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ABSTRACT 

In this study PbSe quantum dots (QDs) were successfully synthesized via the organometallic 

and aqueous routes. Optical characterization was carried out using photoluminescence (PL) 

spectroscopy, structural and morphological characterization were carried out using X-ray 

diffraction (XRD) and transmission electron microscopy (TEM). Energy-dispersive X-ray 

spectroscopy (EDS) was used to determine the composition of the QDs. All the synthesized 

QDs were found to have emissions within the near-infrared region of the spectrum (≥1000 

nm) with most of them being less than 5 nm in size. The aqueous synthesized QDs had a 

perfect Gaussian emission spectrum with a FWHM of ~23 nm indicating pure band gap 

emission and narrow size distribution respectively. The QDs were determined to have a cubic 

rock-salt crystal structure consistent with bulk PbSe. The aqueous synthesized QDs were 

however not stable in solution with the QDs precipitating after approximately 48 h. The 

organometallic synthesized QDs were transferred into the aqueous phase by exchanging the 

surface oleic acid ligands with 11-mercaptoundecanoic acid ligands. The ligand exchanged 

QDs were however stable in solution for over two weeks. The effects of reaction parameters 

on the optical and structural properties of the organometallic synthesized QDs were 

investigated by varying the reaction time, temperature, ligand purity, lead and selenium 

sources. It was observed that larger QDs were formed with longer reaction times, with 

reactions proceeding faster at higher reaction temperatures than at lower temperatures. 

Varying the ligand purity was found to have minimal effects on the properties of the 

synthesized QDs. The lead and selenium sources contributed largely to the properties of the 

QDs with lead oxide producing spherical QDs which were smaller compared to the cubic 

QDs produced from lead acetate. TBPSe was seen to produce smaller QDs as compared to 

TOPSe. The cytotoxity of the synthesized QDs was determined following the WST-1 cell 

viability assay with the QDs being found to be non-toxic at all the tested concentrations.   
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CHAPTER 1 

1 Introduction 

1.1 Nanotechnology 

Nanotechnology has attracted a lot of interest in various scientific disciplines due to its 

applications in several areas including optics, magnetics, electronics and biological imaging 

[1]. Nanotechnology generally refers to the manipulation of matter on an atomic or molecular 

scale [2]. It involves materials with at least one dimension on the scale of 1-100 nm. 

A nanometre is 10
-9 

metres; 1 nanometre is approximately the width of three atoms. The 

average human hair has been approximated to have a width of 25,000 nm [3]. Nanoparticles 

have widely been used to enable scientists explore some of the smallest units of matter with 

large surface area to volume ratios. In nanometer-scale structures, finite size effects give rise 

to novel electronic, magnetic and structural properties [4]. As the size of a semiconductor 

decreases, the continuous energy levels in the bulk semiconductor become discrete [5]. This 

leads to quantum confinement effects (QCE) defined by an increasing band gap accompanied 

by the quantization of the energy levels to discrete values [6]. Confining electrons to small 

spatial dimensions causes them to acquire kinetic energy i.e. confinement energy which 

causes their energy spectra to become discrete [7]. These energy level changes are as a result 

of an increase in the effective energy gap relative to the bulk material and the emergence of 

discrete exciton states [8]. When the size of the semiconductor is so small, the electron 

“feels” confined causing the continuous spectrum to split into smaller energy levels with gaps 

between each successive level becoming discrete and increasing the energy levels [7,8]. 

Thus, if the size of the nanoparticle is small enough that the quantum confinement effects 

(QCE) dominate (typically less than 10 nm), the electronic and optical properties change, and 

the fluorescence wavelength is determined by its size [9].  Quantum confinement effects can 
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be divided into weak, intermediate or strong confinement regimes based on the size 

relationship between the radius of the nanoparticle and the exciton (electron and hole pair) 

Bohr radius. The Bohr radii can be described by Equation 1.1 below [8]. 

 

         
        

     
     

Where 

ae = electron Bohr radius 

ah = hole Bohr radius  

ε(∞) = optical frequency dielectric constant 

me = electron effective mass 

mh = hole effective mass 

e = elementary charge 

ħ = reduced Planck’s constant (h/2 π) 

 

The nanoparticles that have radii larger than the exciton Bohr radius (R> ae, ah) are said to be 

in the 'weak confinement regime' where the electron and hole retain their bulk character and 

are unaffected by quantum confinement. In the intermediate confinement regime, the radius 

of the nanoparticle is smaller than the electron Bohr radius but larger than the hole Bohr 

radius (ae> R >ah). The electron experiences confinement while the hole experiences coulomb 

attraction to the electron. In the strong confinement regime, the radius of the nanoparticle is 

smaller than both the electron and hole Bohr radii (R < ae, ah). In this regime both the electron 

and hole experience strong quantum confinement leading to splitting of energy levels into 

discrete states [8]. Quantum confinement of both the electron and hole leads to an increase in 

the effective band gap of the material with decreasing nanocrystal size [10]. Quantum 

Equation 1.1 
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confinement effects (of the first excited electronic state) can be described by Equation 1.2 

below [11]. 

        
    

   [
 

  
 

 

  
]  

     

  
    

Where 

E = energy gap of quantum dots 

Eg = bulk energy gap 

R = quantum dot radius 

ε = semiconductor dielectric constant 

me = electron effective mass 

mh = hole effective mass 

e = elementary charge 

ħ = reduced Planck’s constant (h/2 π) 

As the radius of the nanoparticle decreases, E shifts to higher energy due to higher quantum 

confinement which follows R
-2

. The Coulomb term which follows R
-1

 shifts E to lower 

energy as R decreases [11,12]. This increase in nanocrystal energy with decrease in size can 

explain the optical properties of nanocrystals, as nanocrystal sizes decrease their absorbance 

shift to shorter wavelengths. This has been observed in solution phase synthesis [12] as well 

as in solid state pyrolysis of molecular precursors [13].  

QCE also determines the fluorescence properties of semiconductor nanocrystals. The 

fluorescence of the nanocrystals is a result of exciting the valence electron with a certain 

energy (or wavelength) and the emission of lower energy in the form of photons as the 

excited electron returns to the ground state recombining with the hole. The energy of the 

emitted photon is determined by the size of the nanocrystal due to quantum confinement 

effects. In a simplified model of the excitation, the energy of the emitted photon can be seen 

Equation 1.2 
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as a sum of the band gap energy between occupied level and unoccupied energy level, the 

confinement energies of the hole and the excited electron, and the bound energy of the 

exciton (the electron-hole pair) [14]. Group IV-VI semiconductors have relatively large Bohr 

radii which offer unique access to strong quantum confinement regime [15].  In PbSe the 

electron, hole and exciton Bohr radii are 23 nm, 23 nm and 46 nm respectively, these allow 

strong confinement to be achieved in relatively large particles [16-17]. 

1.2 Quantum dots (QDs) 

Semiconductor nanocrystals (NCs) also referred to as quantum dots (QDs), are nanometre 

sized crystals made of atoms from groups II-VI, III-V, and IV-VI [18]. While quantum wells 

and quantum wires experience quantum confinement in one and two dimensions respectively, 

QDs experience these quantum confinement effects in all three dimensions [19]. 

Semiconductor QDs possess novel electronic, optical, magnetic, and structural properties 

which are quite different from those of bulk materials [20]. Most QDs consist of a 

semiconductor core which is surrounded by a covering of wide band gap semiconductor shell 

in order to minimize the surface deficiency and enhance the quantum yield (QY) [21]. 

