) 

TEM was carried out using a Tecnai 20 (acceleration voltage 200 kV) for normal 

resolution images. Samples were dropped on a copper grid with a carbon amorphous 

film (Agar Scientific) and dried in ambient conditions.  

High resolution images were obtained using a JEOL JEM-4000EX HREM at 400 kV. 

This work was carried out at the Department of Materials, University of Oxford with the 

support of Dr Teck Lim (C. Hetherington group).  
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Particle size analysis was performed by measuring diameters from the TEM images 

using ImageJ.
291

 A minimum of 100 measurements were made for each sample, from 

which the mean and standard deviation were calculated. Both longer and shorter axes 

were measured per particle if the particles were anisotropic.  

 

6.1.2.2 Optical Characterisations 

Absorption spectroscopy measurements were taken using a Hitachi U-4100 UV-Visible-

NIR spectrophotometer in a 1 cm path length quartz cuvette. Emission spectra were 

obtained using a Perkin Elmer LS 50B spectrometer. 

Photoluminescence quantum yields (PL QY) were calculated by comparison with 

fluorescent standards. Rhodamine 6G (99 %, Sigma Aldrich) was used for the samples 

excited at 450-500 nm, whilst Rhodamine 101 inner salt (Sigma Aldrich) was used for 

the excitation at 550 nm. The PL QYs of these standards were obtained from previous 

reports.
199, 292

 In a typical procedure, the fluorescence standard was diluted until the 

absorbance at the excitation wavelength was below 0.1 in order to avoid potential 

scattering and inner filtering effects. The emission spectrum was then taken with the 

same solution, and the integrated emission intensity was calculated using the obtained 

emission spectrum. Then, a plot was produced using the obtained absorbance and the 

integrated emission intensity. Measuring the absorption and emission spectra were 

repeated at least four times with the fluorescence standard solution diluted at an 

arbitrary ratio from the original solution. The same procedure was followed using the 

samples using the same measurement settings. The obtained values were then plotted to 

get the integrated emission intensity – absorbance relationship (such as Figure 2.7), 

followed by the calculation of the PL QY using the equation (10) in Chapter 2.2. 

 

6.1.2.3 Powder X-ray Diffraction (XRD) 

Solid samples for XRD were prepared by precipitating QDs with non-solvents several 

times to ensure no extra surfactant remained. The precipitate was subsequently dried by 

vacuum pump and stored under nitrogen before use.  

XRD measurements were taken using a Panalytical X’Pert Pro MPD diffractometer 

using nickel-filtered copper K radiation operating at a voltage of 40 kV and a beam 
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current of 30 mA. Diffraction data were collected using an X’Celerator multiple strip 

detector. The diffractometer was configured to operate in programmable divergence slit 

mode with an observed length of 10.0 mm. The specimens were placed onto the surface 

of a zero-background silicon crystal sample holder during the diffraction experiments. 

The experimental data were processed using Panalytical Highscore Plus. The program 

interpolated the data to rationalise the step size to multiples of 0.001
○
. The data were 

then transposed to represent a fixed divergence slit configuration with a slit size of 1.00
○
 

as this allowed comparison to existing crystallographic databases. 

This analysis was performed in ITRI labs, United Kingdom. 

 

6.1.2.4 Dynamic Light Scattering (DLS) 

DLS measurements were performed using Delsa Nano C Particle Analyzer using 1 cm 

path length quartz cuvettes. The experimental data were processed using DelsaNano 

software. Number distributions of the samples were automatically converted from the 

original intensity distributions by the software. Some important parameters used in the 

DLS measurements were listed in Table 6.1.  

 

 

Table 6.1. Setting parameters used in DLS measurements. 
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6.1.2.5 Mass Spectrometry 

Elemental analysis was performed using a Perkin Elmer ‘Elan DRC plus’ inductively 

coupled plasma-mass spectrometer (ICP-MS), with a Perkin Elmer ‘AS93’ autosampler 

and a cross-flow nebuliser and a Scott double pass spray chamber, using ‘Elan’ software 

(Perkin Elmer). The measurements were performed in the Mass Spectrometry Facility, 

King’s College London with the support of Andrew Cakebread and Roger Tye.  

The samples for the mass spectrometry were prepared via nitric acid digestion, where 

precipitated QDs or SSPs (<50 mg) were mixed with 1 mL nitric acid (65 %) and 

sonicated for 2 hours, followed by a dilution in water to obtain appropriate 

concentrations. 

 

6.2 CdTe/CdSe/ZnSe QDs 

6.2.1  (NH4)2Te Stock Solution 

A stock solution of (NH4)2Te (0.16 M) was prepared as described by Boudjouk et al.
293

 

In a typical reaction, tellurium powder (1.30 g, 0.01 mol) and aluminium powder (0.77 

g, 0.028 mol) were added into a 100 mL one-neck flask. Then, 60 mL of deionized 

water (purged with nitrogen gas) was added to the flask and stirred under nitrogen for 1 

hour. Ammonium hydroxide (14 mL of 5 M aqueous solution) was added and stirred for 

one day. After standing for an additional 2 days, the supernatant of the solution was 

used for further reactions mentioned below. 

 

6.2.2 Na2SeSO3 Stock Solution 

The synthesis procedure for 0.25 M Na2SeSO3 was an amendment of that reported by 

Hankare et al.
195

 Selenium powder (0.5 g, 6.3 mmol) and anhydrous sodium sulfite (1.2 

g, 9.5 mmol) were added into 100 mL one-neck flask followed by 20 mL of deionized 

water, which was allowed to reflux for 16 hours. One hour after cooling to room-

temperature, the clear portion of the solution was used for further reactions. 
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6.2.3 Water-soluble CdTe QDs 

MUA-stabilized CdTe QDs were synthesized using the procedure reported by our group 

with some modifications.
121

 In a typical reaction, cadmium acetate dihydrate (2.0 × 10
-2

 

g, 0.079 mmol) and MUA (2.7 × 10
-2

 g, 0.126 mmol) were dissolved in 60 mL 

deionized water in a 100 mL three neck flask. The pH was adjusted to 11.4 using 

sodium hydroxide solution, which caused a cloudy dispersion, and stirred for 1 hour. 

The flask was degassed with nitrogen then the solution was purged with a constant 

stream of nitrogen gas. To the reaction flask, 0.25 mL of (NH4)2Te stock solution (0.4 

mmol) was added, causing an immediate clear brown colouration. The solution was 

then allowed to stir for 1 hour, followed by exposure to ambient conditions. The 

aqueous solution was heated to reflux for 16 hours, the solution transformed to a light 

yellow solution at this time, exhibiting strong green emission under UV excitation 

(wavelength = 365 nm). 

 

6.2.4 CdTe/CdSe/ZnSe QDs Synthesis 

To the resulting 60 mL of CdTe solution at 90 
○
C, 0.1 mL of Na2SeSO3 (0.025 mmol) 

was added and then allowed to stir for 1.5 hours, causing a change in the solution colour 

from yellow to dark brown. After the reaction, 5 mL of Zn–MUA solution (0.100 mmol, 

obtained by dissolving 6.0 × 10
-2

 g of zinc nitrate and 6.7 × 10
-2

 g of MUA in 10 mL of 

deionized water, pH 11.0) and 0.1 mL of Na2SeSO3 (0.025 mmol) were injected twice, 

respectively (injection order for the CdSe/ZnSe shell was Se, Zn, Se, Zn, Se). These 

precursors were injected at 1 hour intervals to the solution at 90 
○
C. Although a change 

in solution colour could not be observed due to the dark colouration, the emission of 

each aliquot was red-shifted as additional precursors were injected. The solution was 

then allowed to stir for 16 hours at 90 
○
C after all the precursors had been injected. 

After cooling to room-temperature, a clear light brown solution exhibiting red emission 

resulted. The resulting solution was cloudy due to solid waste products. At any stage of 

the reaction (CdTe, CdTe/CdSe, CdTe/CdSe/ZnSe), the resulting material could be 

isolated/purified by the addition of twice volume of 1:1 isopropanol/butanol mixture 

followed by centrifugation (Eppendorf centrifuges 5804 with fixed-angle rotor F-34-6-

38, 3,000 rpm, 2 minutes) and re-dispersion in water. 
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6.2.5 GSH-capped QDs 

CdTe/CdSe/ZnSe QDs capped by GSH were synthesised by the similar procedure to 

MUA-capped QDs in this work. 20 mg of Cd(OAc)2 (0.08 mmol) and 40 mg GSH (0.12 

mmol) were dissolved in 60 mL deionised water and the pH was adjusted to 11.3, 

followed by stirring the solution for 1 hour, causing a clear solution.  The solution was 

bubbled with N2 gas for 30 minutes and 0.25 mL of (NH4)2Te stock (0.04 mmol) was 

injected in the Cd precursor solution, causing light orange colouration. The solution was 

then heated at 90 
○
C for 1.5 hours, followed by an addition of 0.15 mL Na2SeSO3 stock 

(0.025 mmol). After heating for 2 hours, 5 mL of zinc precursor (0.10 mmol, prepared 

by mixing 60 mg Zn(NO3)2·6H2O and 90 mg GSH) was injected, and the solution was 

allowed to stir for further 1 hour to yield bright dark-red solution. The purification 

procedure was the same as for the MUA-CdTe/CdSe/ZnSe QDs. 

 

6.2.6 CdTe/CdSe/ZnSe QDs in Different Reaction Conditions 

For the increased selenium source, 0.2 mL of Na2SeSO3 (0.05 mmol) was injected 

instead of 0.1 mL. For the reduced zinc source, 2.5 mL of zinc precursor was injected 

instead of 5 mL at the stage of the shell deposition. For the changes in MUA amount, 

50.0 mg or 21 mg of MUA (0.230 mmol and 0.098 mmol, respectively) was used in the 

CdTe QDs synthesis. Other reaction conditions were the same as those described in 

Chapter 6.2.4 unless noted. 