Compared to plain core quantum dots, core/shell QDs offer an enhanced stability and 

tunability of the optical and electronic properties. This is due to the spatial distribution of 

electron and hole wave functions in the QD heterostructures [22]. Core/shell QDs can be 

classified into three regimes depending on the localization of the charge carrier wave 

functions. In type I localization regime, the electron and hole are both localized in the core 

resulting in chemically stable and well-passivated QDs with high photoluminescence (PL) 

and quantum yield (QY). In type-II regime, the electron and hole are spatially separated. In a 

quasi-type-II localization regime, one of the carriers is fully delocalized while the other 

remains localized [22]. 
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1.2.1 Group IV-VI Nanocrystals 

Semiconductor nanocrystals or quantum dots (QDs) from groups II-VI e.g. CdSe and III-V 

e.g. InP have been widely studied and found applicable in various biological systems [23]. 

These applications include molecular histopathology, disease diagnosis, biological imaging 

among others [21]. CdSe QDs have also been used in developing kits for western blot 

analysis [24]. Comparatively less is known about group IV-VI QDs, especially their 

applications in biological studies [17]. Studies of lead salt QDs were originally motivated by 

the possibility of achieving uniquely strong confinement of charge carriers, along with size-

quantized optical transitions in the infrared region. They display ferroelectric effects, have 

large optical and dielectric constants and negative pressure coefficients [25]. Lead 

chalcogenides (PbS, PbSe and PbTe) have attracted interest due to their distinguished 

physical properties. These semiconductors have cubic (rock-salt) crystal structure, very 

narrow energy gaps (direct gaps at L point) of 0.29 eV, 0.27 eV, and 0.41 eV for PbS, PbSe 

and PbTe respectively [26]. They have very large Bohr radii (20-46 nm) as compared to 

cadmium systems (2-10 nm). These large Bohr radii permit the optical properties of lead 

chalcogenides to be evaluated in the limit of extremely strong quantum confinement due to 

the size dependent behavior of these crystals [16-17].  Lead chalcogenide QDs emit near 

infrared (NIR) light which makes them ideal for biological imaging since their emissions fall 

within the second biological window of wavelengths between 1000 nm and 1350 nm [17,27]. 

Their high nonlinearities also make them excellent materials for optical switches [17]. The 

lowest energy exciton transitions occur at technologically important infrared wavelengths 

making them advantageous for optical applications [16].  
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1.3 QD synthesis 

Preparation of QD samples that are uniform in composition, size, shape, internal structure and 

surface chemistry is essential to successfully mapping their size-dependent material 

properties. Semiconductor quantum dots (QDs) have been synthesized using various methods 

over the past decades. Early fabrication of semiconductor quantum dots was carried out in 

polymers [28], silicate glass and phosphate glass [29]. Some reports have also been given of 

the preparation of nanometre sized particles by the pyrolysis of molecular precursors 

However, these methods were not able to produce QDs with uniform size distributions [13]. 

A great breakthrough in the colloidal synthesis of QDs was made by Murray and co-workers 

when they made use of trialkylphosphine chalcogenides in the synthesis of Cd-chalcogenide 

QDs [30]. In these reactions, dialkyl-metal compounds were used as the metal precursors 

while trialkylphosphine chalcogenides and silyl-chalcogenides were used as chalcogenide 

precursors [30-31]. These reactions provided the much needed size control during QD 

synthesis which had previously been difficult to achieve. This synthetic technique has since 

been modified replacing the dialkyl-metal compounds with other environmentally friendly 

metal precursors. Metal oxides and other metal salts have been used together with organic 

ligands in coordinating or noncoordinating solvents. Solution phase or colloidal synthesis can 

be carried out in organic or aqueous media.  The semiconductor QDs produced consists of an 

inorganic core surrounded by an outer layer of organic surfactant molecules [32]. Depending 

on the surfactant molecules, the synthesized semiconductor QDs are soluble either in aqueous 

or organic media. 

Although the pioneering work was done in organic solvents, aqueous synthetic protocols 

have since been developed for most semiconductor QDs. The synthesis can therefore be 

subdivided into organometallic and aqueous synthesis. 
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1.3.1 Aqueous synthesis 

Synthesis of QDs in aqueous media provides nanoparticles which are compatible with 

biological environments. These syntheses are carried out using phosphates or thiols acting as 

stabilizing agents in aqueous media [33]. Aqueous synthesis for CdTe QDs in the presence of 

a thiol stabilizer was reported by Gaponik et al. in 2002 [34]. Most aqueous synthesis 

methods have focused on group II-VI nanocrystals. Yu et al. investigated the aqueous 

synthesis of dihydrolipoic acid (DHLA) capped PbSe QDs. They reported on the optical and 

morphological properties of the as-synthesized QDs. QD growth was observed to be 

consistent with the widely investigated organometallic techniques with QD sizes increasing 

with growth time and Ostwald ripening also taking place in these systems [35]. Recently, the 

first room temperature aqueous synthesis for PbSe nanocrystals was reported by Primera-

Pedrozo et al. [36]. Aqueous synthesis provides QDs which are ready for use as biological 

fluorescent agents. The challenge with this synthetic technique is however the fact that it 

produces QDs with low quantum yields (QY) [37]. High-temperature coordinating solvents 

produce QDs with higher crystallinity, better stability and higher fluorescence efficiency as 

compared to aqueous synthetic protocols [38]. 

1.3.2 Organometallic synthesis 

High-temperature solution-phase synthesis provides a method for preparing uniform 

nanocrystals for a variety of metals and semiconductors. These methods result in the 

formation of nanocrystals consisting of an inorganic core surrounded by an organic 

monolayer [4]. The synthesis of these nanocrystals generally follows a scheme involving a 

short nucleation event followed by slower growth on the existing nuclei. The major 

techniques used in QD synthesis include the hot injection and heating-up techniques. 
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1.3.2.1 Hot injection technique 

This technique involves the rapid injection of a precursor solution at room temperature into a 

hot reaction medium in the presence of carefully chosen surfactant molecules [18]. Generally 

two procedures are carried out in the hot injection technique; firstly the reaction precursors 

are pre-mixed in a suitable solvent at a temperature low enough to preclude any reaction. This 

mixture is then injected into a hot solvent allowing nucleation to take place [39]. The other 

procedure involves preparing one precursor (commonly metal precursor) at high temperature 

and maintaining it at the injection temperature then injecting a room temperature solution of 

the chalcogen precursor [40]. The temperature of the solution is sufficient to decompose the 

reagents forming a supersaturation of species in solution that is relieved by nucleation of 

nanocrystals. Upon nucleation, the concentration of the species in solution drops below the 

critical concentration for nucleation, and further materials can only add to the existing nuclei 

[4]. The injection of cool reactants into the reaction mixture effectively lowers the reaction 

temperature allowing the nuclei to grow at lower temperatures than that of the nucleation 

process. This control of the size and shape of the semiconductor nanocrystals in these QDs is 

achieved through the separation of the nucleation and growth processes [18]. In this 

technique the surfactant performs several functions, it acts as a coordinating solvent 

controlling the QD growth and stabilizing them, it binds to the QD surface hence slowing 

down the growth kinetics by preventing the addition of monomers to the surface, it also 

prevents the aggregation of QDs and passivates their surface [18]. Steckel et al. studied two 

possible mechanisms of lead chalcogenide NC formation using 
31

P NMR to monitor 

compounds formed during synthesis [41]. They proposed reaction mechanisms based on two 

possible ionic states of the participating ions. In the first reaction Se
2-

 ions reacted with Pb
2+

 

to produce PbSe QDs as shown in Equation 1.3 below. The proposed reaction mechanism is 

shown in Scheme 1.1 [41]. The second method proposes a reaction in which lead oleate is 
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first reacted with diphenylphosphine (DPP) to reduce Pb
2+

 to Pb
0
 which is then reacted with 

trioctylphosphine selenide (provides Se
0
 ions) to form PbSe QDs (Equation 1.4 and 

Equation 1.5) The proposed reaction mechanism for the DPP mediated reaction is shown in 

Scheme 1.2 [41].  