 

6.2.7 Tissue Imaging 

Animals were used in accordance with an approved institutional protocol. Briefly, 6–8 

week old male Wistar rats (200 g) were obtained from Charles River Labs. Anesthesia 

was induced by the inhalation method using isoflurane and maintained using 1.5 % 

isoflurane/98.5 % O2 at 5l min
-1

. 0.2 mL of purified CdTe/CdSe/ZnSe QDs (dried 

weight was ca. 0.1 mg) was injected subcutaneously into the hind leg of a 200 g male 

Wistar rat. A fixed wavelength excitation light source at 630 nm and a 680 nm long pass 

emission filter were used to capture in vivo images using a charged coupled device 

camera. This work was carried out at the Division of Surgery and Interventional Science, 

University College London by Dr Sarwat Rizvi (A. Seifalian group). 
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6.3 QDs for Room-Temperature Chemical Transformation 

6.3.1 CdTe QDs by Organometallic Route 

The basic synthetic procedure of TDPA/HDA-capped CdTe QDs was taken from Smith 

et al. with some minor amendments.
153

 For TOPTe, 0.127 g (1.0 mmol) of tellurium 

powder was charged to a round neck flask and flushed with nitrogen. To the flask, 2 mL 

TOP (4.5 mmol) and 18 mL ODE were injected, followed by heating the solution at 80 

○
C for 30 minutes. The solution was used after cooling to room-temperature.  

Into another flask, 0.025 g of CdO (0.2 mmol) and 0.22 g of TDPA (0.8 mmol) were 

charged, then the atmosphere was repeatedly evacuated and replaced with nitrogen, 

followed by heating at 250 
○
C until the reagents turned clear. After cooling to room-

temperature, 1.35 g of HDA (5.6 mmol) and 10 mL of ODE were added into the flask, 

which was then heated at 280 
○
C for 30 minutes. To the flask, 4 mL of prepared TOPTe 

(0.4 mmol of Te) was injected swiftly, causing a colour change in solution to light-

yellow within a minute. The solution was then set at 270 
○
C and the heating maintained 

for 30 minutes. The solution colour after the heating was dark brown at 270 
○
C, which 

changed to a cloudy red solution at 70 
○
C. 

 

6.3.2 CdSe QDs 

CdSe nanoparticles were prepared according to a previous report.
189

 Typically, 0.05 g 

(0.4 mmol) of CdO and 0.46 g (1.6 mmol) of stearic acid were charged to a round 

bottom flask under nitrogen. The mixture was then heated at 250 
○
C, yielding a clear 

liquid which was then cooled to room-temperature. In another flask, 10 mL of 1 M 

TOPSe solution was prepared by mixing 0.78 g (10 mmol) selenium powder and 10 mL 

TOP under a nitrogen atmosphere. To the cadmium precursor, 2.0 g (7.4 mmol) of ODA, 

2.0 g (5.2 mmol) of TOPO, and 15 mL of ODE were added, then the solution was 

heated at 295 
○
C yielding a clear solution. 2 mL of TOPSe (2 mmol of Se) was swiftly 

injected into the cadmium precursor. The colour changed from yellow to deep red 

almost immediately. The solution was then maintained at 290 
○
C for 5 minutes, which 

resulted in a deep brown/red solution. 
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6.3.3 CdSe Nanorods 

CdSe nanorods were prepared as described by Bunge et al.
84

 For the TOPSe precursor, 

0.15 g (1.8 mmol) selenium powder and 9 mL TOP were mixed at room-temperature, 

resulting in a clear solution. Separately, 0.11 g (0.4 mmol) of Cd(OAc)2 and 0.22 g (0.8 

mmol) of TDPA, and 3.77 g (9.0 mmol) of TOPO were charged to a flask followed by 

heating at 100 
○
C to melt the solid TOPO. The solution was degassed and filled with 

nitrogen at this stage. Afterwards, the solution was heated at 320 
○
C for 30 minutes. To 

the flask, 3 mL TOPSe solution (0.6 mmol Se) was injected and the solution was stirred 

for an additional 11 minutes, resulting in a dark brown solution.  

 

6.3.4 CdTe Tetrapods 

CdTe tetrapods were synthesised using the method described by Cho et al.
85

 In a typical 

reaction, CdO (25 mg, 0.2 mmol) and oleic acid (0.3 mL, 1.0 mmol) were mixed with 

10 mL ODE, followed by heating at 270 
○
C for 30 minutes, causing a clear solution. In 

another flask, a Te stock solution was prepared by mixing 64 mg tellurium powder, 1.3 

mL TOP and 2 mL oleic acid. The mixture was heated at 90 
○
C for 30 minutes to ensure 

the solution was mixed. To the Cd precursor solution at 260 
○
C, 0.33 mL of Te stock 

(0.05 mmol) was swiftly injected, causing immediate dark-black colouration. The 

solution was then allowed to stir for 10 minutes at 260 
○
C.  

 

6.3.5 Purification of Nanocrystals 

The resulting CdTe QDs, CdSe QDs and CdTe tetrapods could be purified as follows: 

after cooling down to approximately 70 
○
C, 3 mL of the reaction solution was mixed 

and extracted with 4 mL of 1:1 hexane/methanol mixture, followed by precipitation 

with 10 mL of ethanol (or 10 mL acetone). The precipitate was collected using 

centrifugation (3,000 rpm, 2 minutes) and re-dispersed in 1 mL toluene. The solution 

was centrifuged (4,500 rpm, 2 minutes) to remove any insoluble materials before further 

reactions with the quantum dots. For CdSe nanorods, 2 mL of the CdSe nanorods 

reaction solution was cooled down to 70 
○
C. The solution was mixed with 2 mL toluene 

and 4 mL acetone, causing precipitation. The precipitate was collected by centrifugation 