 

 

 

 

 

 

Where 

 

 

 

 

Scheme 1.1 Proposed mechanism for PbSe nanocrystal formation [41] 
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Scheme 1.2 Proposed mechanism for DPP mediated PbSe nanocrystal formation [41] 
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In this technique all the reactants are mixed at a relatively low temperature then the mixture is 

slowly heated to achieve the required temperature. The requisite supersaturation is achieved 

by a controlled ramp of the solution temperature which accelerates the chemical reaction. A 

burst of nucleation relieves the supersaturation as in the hot-injection method. Adjusting the 

temperature to keep the rate at which the reagents react less than or equal to the rate at which 

material adds to the existing nuclei ensures that the supersaturated state is never revisited 

hence inhibiting the formation of new nuclei [4].  

The systematic adjustment of the reaction conditions e.g. time, temperature, concentration 

and chemistry of reagents and surfactants can be used to control QD size and thus prepare a 

size series of QD samples. In general, QD sizes increase with increasing reaction time, as 

(RaCOO)2Pb + (RaCOO)2Pb PH(Rc)2

Ra C

O

O

Pb

OC

O

Ra

PH(Rc)2

Ra C

O

O

Pb

OC

O

Ra

PH(Rc)2

O

Ra O PH(Rc)2

O

RaO

PH(Rc)2

Pb0

Se P(Rb)3 Pb Se P(Rb)3 P(Rb)3 PbSe

O

Ra O PH(Rc)2

O

RaO

Ra C

O

O

Pb

OC

O

Ra

PH(Rc)2

O PH(Rc)2

O

O

O

RaRa

+ +

+

+

+

Pb0 +

 

 

 

 



 
11 

more material adds to QD surfaces, and with increasing temperature, as the rate of addition of 

material to the existing nuclei increases [4].  

1.4 Ostwald ripening 

Some systems exhibit a second, distinct growth phase known as Ostwald ripening, in which 

the smaller molecules dissolve and redeposit on the larger QDs to reach a more 

thermodynamically stable state. Ostwald ripening occurs because molecules on the surface of 

particles are more energetically unstable than those within [4]. Therefore the unstable surface 

molecules often go into solution shrinking the particle over time and increasing the number of 

free molecules in solution. When the solution is saturated with the molecules from the 

shrinking particles, those free molecules will redeposit on the larger particles (Figure 1.1). 

Thus small particles decrease in size until they disappear and material deposits on the larger 

particles making them grow even larger. Higher solution temperatures enhance Ostwald 

ripening, also leading to larger average QD sizes [4].  

 

 

 

 

 

 

Figure 1.1  Representation of Ostwald ripening 
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1.5 Surface modification 

Colloidal QDs are stabilized with a layer of organic molecules to prevent them from 

aggregating and to provide them with solution stability [23]. These molecules are often 

referred to as surfactants, capping agents or ligands [42]. Over the years, various substances 

have been used as surfactants during QD synthesis. Some of these surfactants can also be 

used as solvents during the QD synthesis and such solvents are generally known as 

coordinating solvents. Of these, the most common are trioctylphosphine (TOP) and 

trioctylphosphine oxide (TOPO). Others including oleylamine (OLA) have also been reported 

[43]. Surfactant molecules play a major role during nucleation and growth [44]. These 

molecules are dynamically bonded on the QD surface during nucleation and growth phases. 

An increase in ligand concentration may therefore lead to restriction of monomer formation 

hence reduce the number of nuclei formed or restrict monomer addition to nuclei [45,46]. If 

the restriction of monomer formation is predominant, more monomers will be left in solution 

after the nucleation stage resulting in the formation of larger QDs. On the other hand, if the 

restriction of monomer addition to nuclei is predominant, smaller QDs will be formed with 

increased ligand concentration. These effects have been investigated in group II-VI 

nanocrystals as well as group IV-VI nanocrystals. In group II-VI systems, an increase in 

ligand concentration leads to larger QDs being formed as demonstrated in CdSe QDs by 

Bullen and Mulvaney [45] while in group IV-VI systems, smaller QDs are formed as shown 

by Dai et al. in PbSe QDs [46]. These observations can be attributed to the selective 

adsorption of the ligand on the surface atoms. 

1.5.1 Aqueous solubilization 

QDs are mostly produced in nonpolar organic solutions using aliphatic coordinating ligands 

and as such are only soluble in these nonpolar organic solvents, making phase transfer an 
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essential and nontrivial step for the QDs to be useful as biological reporters [47]. To render 

quantum dots biocompatible, their organic passivating agents have to be replaced with 

hydrophilic groups which will allow them to dissolve in aqueous media. Coating of QDs with 

hydrophilic reagents greatly improves their applicability in in vivo and in vitro imaging 

mainly by improving their compatibility with different biological environments and their 

chemical stability [47]. QD encapsulation technologies are based on the surface modification 

of small-molecule ligands, to produce highly water-soluble and bright QDs. The purpose of 

the surface coating is to improve the stability of the nanocrystals, as well as prevent the 

leakage of ions from the nanocrystals to the surroundings. This aims at effectively 

eliminating their cytotoxicity. The surface coating should not only make the nanoparticles 

water-dispersible, but may also improve their long-term circulation in the body [25]. An ideal 

water-soluble ligand should meet the following requirements: (1) provide QD stability and 

solubility in biological buffers; (2) maintain a high resistance to photobleaching and other 

photophysical properties in aqueous media; (3) have functional groups which are able to 

conjugate to biomolecules; (4) minimize overall hydrodynamic size [33]. Two general 

strategies have been developed to render hydrophobic QDs soluble in aqueous solution: 

ligand exchange and encapsulation by amphiphilic polymers [33,38].  

1.5.1.1 Ligand Exchange 

This technique involves the displacement of the native hydrophobic ligands from the surface 

of QDs through mass action and replacing them with heterobifunctional ligands which have 

one functional group that binds to the QD surface, and another functional group that is 

hydrophilic. Ligand exchange is carried out in a biphasic system with the QDs being 

transferred from the organic phase into the aqueous phase [48]. Generally, the as-synthesized 

QDs are dissolved in an organic solvent (commonly chloroform due its high density) then an 

aqueous solution of the hydrophilic ligand is added to the QD solution [49]. This mixture is 
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shaken to allow the QDs to interact with the ligands present in the aqueous phase. The 

hydrophobic ligands are displaced from the QD through mass action, as the new bifunctional 

ligand adsorbs to render water solubility [33]. Centrifugation allows the phase separation to 

be restored and the QDs with the hydrophilic ligands are now suspended in the aqueous 

phase. Sometimes reflux is necessary to promote desorption of organic ligands from the QD 

surface. Where reflux is carried out, the temperature is carefully maintained lower than the 

growth temperature to avoid Ostwald ripening [50].  

Using this method, (CdSe)ZnS QDs have been coated with mercaptoacetic acid and (3-

mercaptopropyl) trimethoxysilane, both of which contain basic thiol groups which bind to the 

QD surface atoms, yielding QDs displaying carboxylic acids or silane monomers, 

respectively. 11-Mercaptoundecanoic acid (MUA), 16-mercaptohexadecanoic acid (MHDA), 

and aminoethanethiol (AET)-capped PbSe QDs have been successfully prepared following 

the exchange of surface oleic acid molecules with MUA, MHDA and AET respectively. The 

ligand exchanged QDs showed red shifted emissions as compared to their organic 

counterparts but with reduced emission intensities. Similar results were obtained for PbS QDs 

with MUA, MHDA and AET ligands [49]. The most common types of ligands used in ligand 

exchange are mercaptocarboxylic acids some of which are shown in Table 1.1 below. 