(3,000 rpm, 2 minutes) and re-dispersed with 2 mL toluene.  
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6.3.6 CdHgTe Nanoalloys 

The procedure was inspired from the cation exchange reaction method for Cu2S 

nanocrystals with some amendments.
107, 108

 A mercury cation stock solution was 

prepared by mixing 2 mg of HgBr2 (5.6 mmol) with 10 mL methanol. Afterwards, 1 mL 

of the mercury stock and 1 mL of toluene were added to a glass vial with rigorous 

stirring. To the vial, 1 mL of the nanocrystals solution (4.35 M, concentration of the 

QDs was calculated by the procedure in Appendix A) was injected swiftly, causing an 

immediate brown precipitation in all cases. After quenching the reaction by adding 10 

mL methanol, the precipitate was collected by using centrifugation (3,000 rpm, 2 

minutes), followed by decantation. The precipitate was then re-dispersed in 1 mL 

toluene and any insoluble material was removed by additional centrifugation (3,000 rpm, 

2 minutes).  

For reactions using other metal cations, typical preparations were as described above for 

the CdHgTe nanoparticles synthesis using an analogous number of moles of metal salt 

with 10 mL methanol, followed by the same purification procedure as CdHgTe. 

 

 

6.4 QDs Using SSPs 

6.4.1 Cd(TePh)2 Synthesis 

This method was inspired by the reports of the synthesis of M(TeAr)2 (M = Zn, Cd, Hg; 

Ar = C6H5, 4-MeC6H4, 2,4,6-Me3C6H2).
74, 234, 244

 0.436 g of CdI2 (1.2 mmol) was put 

into a 100 mL two-neck flask and flushed by nitrogen three times, then the flask was 

cooled with liquid nitrogen. To the cooled flask, 2.4 mL of 1 M NaN(SiMe3)2 solution 

(2.4 mmol) was slowly injected. The reaction flask was taken from the liquid nitrogen 

and the mixture was gradually warmed to room-temperature with moderate stirring. 

After 1.5 hours, the mixture separated into yellow liquid (Cd[N(SiMe3)2]2) with a white 

precipitate (NaI).  

In another 100 mL two-neck flask, 480 mg of (PhTe)2 (2.4 mmol) and 10 mL anhydrous 

diethyl ether were mixed under nitrogen, allowed to stir for 1 hour. Afterwards, the 
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solution was frozen with liquid nitrogen and 50 mg NaBH4 (2.4 mmol) was added. The 

flask was kept frozen in liquid nitrogen until the Cd precursor addition. Then, the 

yellow Cd precursor solution was taken into a centrifuge tube filled with nitrogen, and 

was centrifuged at 4,000 rpm for 3 minutes, separating the clear yellow solution from 

the precipitates. The supernatant was taken and injected into the frozen (TePh)2/diethyl 

ether mixture. The mixture was gradually warmed to room-temperature and stirred for 1 

hour, yielding a yellow solid (Cd(TePh)2) in a clear orange solution. (Cd(TePh)2 

precipitated out of solution.) 

 

6.4.2 Purification of Cd(TePh)2 

The flask containing Cd(TePh)2 in diethyl ether was sonicated to ensure no solid was 

attached to the flask wall. Then, all the reactants including the yellow solid were 

transferred to a centrifuge tube filled with nitrogen. The reagents were then centrifuged 

at 3,000 rpm for 2 minutes, separating the liquid/solid layers. The supernatant was then 

discarded and 2 mL anhydrous diethyl ether was added to wash the solid. This 

wash/centrifuge process was repeated twice using 2 mL anhydrous diethyl ether and 2 

mL anhydrous toluene. The resulting yellow Cd(TePh)2 solid in the tube was dried by 

vacuum to give yellow fine powder (ca. 200 mg). The resulting Cd(TePh)2 (50 mg) was 

readily dissolved by 2 mL anhydrous DMF, yielding a clear yellow solution with a 

small amount of white insoluble material. Storage at 4 
○
C or evaporation by vacuum 

gave yellow crystals.  
1
H NMR (DMSO-d6): δ 6.76 (t, 2H), δ 6.96 (t, 1H), δ 7.73 (d, 2H). 

Analysis of both Cd(TePh)2 and Cd(TePh)2–DMF using electrospray ionization mass 

spectrometry (ESI-MS) failed, possibly due to the poor solubility of the analyte in the 

solvent.  

 

6.4.3 CdTe QDs Synthesis from Cd(TePh)2 

100 mg of Cd(TePh)2 powder was charged to a centrifuge tube and filled with nitrogen. 

To the tube, 5 mL of TOP was injected and sonicated for 1 hour, causing a cloudy beige 

solution. The solution was then centrifuged at 4,000 rpm for 10 minutes, yielding a clear 

solution (TOP-Cd(TePh)2) with a white precipitate on the bottom. 5 mL of the TOP-

Cd(TePh)2 was injected in 10 mL of degassed oleylamine (OAm) at room-temperature. 

The solution was quickly heated to 200 
○
C to monitor the solution colour change. At the 
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stage of desired particle size, the reaction was quenched by cooling the reaction medium. 

The resulting QDs were precipitated by an addition of methanol. 