Mercaptocarboxylic acids bind to the QD surface using a thiol linker while utilizing the 

carboxylate ion to provide hydrophilicity (Figure 1.2).  
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 Table 1.1  Some Mercaptocarboxylic acids used in ligand exchange reactions 
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Figure 1.2 Ligand exchange of oleic acid capped PbSe QDs with monodentate and 

bidentate thiol ligands 

 

The stability of these mercaptocarboxylic acids on PbSe QD surfaces have been investigated 

and it can be concluded that the longer the chain length the more photostable the QD and the 

better its solution stability [42]. In aqueous synthesis of PbSe QDs however, shorter chain 

mercaptocarboxylic acids were found to be more favourable owing to their higher solubility 

in water and lower stabilization energies of the Pb-ligand bond [36].  

Although ligand exchange is fairly simple, straight forward and generates QDs that are useful 

for biological assays, it is commonly associated with decreased fluorescence efficiency 

evident by significant loss of the QDs photoluminescence properties and a propensity to 

aggregate and precipitate in biological buffers [37,38]. 
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1.5.1.2 Amphiphilic polymer encapsulation 

More recently, it has been shown that some of the problems mentioned above can be 

alleviated by retaining the native coordinating ligands on the surface, and instead covering 

the hydrophobic QDs with amphiphilic polymers. This encapsulation method yields QDs that 

can be dispersed in aqueous solution and remain stable for long periods of time due to a 

protective hydrophobic bilayer surrounding each QD through hydrophobic interactions. Silica 

and polyethylene glycol (PEG) phospholipid dual layer was successfully used to coat PbS 

QDs as reported by Wang et al. [25].  The dual layer was able to transfer the QDs to aqueous 

phase and chemically stabilize the PbS QDs. This layer completely passivates the QD surface 

preventing the leakage of heavy metal ions [25].  

Table 1.2 shows some of the currently used QD aqueous solubilization strategies and their 

mechanisms of interaction. It is however of utmost importance that after the transfer into 

aqueous media the excess ligands or amphiphiles are eliminated from the QD solution by way 

of purification. The QD properties should also be considered when choosing a solubilization 

method. As noted in ligand exchange above, the fluorescence properties may be 

compromised when using this solubilization method. Generally the overall QD size will 

depend on the coating thickness. While coating with amphiphilic polymers is likely to retain 

most of the QD properties, it is likely to result in large particles which may preclude their 

uptake into cells via endocytosis or disrupt signal transduction in sensing applications that 

utilize distance dependent fluorescence resonance energy transfer (FRET) [33].   
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Table 1.2  Representation of QD aqueous solubilization and biofunctionalization 

strategies. Ligands provide linkage to QD (pink), water solubility (blue) and a 

biomolecule linking functionality. Reprinted with permission from [48], 

Copyright 2005, Macmillan Publishers Ltd. 
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1.6 Application of QDs in diagnostic studies 

Fluorescence is the most common method of detecting and quantitating biomolecules [51]. 

As a result of this, photons have been used as a source of information for the diagnosis and 

treatment of numerous ailments. Photon detection provides a rapid and cheap way for 

diagnosis [47,51]. Fluorescent dyes and protein-based fluorophores have been used in several 

applications over the years including immunoassays, nucleic acid detection, cellular labeling 

and many others [51]. These fluorophores have however had several challenges which have 

to be overcome in order to optimize their efficiency. The challenges arise from their 

photophysical properties which limit their applicability in long-term imaging and 

multiplexing. The properties include their narrow absorption and broad emission profiles 

coupled with low photobleaching thresholds [48]. Some of these challenges can be addressed 

with the use of quantum dot fluorophores which have broad absorption and narrow 

symmetrical emission profiles, high resistance to photobleaching, photo degradation and 

chemical degradation. CdSe/ZnS QDs have offered numerous possibilities as fluorophores 

owing to their chemistry which has been widely studied [48]. They offer tunable emissions 

within the visible region by varying the QD size. Figure 1.3 summarizes some of the areas of 

biological interest on the electromagnetic spectrum as well as the emission wavelengths of 

some QDs. 
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Figure 1.3  Some QD materials and their emission wavelengths on the spectrum. Some of 

the areas of biological interest are also shown. Reprinted with permission from 

[48], Copyright 2005, Macmillan Publishers Ltd. 

1.6.1 Near-infrared (NIR) QDs 

NIR fluorescence techniques enable the in vivo imaging of physiological, metabolic and 

molecular functions. This is made possible by the diagnostic window (NIR window) which 

can be explored for sensitive detection techniques [20]. QDs can be used as biological 

contrast agents for optical imaging particularly for deep tissue imaging [20]. Diseases like 

cancer and some disorders associated with the immune system require specialized diagnostic 

techniques due to the molecular changes in the tissue which are very complex. Early 

diagnosis is a key way to help in the management and possibly treatment of these diseases. 

Since these diseases especially cancers heavily spread through molecular changes, their 

diagnostic methods have majorly been based on the manifestation of the molecular changes 

that underlie the disease. It is however possible to detect or diagnose the disease early by 

monitoring the biomarkers that are disease-specific [20]. This allows disease diagnosis to be 

carried out at an early stage of the disease which makes early treatment possible. The current 

imaging methods focus on tumor monitoring which in most cases the tumor is already 

enlarged and may require very expensive procedures to remove. Imaging and monitoring of 
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molecular changes that underlie the disease can allow for early detection of diseases. 

Biological imaging is however complex due to the presence of biological media which also 

absorb and emit light similar to the fluorescent probes commonly used. This poses a 

challenge which may lead to inaccurate results. PbSe QDs absorb light over a wide range 

from ultra-violet (UV) through near-infrared (NIR). They emit light in the NIR region where 

tissue auto fluorescence is minimal making them useful tools for fluorescence imaging.  
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1.7 Problem statement 

Group II-VI nanocrystals have found applications in various biological systems due to their 

fluorescence within the first biological window of wavelengths between 650 nm and 950 nm. 

Though they have been used for optical imaging of live animals, this optical window does not 

give optimal results due to tissue autoflourescence which produces substantial background 

noise and the tissue penetration depth is limited to between 1 and 2 cm [27]. Studies have 

suggested that it would be possible to improve signal to noise ratios by use of nanocrystals 

that emit at light within the second biological window of wavelengths between 1000 nm and 

1350 nm. This biological window, which is also considered to be highly sensitive for in vivo 

imaging, has however not been fully explored due to lack of biocompatible fluorescent 

probes [27]. Single walled carbon nanotubes (SWCNT) that emit between 950 nm and 1400 

nm have been used to map blood vessels with minimal background autofluorescence [52]. 

The structure of the nanotubes has however elicited some concerns due to tissue damage and 

cytotoxicity being observed in lungs following inhalation. 

Semiconductor QDs in general are more promising than nanotubes because their size and 

shape can be finely adjusted to produce the desired properties due to their tunability [27]. 

Lead chalcogenides in particular offer emissions of wavelengths above 1000 nm which are 

well within the second biological window thus can be more favourable for deep tissue 

imaging than the currently used II-VI nanocrystals. They also have very large Bohr radii as 

compared to cadmium systems [7,47,53,54]. With a lager exitonic Bohr radius, smaller 

nanocrystal sizes will be required as compared to the currently used systems. In this study the 

synthesis and characterization of NIR emitting PbSe QDs was investigated. The reaction 

conditions were also varied in order to investigate the effects these would have on the QD 

properties. Aqueous and organometallic synthetic protocols were employed in order to 

determine the route that provided the most stable QDs. The cytotoxity of some of the 
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synthesized QDs was investigated in order to determine whether the QDs can indeed be used 

in diagnostic studies without toxic effects on cells. 

1.8 Aims and objectives 

The aim of this study is to synthesize and characterize PbSe quantum dots and to investigate 

their applicability in diagnostic studies. 

The specific objectives are as follows: 

a) To synthesize PbSe quantum dots via the organometallic and aqueous routes 

b) To characterize the quantum dots using photoluminescence (PL) spectroscopy, 

transmission electron microscopy (TEM) and X-ray Diffraction (XRD)  

c) To perform ligand exchange on the synthesized QDs 

d) To investigate the effects of growth time, temperature, ligand purity, lead and 

selenium sources on the optical and morphological properties of PbSe QDs 

e) To carry out a preliminary investigation on the cytotoxity of the synthesized QDs 
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CHAPTER 2 

2 Experimental 

Various synthetic techniques and materials were used in the synthesis and characterization of 

PbSe quantum dots for this work. Previously reported procedures were used with some 

modifications in order to investigate the desired properties. 

2.1 Materials 

All the experiments were carried out using analytical grade chemicals which were used 

without further purification. Lead (II) acetate trihydrate (Pb(Ac)2•3H2O), lead (II) oxide (PbO, 

99.99 %), selenium powder (100 mesh, 99+ %), 3-Mercaptopropionic acid (MPA, ≥99 %), 

11-Mercaptoundecanoic acid (MUA, 95 %), trioctylphosphine (TOP, 90 %), 

tributylphosphine (TBP, 97 %), oleic acid (OA, 90 %), oleic acid (OA, 99 %), 1-octadecene 

(ODE, 90 %), sodium borohydride powder (NaBH4, 98 %), diphenyl ether, oleylamine 

(OLA), hexane, acetone, chloroform, NaOH pellets, 2-propanol, hydrochloric acid (HCl),  

nitric acid (HNO3) were purchased from Sigma Aldrich.  

2.2 Instrumentation 

Characterization of the synthesized quantum dots (QDs) was carried out using various 

spectroscopic techniques. These techniques include photoluminescence spectroscopy (PL), 

X-ray diffraction (XRD), transmission electron microscopy (TEM) energy-dispersive X-ray 

spectroscopy (EDS) and selected area electron diffraction (SAED). 

2.2.1 Photoluminescence spectroscopy (PL) 

Some of the qualities that make quantum dots (QDs) very attractive are their superior 

fluorescence properties. Fluorescence can be defined as the emission of light by a substance 
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after it has absorbed light or some form of electromagnetic radiation. It can also be defined as 

the visible or invisible radiation produced from certain substances as a result of incident 

radiation of short wavelengths such as X-rays or ultraviolet light or  the property of absorbing 

light of short wavelengths and emitting light of longer wavelengths [1]. Spectroscopy on the 

other hand refers to the quantification of this emitted light. The emission spectra of the 

synthesized QDs were recorded using a HORIBA NanoLog FL3-22-TRIAX using a liquid 

nitrogen (N2) cooled InGaAs near-infrared (NIR) detector. Figure 2.1 represents the various 

parts of a HORIBA NanoLog instrument. 

 

 

Figure 2.1  Schematic representation of a Horiba Jobinyvon NanoLog, showing the optical 

path from source through sample to detectors [2] 
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2.2.2 X-ray diffraction (XRD) 

XRD was used to determine the crystal structure of the synthesized nanocrystals. XRD 

analysis was carried out at iThemba Labs, Cape Town on a Bruker AXS D8 Advanced 

Diffractometer equipped with a CuKα (λ = 1.5418 Å) X-ray source. The diffraction patterns 

obtained were also used to confirm particle sizes obtained from TEM micrographs. These 

particle sizes were calculated using the scherrer equation (Equation 2.1) [3,4]. 

   d = 
   

     
  

Where  

k = shape factor approximately 0.9 (constant) 

λ = X-ray wavelength (1.5405 Å)  

β = optical frequency dielectric constant 

θ = diffraction angle 

2.2.3 Transmission electron microscopy (TEM) 

Transmission electron microscopy was used to determine the size and shape of the 

synthesized QDs. Energy-dispersive X-ray spectroscopy (EDS) was used as a chemical 

analysis system to quantify the chemical composition of the QDs. EDS relies on the counting 

of X-rays emitted from the beam-illuminated specimen region as a function of the photon 

energy [5]. HR-TEM and EDS characterization were carried out on a TECNAI F30ST 

transmission electron microscope (Figure 2.2). Samples for TEM analysis were dispersed in 

hexane and dropped on carbon film-coated copper grids to form an ultrathin layer which was 

Equation 2.1 
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dried under an electric bulb for 10 min. Nanocrystal sizes were determined from the TEM 

micrographs with the aid of ImageJ software. 

 

Figure 2.2  Tecnai
TM

 Transmission electron microscope [6] 

2.3 Synthesis and purification of PbSe QDs 

PbSe QDs were synthesized through the two major synthetic methods as described in section 

1.3 i.e. organometallic and aqueous syntheses. The organometallic synthetic procedure 

employed was the hot-injection technique. 
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2.3.1 Organometallic reactions 

PbSe QDs were prepared according to a previously reported procedure with some 

modifications [7]. The reaction was carried out using standard air-free procedures using a 

glove box and Schlenk line.  

2.3.1.1 Preparation of reaction precursors 

The lead and chalcogen precursor were prepared separately in three-neck and two-neck round 

bottom flasks respectively. 

2.3.1.1.1 Preparation of Lead precursor 

Lead oleate was prepared by drying PbO (223 mg (1mmol)) (or Pb(Ac)2•3H2O) under 

vacuum at 130 °C for 15 min, followed by the addition of 20 mL of octadecene (ODE) and 

635 µL (2 mmol) of oleic acid (OA). The mixture was heated under vacuum for 15 min at 

130°C till the yellow colour disappeared forming Pb-(oleate)2 [7,8]. The heating also served 

to remove excess H2O and acetic acid. This was followed by bubbling argon gas through the 

solution for 1 h. 

2.3.1.1.2 Preparation of chalcogen precursor 

In a 2-neck flask, 158 mg (2 mmol) of elemental selenium was dissolved in 5 mL of TOP or 

TBP in the glove box. The mixture was stirred at room temperature till all the selenium had 

dissolved. 

2.3.1.2 Preparation of PbSe QDs 

Oleic acid-capped PbSe QDs were prepared by maintaining the temperature of the Pb-oleate 

solution at the required injection temperature and rapidly injecting 2.5 mL (1 mmol 

equivalent of Se) of TOPSe or TBPSe solution into the Pb-oleate solution. The QDs were 
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allowed to grow for 30 min with samples being taken at various intervals for optical 

characterization.  

2.3.1.3 Purification of QDs 

The QD solution was purified by adding 20 mL hexane to dissolve the formed QDs. The 

solution was transferred into 2 mL eppendorf tubes and centrifuged at 6000 revolutions per 

minute (rpm) for 10 min and unreacted material settled at the bottom of the tubes while QDs 

remained in the supernatant. The unreacted material was discarded and excess acetone was 

added to the supernatant till QDs precipitated forming a cloudy solution. This solution was 

centrifuged at 6000 rpm for 10 min to allow QDs to settle at the bottom with a clear 

supernatant solution. The supernatant was discarded and the QD pellet was dried and stored 

in the dark at 4 °C. 

2.3.1.4 Ligand Exchange 

The synthesized QDs were transferred from organic media to aqueous media by exchanging 

their hydrophobic surface ligands with hydrophilic ligands. 

2.3.1.4.1 3-Mercaptopropionic acid (MPA) ligands 

The MPA solution was prepared by dissolving 3 mL MPA in 7 mL deionized water (30 % 

MPA solution). The solution pH was adjusted using NaOH to pH 11. QD pellet was 

dissolved in 0.5 mL chloroform in a 2 mL eppendorf tube and 0.5 mL of MPA solution added 

to the QD solution. The mixture was shaken on a vortex mixer for 4 h. After 4 h the mixture 

was spun at 6000 rpm for 10 min to separate the aqueous phase from the organic phase. The 

ligand exchange was also carried out using 50 % and 100 % MPA solutions. 
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2.3.1.4.2 11-Mercaptoundecanoic acid (MUA) ligands 

Ligand exchange with MUA was carried out according to a procedure reported by Hyun et al. 

with some modifications [9]. 