 

6.4.4 CdTe/ZnS Synthesis 

The basic synthetic procedure was taken from Chen et al. with some minor 

amendments.
250

 ZnS SSPs stock solution was prepared by mixing 360 mg of zinc 

diethyldithiocarbamate (ZnDDTC2, 1 mmol) and 5 mL TOP, followed by sonicating for 

10 minutes. In another flask, 6 mL of purified CdTe QDs (50 µM in hexane) and 10 mL 

OAm were mixed and the hexane was evaporated at 100 
○
C for 30 minutes. Then, 0.25 

mL of ZnS stock (0.05 mmol) was injected in the CdTe solution at 70 
○
C. The reaction 

temperature was then increased to 180 
○
C for 30 minutes, causing a change in solution 

colour to brown. Afterwards, the solution was cooled down to 100 
○
C for the next shell 

addition. After depositing the desired thickness of the ZnS shells, the crude CdTe/ZnS 

solution was cooled down to 70 
○
C and diluted with 3 mL of hexane. The QDs were 

then precipitated by adding acetone (half volume of the original solution was enough to 

precipitate the QDs). After centrifugation, the solid layer was re-dispersed in toluene, 

causing a brown cloudy solution. The remaining insoluble materials could be removed 

by repeating the purification process. 

 

 

6.5 Phase Transfer of QDs 

6.5.1 CdTe/ZnS QDs for Phase Transfer Reaction 

Mono-dispersed, high quality CdTe/ZnS QDs were synthesised using the procedure 

reported by Smith et al. with some amendments.
153

 TDPA-capped CdTe core particles 

(diameter = ca. 4.0 nm) were prepared and purified as described in Chapter 6.3.1 and 

Chapter 6.3.5. The resulting CdTe solid were re-dispersed in 6 mL hexane (6.3 µM), 

showing bright emission at 630 nm. Afterwards, the CdTe QDs/hexane solution and 10 

mL OAm were charged in a flask, and hexane was removed by evaporation at 100 
○
C 

for 1 hour, followed by filling with nitrogen gas. For the shell precursors, 1mL of 1 M 

diethyl zinc/toluene solution was mixed with 4 mL TOP to make 0.2 M Zn stock 

solution. In a separate flask, 0.2 M TOPS stock solution was prepared by mixing 32 mg 
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sulfur powder and 5 mL TOP. To the CdTe QDs solution, the Zn stock solution was 

injected at 150 
○
C. After 15 minutes of stirring, the S stock solution was then added to 

the solution. The amounts of Zn/S precursors were determined by the procedure in 

Appendix B in order to deposit 0.5 monolayer (ML). The reaction solution was kept at 

150 
○
C for 3 hours. Then, a second addition of 0.5 ML Zn/S precursors were injected in 

the same manner, and the solution was allowed to stir for 16 hours (overnight) to ensure 

the complete deposition of total 1.0 ML of ZnS shell. After the deposition of 1.0 ML of 

a ZnS shell, the reaction temperature could be increased up to 250 
○
C. Reaction 

parameters at each shell deposition were summarised in Table 6.2. The final QDs could 

be isolated by precipitation with acetone and re-dispersion in hexane, resulting in a red 

solution with bright emission at 660 nm. 

 

 

Table 6.2. List of the reaction conditions for CdTe/ZnS QDs. Shell thickness (ML = monolayer), 

reaction temperature, and reaction time. 

 

 

6.5.2 Phase Transfer with Hydrophobins 

In a typical reaction, 100 µL of as-received H*Protein B (50 mg/mL) was dissolved in 2 

mL water, and the mixture was sonicated for one minute to ensure that the 

hydrophobins were dispersed in the solution. To the hydrophobin solution, 50 µL of 

CdTe/ZnS QDs/hexane solution (concentration was assumed to be 5 µM using the 

equation (13)) was added and the solution was sonicated for 5 minutes, resulting in a 
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cloudy emulsion. After storing the emulsion at 4 
○
C for 2 hours, the solution was 

filtered through a filtering paper (particle retention: 11 µm) and centrifuged for 2 

minutes at 4,000 rpm, resulting in two phases: a relatively clear solution phase and a 

turbid foam. The solution layer was taken and charged in a centrifugal concentrator 

(Vivaspin 4, 100 kDa cut-off). Then the solution was centrifuged for 5 minutes at 4,000 

rpm, separating a few mL of the solvent from the solution. The centrifugation process 

was repeated until the solution volume reduced to 200 µL in the centrifugal concentrator. 

The concentrated solution was diluted with 3.5 mL water and the concentration process 

was repeated again, resulting in brown solution with a slight turbidity.  

Ultra-centrifugation was conducted using an Optima™ L-100 K BioSafe centrifuge 

system with type 50.2 Ti rotor, fixed-angle. Typically, 5 mL of the hydrophobin-QDs 

solution after 11 µm cut-off filtration was put into a 5 ml tube and applied at 300,000 g 

for 30 minutes, yielding a brown pellet. The work was carried out at the School of 

Biomedical Sciences, King’s College London with the support of Dave Lincoln.  

For hydrophobin-CdSe/ZnS QDs, as-received CdSe/ZnS QDs/toluene solution was used 

instead of CdTe/ZnS QDs, and followed by the same procedure, yielding a clear orange 

solution. The solution was stored at 4 
○
C until needed.  