MUA solution was prepared by dissolving 7 mg MUA in 1 mL chloroform. QD pellet was 

dissolved in 0.1 mL chloroform. 0.5 mL MUA solution was added to the QD solution and 

shaken till the QDs flocculated. 0.4 mL NaOH solution (9 mg/mL) was added to the QD 

solution and shaken on a vortex mixer for 10 min. The solution was centrifuged at 6000 rpm 

for 2 min to allow for phase separation. The QDs were transferred from the organic phase 

into the aqueous phase. 

2.3.1.5 Investigation of the effects of reaction parameters on the optical and 

structural properties of PbSe QDs 

Several reactions were carried out while varying the injection temperatures, solvent, lead salt, 

selenium precursor, and ligand used. The reactions are summarised in Table 2.1, Table 2.2, 

Table 2.3 and Table 2.4 below. The solvents used were 1-octadecene (ODE), diphenyl ether 

(Ph2Et), trioctylphosphine (TOP) and oleylamine (OLA). The lead salts used were lead (II) 

oxide (PbO) and lead (II) acetate trihydrate (Pb(Ac)2•3H2O). Selenium precursors used were 

trioctylphosphine-selenium (TOPSe) and tributylphosphine selenide (TBPSe). Ligands used 

were 90 % oleic acid (OA) and 99 % oleic acid (99 % OA). 
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Table 2.1 Effect of injection temperature and growth time 

 Solvent Ligand Pb source Se source Injection 

Temp (°C) 

Growth 

time (min) 

1.  ODE OA PbO TOPSe 150 10 

2.  ODE OA PbO TOPSe 150 20 

3.  ODE OA PbO TOPSe 150 30 

4.  ODE OA PbO TOPSe 121 10  

5.  ODE OA PbO TOPSe 121 20 

6.  ODE OA PbO TOPSe 121 30 

7.  ODE OA PbO TOPSe 90 10 

8.  ODE OA PbO TOPSe 90 20 

9.  ODE OA PbO TOPSe 90 30 

 

Table 2.2 Effect of solvent  

 Solvent Ligand Pb 

source 

Se source Injection 

Temp (°C) 

Growth time 

(min) 

1.  ODE OA PbO TOPSe 121 10 

2.  Ph2Et OA PbO TOPSe 121 10 

3.  Ph2Et OA PbO TOPSe 90 30 

4.  TOP OA PbO TOPSe 90 30 

5.  OLA OA PbO TOPSe 90 30 

 

Table 2.3 Effect of lead and selenium sources 

 Solvent Ligand Pb source Se source Injection 

Temp (°C) 

Growth time 

(min) 

1.  ODE OA Pb(Ac)2 TOPSe 90 30 

2.  Ph2Et OA Pb(Ac)2 TOPSe 90 30 

3.  ODE OA PbO TOPSe 90 30 

4.  ODE OA PbO TBPSe 90 30 

5.  ODE OA Pb(Ac)2 TOPSe 90 30 

6.  ODE OA Pb(Ac)2 TBPSe 90 30 

 

Table 2.4 Effect of ligand purity 

 Solvent Ligand Pb source Se source Injection 

Temp (°C) 

Growth time 

(min) 

1.  ODE 90% OA PbO TBPSe 90 30 

2.  ODE 99% OA PbO TBPSe 90 30 
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2.3.2 Aqueous reactions 

These reactions were carried out at room temperature with 3-Mercaptopropionic acid used as 

a capping agent for the synthesized QDs. PbSe nanocrystals were synthesized according to a 

previously reported method with some modifications [11]. 

2.3.2.1 Preparation of Lead precursor 

Pb(Ac)2•3H2O (0.5 mmol) was dissolved in deionised water (50 mL) in a 3-neck round 

bottom flask and 3-mercaptopropionic acid (5 mmol) was added into the flask forming a 

cloudy solution (pH 2.48). 5 M NaOH was added drop wise into the flask until a clear 

solution was obtained (pH 9.06). 

2.3.2.2 Preparation of selenium precursor 

Selenium stock solution was prepared by dissolving selenium powder (5 mmol) in 

concentrated nitric acid (HNO3) in a test tube. Excess HNO3 was evaporated and the resulting 

solution topped up to 10 mL with HCl (10 % v/v). Selenium solution (2.5 mL, 0.5 M) was 

added into a separate 3-neck flask followed by HCl (2.5 mL, 10 % v/v). 

2.3.2.3 Synthesis of MPA-capped PbSe QDs 

The two flasks were connected via rubber tubing and the remaining necks sealed off using 

rubber septa. Nitrogen gas was bubbled through the selenium flask into the lead acetate flask 

with stirring for 30 min. NaBH4 solution was prepared by dissolving NaBH4 (1 g) in NaOH 

solution (10 mL, 0.1 % m/v). PbSe QDs were prepared by adding NaBH4 solution (10 mL) 

drop wise into the selenium flask producing H2Se gas which reacted with Pb-MPA complex 

to form dark coloured nanocrystals. The gas was allowed to flow for 20 min after the addition 

of NaBH4 to allow all the formed H2Se gas to be used up in the reaction.  Stirring was 

continued for 1 h after the stopping of gas flow to allow nanocrystals to become stable. 
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2.3.2.4 Purification of QDs 

 The nanocrystal solution was centrifuged at 6000 rpm for 10 min to remove any unreacted or 

excess material. 2-Propanol was added in excess to the nanocrystal solution to precipitate the 

nanocrystals.  

2.4 Cytotoxity experiments 

Cytotoxity experiments were carried out using Caco-2 cells using the water soluble 

tetrazolium salt (WST-1) assay. Caco-2 cells were cultured in a T25 cm
3
 tissue culture flask 

containing Dulbecco's Modified Eagle Medium (DMEM) growth medium, 10 % foetal 

bovine serum and 1 % antibiotics and incubated at 37 °C until the cells reached ≥70 % 

confluency. The cell growth was monitored using a Nikon light microscope. The culture 

medium was then removed and the cells washed with phosphate buffer saline (PBS). Trypsin 

was added to the cells and incubated for about 5-10 min until most of the cells detached from 

the flask. The growth medium was added to the cells and centrifuged to separate the cells 

from the supernatant. The cells were re-suspended in PBS followed by centrifugation to 

obtain the cell pellet which was re-suspended in the growth medium. This was followed by 

counting the cells in a Countess® Automated cell counter followed by seeding a cell density 

of 1 X 10
5
 cells/mL in a 96 well plate at a volume of 100 µL per well.  These cells were 

incubated at 37 °C for 24 h. After the incubation, the spent media was removed and replaced 

with fresh media containing various concentrations of PbSe quantum dots and again 

incubated at 37 °C for 24 h. Then 10 µL of WST-1 was added in each well and incubated for 

a further 4 h at the same temperature. After the incubation period, the absorbance readings 

were taken using a BMG Labtech POLARstar Omega micro plate reader. Absorbance 

readings were taken at 440 nm and 630 nm. 630 nm was used as the reference wavelength 

and all the absorbance values at 630 nm were subtracted from the corresponding readings at 
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440 nm. The cell viability data was presented as a percentage with the untreated cells acting 

as the control therefore providing absolute values or 100 % viability. 
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CHAPTER 3 

3 Results and discussion 

In this chapter, the results that were obtained during the synthesis and characterization of 

PbSe quantum dots are presented and discussed. The results mainly focus on the optical and 

morphological characterization of the synthesized nanocrystals. The optical characterization 

was carried out by monitoring the emission profiles of the nanocrystals using 

photoluminescence spectroscopy. The morphological characterization was done to elucidate 

structural information of the nanocrystals. The shapes of the nanocrystals were established 

from TEM micrographs. Nanocrystal sizes were obtained by measuring the images on the 

TEM micrographs using ImageJ software. X-ray diffraction patterns were used together with 

selected area electron diffraction (SAED) patterns to confirm the crystal structure of the 

synthesized nanocrystals.  

3.1 Synthesis of PbSe QDs in organic media 

The formation of QDs in colloidal solutions occurs majorly in two distinct stages i.e. 

nucleation and growth stages. These stages were extensively discussed by Murray et al. [1] 

and Viswanatha and Sarma [2]. In brief, the nucleation stage occurs when there is a sudden 

supersaturation of monomers in solution resulting in the formation of nuclei in a short period 

of time. This lowers the concentration of monomers in solution till they are insufficient to 

form new nuclei, the remaining monomers can only add to existing nuclei which occurs 

during the growth stage. With increased growth time, smaller particles dissolve in solution 

and the material is deposited on larger QDs through a process known as Ostwald ripening [1].  

Murray et al. attribute Ostwald ripening to high surface energies on the smaller QDs, a 

process which is enhanced by high solution temperatures [1]. 
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In this study the effects of reaction temperature, solvent, ligand purity, lead and selenium 

sources on the optical and structural properties of the synthesized PbSe QDs were 

investigated. The growth rate was monitored using photoluminescence (PL) spectroscopy 

while the size and shape were determined from transmission electron microscope (TEM) 

micrographs. The optimized conditions obtained were adopted for the investigation of the rest 

of the parameters which were under investigation. 

3.1.1 Effect of temperature on the optical properties of PbSe QDs 

Temperature plays a major role in the growth and size distribution of nanocrystals. Different 

groups have reported on the synthesis of lead chalcogenide QDs at temperatures between 80 

°C and 220 °C [3], this work sought to determine the effects of these temperatures on the 

growth and properties of the QDs. The effect of temperature on the optical properties of PbSe 

QDs was investigated by carrying out similar reactions at different temperatures i.e. 90 °C, 

120 °C and 150 °C. The lower temperatures were set at 90 °C and 120 °C based on previous 

reports which have reported on spherical QDs being obtained between 80 °C and 120 °C [3]. 

The highest temperature was set at 150 °C due to limitations during the optical 

characterization of QDs synthesized at higher temperatures. Ostwald ripening which 

influences QD growth and mainly depends on the reaction temperature was used to explain 

the observed optical changes. 

At 90 °C the growth of nanocrystals was much relatively slow with Ostwald ripening 

occurring at a slow rate due to the low temperatures [1]. The nanocrystals were allowed to 

grow for a maximum of 30 min after which a uniform size distribution was attained as shown 

by the narrowing of the photoluminescence spectra (Figure 3.1). The QDs produced had a 

maximum emission at 1585 nm and an average size of 3.20 ± 0.4 nm (Figure 3.2). During 

the early stages in the growth of the PbSe QDs a large shift of approximately 203 nm (2-
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4min) was observed in the PL spectra indicating the size evolution of the QDs. With increase 

in growth time the shifts were observed to decrease with the shift decreasing tenfold to 

approximately 19 nm between 20 min and 30 min. These smaller shifts imply that the QD 

size stabilizes with increasing growth time. 

 

Figure 3.1  PL spectra of PbSe QDs aliquots taken during synthesis at 90 °C 
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Figure 3.2 (A) TEM micrograph and (B) size distribution of PbSe QDs synthesized at 90 

° C 

At 120 °C the reaction took only 10 min to come to completion due to the higher reaction 

temperatures. Ostwald ripening was observed to take place at this reaction temperature but 

with more distinct growth phases. At this temperature the QD peaks were red shifted with 

increase in growth time indicating the size evolution of the QDs (Figure 3.3). After 

approximately 10 min the peaks overlap with a maximum emission of approximately 1585 

nm implying that the QD growth had stopped. This maximum emission wavelength is similar 

the maximum emission wavelength of QDs synthesized at 90 °C. The QDs synthesized at this 

temperature had an average size of 3.65 ± 0.6 nm (Figure 3.4). These sizes are comparable to 

those obtained at 90 °C with reaction a reaction time of 30 min.  
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Figure 3.3  PL spectra of PbSe QDs aliquots taken during synthesis at 120 °C 

  

Figure 3.4 (A) TEM micrograph and (B) size distribution of PbSe QDs synthesized at 120 

°C 
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At 150 °C the reactions progressed fairly fast with the NC growth stagnating within less than 

10 min after the injection of the selenium precursor. During the earlier stages of NC growth, 

it could be observed from the PL spectra (Figure 3.5) that smaller QDs coexisted in solution 

with the larger ones as seen from the multiple emission peaks in the PL spectra. As the 

growth continued, the peaks at lower wavelengths (smaller articles) declined while those 

peaks at longer wavelengths (larger particles) were red shifted (Figure 3.5). This implies that 

the smaller QDs are dissolved as material adds to the larger particles. This is an indication of 

Ostwald ripening taking place. PbSe QDs were allowed to grow for a maximum of 15 min 

resulting in cubic QDs with average sizes of 14.8 ± 2.4 nm (Figure 3.6). The emission 

spectra of the PbSe QDs after 8 min growth time were not recorded due to limitations of the 

detector on the NanoLog instrument which was used to record the PL spectra. It is however 

possible to project from the trend in emission spectra with growth time that the maximum 

emission for these large QDs would be at wavelengths longer than those observed at 90 °C 

and 120 °C.  
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Figure 3.5 PL spectra of PbSe QDs aliquots taken during synthesis at 150 °C 

  

Figure 3.6 (A) TEM micrograph and (B) size distribution of PbSe QDs synthesized at 

150 °C 
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At higher temperatures the growth of QDs occurred rapidly as shown by the red shift in 

emission spectra over time. Dai et al. [4] observed a similar growth trend at 140 °C while 

observing the shift in emission spectra. Higher reaction temperatures accelerate the chemical 

reaction producing a burst of nucleation. With an increase in growth time at high reaction 

temperatures, the formed nuclei agglomerate into octahedrons which with the addition of 

monomers grow into nanocubes as was observed by Lu et al. [5]. At higher reaction 

temperatures, ligands are more likely to desorb from the surface of QDs allowing monomers 

to add to NC surface resulting in bigger sized QDs [1]. Murray et al. reported that PbSe QDs 

are able to grow even at relatively low temperatures with solution temperatures being used to 

tune the QD size from 3.5 nm at 90 °C to 15 nm at 220 °C [1].  

At lower reaction temperatures, a narrowing of emission spectra was observed corresponding 

to a narrower size distribution. The narrower size distribution was further confirmed from the 

reduction of full width at half maximum (FWHM) with decreasing temperatures (Figure 3.7). 

FWHM was observed to be 115.4 nm, 101.3 nm and 89.6 nm at 150 °C, 120 °C and 90 °C 

respectively. The control of size and size distribution of QDs can be attributed to crystal 

focussing which is hampered by fast growth of QDs [4]. The emission is however observed to 

stagnate at approximately 1600 nm at all the temperatures with maximum emissions of 1543 

nm at 150 °C, and 1585 nm at 120 °C and 90 °C. This stagnation occurred faster at higher 

temperatures occurring after 30 min, 10 min and 8 min at 90 °C, 120 °C and 150 °C 

respectively (Figure 3.8).  This could be attributed to depletion of starting materials or the 

reaction equilibrium having been reached and the QDs having reached their critical size [4]. 