 

6.5.3 Cell Imaging 

In the cell viability measurements, macrophages (J774A.1) were incubated with the 

hydrophobin-CdTe/ZnS QDs at a concentration of 0.015 µM (determined by the 

calculation described in Appendix A) in cell culture medium for 2 hours, and then the 

particles were removed and the cells were washed three times. Then, the cells were 

stained with crystal violet and the dye absorbance was measured in a spectrophotometer 

at 570 nm. Crystal violet partitions into cell membranes can be used to quantify the 

number of cells remaining attached to the plate after treatment and washing (i.e. the 

number of living cells remaining). For the evaluation of cell viability, the average 

absorbance of the control wells, which received no QD treatment, was regarded as 

100 % cell viability, and the percentage of viable macrophages in each well treated with 

QD was calculated as a % of the control. 

For the cell imaging measurements, macrophages were incubated with the 0.015 µM 

hydrophobin-CdTe/ZnS QDs solution in cell culture medium for 2 hours, and the 
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particles were removed and the cells washed three times. Cells were then fixed with 4 % 

paraformaldehyde in phosphate buffered saline and the nuclei stained with 4',6-

diamidino-2-phenylindole.  Images of the cell layers were acquired with a confocal laser 

scanning microscope (Leica) at a magnification of 20x. The excitation wavelength was 

514 nm, whereas the detection wavelength was 500-550 nm. This work was done at the 

Institute of Pharmaceutical Sciences, King’s College London by Raha Ahmad 

Khanbeigi (L.A. Dailey group).  

 

 

 

  



130 
 

 

Chapter 7  

 

Conclusion 

 

In this thesis, the synthesis of inorganic nanomaterials based on CdTe has been 

discussed. In order to address the issues arisen in the use of semiconductor QDs, novel 

methodologies for the QDs synthesis in both aqueous and organic media were 

developed. Optical and structural characteristics of the prepared nanomaterials were 

analysed, and biological imaging studies were conducted with water-soluble 

nanomaterials.  

7.1 Summary of Work 

The work presented in this thesis was motivated by a need that underlies the field of 

quantum dots sciences; despite the fact that many scientific papers have reported novel 

nanomaterials based on semiconductor QDs, a wealth of systematic studies and 

practical applications are still required. Here, we developed a variety of synthetic 

methodologies based on CdTe QDs in both aqueous and organic media to overcome the 

existing difficulties of cadmium-containing QDs for further applications. The 

technological problems in semiconductor QDs (particularly II-VI QDs) include: an 

acute toxicity from cadmium, an environmental impact in the synthesis, the little-known 

surface chemistry of QDs, and the reduced quality of QDs after phase transfer or other 

further processing. 

In the first experimental chapter, we provided the aqueous synthesis of core/shell/shell 

type QDs. The QDs in this work were synthesised using several synthetic techniques 

that have been recently developed in the field of colloidal QDs synthesis. The 

combination of a CdTe core and a CdSe shell could exhibit a staggered band gap, 

resulting in the emission wavelength which is inaccessible in each of material itself. 

Also, the inherent toxicity was reduced by depositing another shell consisting of 

relatively benign material, ZnSe. We adopted the SIPOP method in aqueous solution to 
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make CdSe/CdSe/ZnSe QDs, and as a result of this, the synthetic complexity could be 

significantly reduced and the products were applied to tissue imaging without the need 

of further surface processing.  

Characterisations of the synthesised CdTe/CdSe/ZnSe QDs showed that the QDs were 

4.0 nm in diameter and had emission in the NIR region, indicating the formation of 

core/shell/shell structure. PL QY of the final product was 4.8 %, which enabled us to 

conduct the deep-tissue imaging study. The QDs seemed to move via the lymphatic 

tracts of a rat and showed detectable fluorescence in the tissue. We also investigated the 

reaction mechanism for CdTe/CdSe/ZnSe QDs, suggesting several unusual growth 

modes compared to other conventional QDs synthesis: digestive ripening and an 

absence of the Ostwald ripening. 

In the second experimental chapter, the influences of reactive cation species towards 

colloidal QDs were studied. Post-synthetic chemical transformation, a recently 

developed technique in nanochemistry, has yielded a variety of nanomaterials with 

unique structural/optical properties when compared to the standard nanocrystals 

prepared with conventional synthetic methodologies. We synthesised CdTe QDs via an 

established organometallic route and used them as a starting material in order to 

overcome the problems such as a limited optical range.  

As a “proof of concept” experiment, mercury cations were added to a CdTe QDs 

solution at room-temperature, causing an immediate solution colour change. Optical 

studies showed that both emission and absorption spectra shifted towards the NIR 

region. With elemental analysis, it was suggested that mercury cations reacted with 

CdTe QDs to form CdHgTe nanoalloys, which was in good agreement with obtained 

optical spectra. TEM studies showed that separated CdTe particles were fused to form 

complex anisotropic structures after the mercury cation addition. Given these 

observations, we suggested the possible mechanism of CdHgTe formation, based on the 

redox potential of mercury cation. 

The room-temperature reaction was then applied to other combinations of metal cations 

and nanocrystals. Adding metal cations of far-positive redox potential (Au
3+

, Ag
+
) to the 

CdTe QDs solution caused both structural and optical changes, whilst adding metal 

cations with relatively negative redox potential (Zn
2+

, Pb
2+

 and Cd
2+

) did not give any 

significant effect on the original CdTe QDs. Additionally, mercury cations were reacted 

with CdSe QDs/nanorods and CdTe tetrapods. Whilst structural changes were not as 
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obvious as those in CdTe QDs, all the reactions caused spectral red-shifting after the 

mercury addition. These results reinforced the suggested hypothesis that the redox 

potential of metal cations has a key role in the surface chemistry of nanomaterials. 

Although the theoretical understanding of these intriguing phenomena is yet to be fully 

developed, we believe these observations and suggestions may contribute to the 

synthesis of more complex nanostructure prepared by post-synthetic chemical 

transformations. 

The third experimental chapter was intended to address the problem of dual-precursor 

synthesis. By using single-source precursors (SSPs) for CdTe QDs synthesis, large 

quantities of CdTe QDs were prepared reproducibly. The synthesis of Cd(TePh)2, the 

SSPs for CdTe QDs, was developed using a combination of several methods, and the 

use of harmful dimethyl cadmium was successfully avoided in the synthesis.  

Pyrolysis of Cd(TePh)2 in oleylamine resulted in the formation of CdTe QDs, showing 

the size-dependent quantum size effects. The analysis showed that the particles growth 

mechanism was comparable to thiol-capped counterparts. The PL QY of core CdTe 

QDs was up to 20 %. On the CdTe core, a ZnS shell was deposited using ZnDDTC2 in 

order to improve the optical property of the QDs. However, the shell deposition caused 

a decrease in emission efficiency. Structural characterisations using TEM and XRD 

showed less-common features when compared to other core/shell QDs synthesised via 

conventional methods. Our results indicated an inefficient shell deposition, as well as a 

crystal phase transition.  

In the final experimental chapter, a new method for the phase transfer of QDs was 

developed. In order to convert hydrophobic QDs into hydrophilic particles, we have 

chosen hydrophobins, amphiphilic proteins, as a phase transfer agent. As a standard QD 

sample, high-quality CdTe/ZnS QDs were synthesised and dispersed in hexane. The 

hydrophobin-CdTe/ZnS QDs were prepared by sonicating a mixture of the hydrophobin 

aqueous solution and the QDs/hexane solution, yielding an emulsion with bright 

photoluminescence. To remove excess hydrophobins in the solution, two types of 

isolation methods (ultra-centrifugation and a centrifugal concentrator) were examined. 

TEM and DLS showed that purification with the centrifugal concentrator yielded 

favourable results, clearly indicating an existence of an individual hydrophobin-

CdTe/ZnS QD conjugate. However, emission efficiency was somewhat reduced from 

this processing and the PL QY of the final purified product was found to be 3.5 % (from 
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the original PL QY of 15 %). Using the same procedure, commercially available 

CdSe/ZnS QDs were converted into water-soluble QDs. Whilst the products showed 

more clustered behaviour than those from CdTe/ZnS QDs, they showed excellent 

optical properties such as transparency in solution. The prepared hydrophobin-

CdTe/ZnS QDs were applied to biological imaging. Whilst incubation with 

macrophages with hydrophobin-CdTe/ZnS QDs did not show any acute toxicity, cell 

imaging study showed non-specific binding-like behaviour of the hydrophobin-QDs. 

 

7.2 Future Work 

Since early 1980s, a number of papers have been published on the synthesis of novel 

cadmium-containing nanomaterials which have excellent optical properties and/or 

advantageous structures. However, it is arguable that many papers focused only on the 

synthesis and the practical applications using these nanomaterials have not been fully 

developed. From this viewpoint, our work presented in this thesis is still short of our 

objective; the CdTe-based nanomaterials synthesised in this thesis should be utilised to 

satisfy the needs in relevant fields.  

Particularly, nanotoxicology has become a growing concern when using semiconductor 

QDs as a fluorescence marker. As we have shown the phase transfer using 

hydrophobins and the aqueous synthesis of CdTe/CdSe/ZnSe QDs can be a powerful 

tool for imaging biological samples, further biological/clinical investigation using these 

QDs are expected. For example, in addition to acute toxicity, an influence of long-term 

exposure to the QDs, oxidative stress caused by QDs’ photo-excitation and the 

comparison with other imaging agents (e.g. fluorescent proteins, organic dyes and 

conjugated polymers) will be the next step.  

It is well known that the surface chemistry of the nanomaterials has a significant effect 

towards the biological activities. Therefore, hydrophobin-encapsulation of 

nanomaterials is expected to be a standard technique for biological experiment because 

hydrophobins are regarded as biocompatible and can provide the homogeneous surface 

environment regardless of nanomaterials. As a future interest, phase transfer reaction 

developed in our work should be applied to other nanomaterials such as iron oxide 

nanoparticles or gold nanoparticles.  
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In the work of room-temperature chemical transformation described in Chapter 3, a 

major problem was the synthesised CdHgTe nanoalloys were unstable in solution. 

Therefore, improving the stability of synthesised materials will be necessary. 

Considering the molecular welding effect, we believe it may contribute to the synthesis 

of nanostructures where particles are attached to each other in the pursuit of highly 

organized designer structures with very specific optoelectronic functions.
92

 When 

combined with intelligent synthesis,
294

 a wide range of materials may become 

accessible. 

For the CdTe/ZnS QDs via a single-source route, it is essential to improve the quality of 

the QDs for other applications. For example, controlling particles growth mode (e.g. 

suppressing Ostwald ripening) can be achieved by changing reaction conditions, 

yielding mono-dispersed QDs. Also, the ZnS shell formation on the CdTe core should 

be optimised in order to obtain bright QDs which are comparable to other conventional 

core/shell QDs from dual-precursors routes. 
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Appendix A 

 

Concentration of QDs  

Concentrations of prepared QDs samples were calculated using the method presented by 

Yu et al.
A1

 The formulae are based on the experimental observation that the extinction 

coefficient per mole of high quality CdE (E = S, Se, Te) QDs was found to be 

dependent on nanocrystals size; the theory can be further extended to determine the 

concentration of the nanocrystals sample by a combination of the Lambert–Beer law 

and absorption profiles.  

Systematic characterisation of mono-dispersed CdE QDs using both mass spectrometry 

and optical spectroscopy suggested the relationship between an excitonic peak (λ) and a 

diameter (D) as: 

                                    

                    (11) 

The equation is only applicable to CdTe QDs. For other QDs, see the literature.
A1

 

Extinction coefficient, ϵ, of the CdTe QDs can be obtained from an empirical function 

of the nanocrystals size as follows. 

                      (12) 

From the Lambert-Beer law, the concentration of the CdTe QDs (C) is acquired. 

         ⁄          (13) 

L is the path length of the cuvette, and Acal is a calibrated absorbance (where mono-

dispersity of the sample was taken in to account). The Acal can be calculated by the 

equation below.  

                ⁄        (14) 
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Am is the measured absorbance at the first excitonic peak and K is an average hwhm 

(half width at half maximum) on the long wavelength side. In the case of CdTe QDs, K 

= 18 nm. Figure A-1 explains an example of the concentration determination process.  

 

 

Figure A-1. Typical absorption spectrum of CdTe QDs (4.02 nm diameter) and the calculation 

process for particles concentration based on spectral data. 
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Appendix B 

 

Calculation of the Amount of Shell Sources for One Monolayer 

In the synthesis of core/shell QDs using the successive ionic layer adsorption and 

reaction method, it is essential that the shell source added does not exceed the amount 

required to form just one layer; if excess shell precursors was present in solution, 

undesired nucleation occurred, which decreased the quality of the resulting core/shell 

QDs. Crystallographic parameters, as well as some basic physical properties, were taken 

into account in order to determine the amount of shell precursors to be added. First step 

was to calculate the shell thickness for one layer of shell material. In the case of ZnS, 

where two possible crystal structures are expected, we took an average thickness from 

two structures for further processing.
B1

 Figure B-1 shows crystal structures of wurtzite 

(hexagonal) and zinc blende (cubic) ZnS. From the wurtzite structure, the monolayer 

thickness (d) was assumed to be half of the c-lattice parameter (c): 

    ⁄        ⁄                  (15) 

Also, the shell thickness is thought to be equivalent to the height of a tetrahedron 

highlighted in Figure B-1. In the zinc blende structure, shell thickness (  ) was obtained 

based on the height of a tetrahedron: 

    √ ⁄       √ ⁄                 (16) 

Where a is the lattice parameter of zinc blende ZnS. Therefore, the average shell 

thickness of one monolayer was 0.313 nm.  
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Figure B-1. Schematics of wurtzite and zinc blende ZnS crystals. The tetrahedron units consisting of 

four zinc atoms are highlighted in orange lines.  

 

Figure B-2 shows the schematics of CdTe/ZnS QDs. For the simplicity, it is 

hypothesised that a particle is completely spherical and a shell forms concentrically. 

  

 

Figure B-2. Simplified structure of a CdTe particle with a monolayer of ZnS shell. 

 

When a core diameter is 4.0 nm (r1 = 2.0 nm), the volume of a layer of ZnS shell can be 

calculated as follows. 

(Volume of CdTe, V1) 
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                                   (17) 

(Volume of CdTe+ZnS, V2) 

    
 

 
     

   
 

 
   (                )

 
                   (18) 

Therefore, the volume of ZnS shell is VZnS = V2 - V1 = 18.32 × 10
-27

 m
3
. The molar 

amount of ZnS precursor (X) per CdTe core particle is described as follows:  

  
      

  
⁄                             ⁄   

                                  (19) 

where D is the density of ZnS (4.10 × 10
-6

 g/m
3
), and Mw is the molecular weight on 

ZnS (97.474 g/mol).
B2

 Finally, the overall amount of ZnS precursors for the CdTe 

solution can be calculated by the obtained X value.  

 [   ]                            (20) 

CCdTe is the concentration of CdTe QDs solution calculated from equation (12), Vsolution 

is the volume of the CdTe solution, and NA is the Avogadro constant (6.02 × 10
23

).
B3

 

When we use 10 mL of the solution having the absorption spectrum as shown in Figure 

A-1, the equation (20) is substituted as follows. 

[   ]                       
  

    
            

                  

For the second shell deposition, the volume of the second layer of ZnS shell can be 

obtained by a re-calculation of equation (17) and (18) with new radii. Then, the new 

values of X and [ZnS] can be calculated in the same manner using equation (19) and 

(20).  
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