It can therefore be concluded that of the investigated temperatures, 90 °C is the best 

temperature for the synthesis of PbSe nanocrystals under these reaction conditions for the 

intended studies. All the remaining effects were therefore investigated at 90 °C. At this 

reaction temperature PbSe QDs were synthesized at an average growth rate minimizing the 
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effects of Ostwald ripening and a uniform size distribution was attained as seen from the 

FWHM value since it gave the lowest value. These observations can be explained by the 

LaMer’s theory in which the various growth stages are explained [6]. In this model, the 

supersaturation of species is relieved by a rapid burst of nucleation followed by a growth 

stage in which diffusing materials add to the existing nuclei. This leads to the depletion of 

monomers in solution thus decreasing the rate of nucleation resulting in a narrow size 

distribution [7]. According to LaMer and Dinegar, lowering the solution temperature can be 

used to adjust the solution concentration to provide a brief outburst leaving enough material 

for diffusional growth which results in a monodispersed formulation [6]. The shape of the 

photoluminescence spectrum was an almost perfect Gaussian shape which confirms that the 

nanocrystals had a pure band gap emission [8]. 

 

Figure 3.7  Emission spectra of QDs synthesized at different reaction temperatures 
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Figure 3.8  Summary of emission maxima with time at different reaction temperatures 

3.1.2 Solvent effects on the optical and structural properties of PbSe QDs 

The type of solvent used during a chemical reaction has significant bearings on the reaction 

kinetics. The Gibbs-Thompson thermodynamic equation and Ostwald ripening are dependent 

on the reactant concentrations which is a factor controlled by the solvent [9]. Most of the 

reported colloidal syntheses make use of the noncoordinating solvent 1-octadecene (ODE) or 

diphenyl ether. 1-Octadecene is preferred because of its high boiling point and 

noncoordinating nature, which allows the tuneable reactivity of monomers which in turn 

leads to a better control of NC sizes [1,10].  This property makes it relatively easier to 

determine the reaction kinetics of NC formation. Coordinating solvents mainly 

trioctylphosphine oxide (TOPO) have been used for group II-VI NC synthesis [11]. In this 

work different solvents were used in the growth of PbSe QDs.  
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Under similar reaction conditions, 1-octadecene (ODE) exhibited the fastest growth rate and 

produced the largest QDs compared to the other solvents as observed from the emission 

profiles (Figure 3.9). This can be attributed to its noncoordinating nature which implies that 

it does not influence the reaction. On the other hand, diphenyl ether produced the smallest 

sized particles with a much slower reaction rate as seen from the emission peaks (Figure 

3.9). The lower boiling point and higher melting point of diphenyl ether may have 

contributed to the loss of monomers during vacuum drying of lead precursors since some of 

the solvent evaporated from the reaction mixture and condensed inside the condenser. This 

resulted in having fewer monomers for the QD growth hence resulting in smaller QDs. 

Trioctylphosphine (TOP), a coordinating solvent, produced medium sized QDs with an 

average growth rate as observed from the progression in QD emission profiles (Figure 3.10). 

TOP when used as a solvent may inhibit nucleation and growth of QDs by slowing the 

selenium exchange between trioctylphosphine selenide and lead oleate to form PbSe QDs 

[12].  Trioctylphosphine showed similar results to 1-octadecene but with smaller QDs being 

produced. The other solvent oleylamine which acts as both a solvent and surfactant [13] 

showed the slowest growth rate among the solvents investigated. The relatively slow growth 

rate and smaller QDs produced in oleylamine (Figure 3.11), compared to octadecene can be 

attributed to the activation of metal species by oleylamine which promotes nucleation leading 

to a higher number of nuclei and few monomers remaining in solution for the growth stage 

[13]. 

From the investigated solvents, it was observed that 1-octadecene (ODE), provided least 

interference to the QD nucleation and growth due to its noncoordinating nature, high boiling 

point and low melting point. Diphenyl ether lead to the loss of monomers due to its low 

melting point, trioctylphosphine hampered the exchange of selenium during the formation of 
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QDs while oleylamine led to the activation of metallic species. The subsequent reactions 

were therefore carried out in ODE. 

 

Figure 3.9 Summary of emission maxima with time in different solvents 

 

  

Figure 3.10 (A) TEM micrograph and (B) size distribution of PbSe QDs synthesized with 

TOP as solvent 

0 5 10 15 20 25 30

1000

1100

1200

1300

1400

1500

1600

 

 

 Diphenyl ether

 Trioctylphosphine

 Oleylamine

 1-Octadecene

E
m

is
s

io
n

 w
a

v
e

le
n

g
th

 (
n

m
)

Time (minutes)

3.0 3.5 4.0 4.5 5.0 5.5 6.0

0

10

20

30

40

50
 

 

F
re

q
u

e
n

c
y

QD Size (nm)

Mean = 4.58 ± 0.5 nm A 
B 

 

 

 

 



 

 
54 

    

Figure 3.11 (A) TEM micrograph and (B) size distribution of PbSe QDs synthesized with 

OLA as solvent 

 

3.1.3 Effect of ligand purity on the optical and structural properties of PbSe QDs   

In this study it was observed that using 90 % and 99 % oleic acid in the synthesis of PbSe 

QDs produced crystals with relatively similar sizes, with the 90 % oleic acid producing QDs 

with slightly smaller sizes and a smaller size distribution (3.45 ± 0.3 nm) shown in Figure 

3.12 as compared to 99 % oleic acid (4.18 ± 0.5 nm) shown in Figure 3.13. The PbSe QDs 

synthesized using 90 % oleic acid provided relatively shorter emission wavelengths as 

compared to those synthesized from 99 % oleic acid (Table 3.1). The longer emission 

wavelengths are as a result of the relatively larger QD sizes. The purity of oleic acid therefore 

does not seem to have a similar influence on the QD size as the ligand/Pb ratios observed 

using DHLA [14]. Yu et al. investigated dihydrolipoic acid (DHLA) capped PbSe QDs and 

reported that decreasing DHLA/Pb molar ratios resulted in an increase in the PL intensity 

while at the same time shifting the emission peak to longer wavelengths [14].  
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Due to the smaller QD sizes and narrow size distribution obtained with 90 % oleic acid, it 

was considered the more appropriate ligand concentration to adopt in the subsequent 

reactions. 

   

Figure 3.12 (A) TEM micrograph and (B) size distribution of PbSe QDs synthesized 

from PbO, TBPSe and 90 % oleic acid 

 

 

Figure 3.13 (A) TEM micrograph and (B) size distribution of PbSe QDs synthesized 

from PbO, TBPSe and 99 % oleic acid 
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Table 3.1  Effect of ligand purity on the optical and structural properties of PbSe QDs. 

 Ligand Pb source Se source Max. Emission QD size 

1.  90% OA PbO TBPSe 1034 nm 3.45 ± 0.3 nm 

2.  99% OA PbO TBPSe 1263 nm 4.18 ± 0.5 nm 

 

3.1.4 Effect of Lead and Selenium sources on the optical and structural properties of 

PbSe QDs 

In these reactions lead oxide (PbO) and lead acetate (Pb(Ac)2) were used as sources of lead 

atoms. Trioctylphosphine and tributylphosphine were used as ligands in the preparation of 

selenium precursors. PbSe QDs synthesized from lead oxide (Figure 3.14) gave 

monodispersed spherically shaped QDs. They were generally smaller compared to those 

synthesized from lead acetate (Figure 3.15). The QDs synthesized from lead acetate were 

cubic and agglomerated. The cubic shape can be attributed to the effects of free acetic acid 

which may result during the formation of lead oleate if there is residual water from the 

hydrated lead acetate [15] . Houtepen et al. provided great insight into the growth of PbSe 

QDs by investigating the effects of acetic acid on the growth of these nanocrystals [15].They 

observed that if lead acetate is not completely dried before the injection of the chalcogen 

precursors, free acetate groups combine with water molecules (from the hydrated lead 

acetate) to form acetic acid. They investigated the effects of acetic acid on the growth of 

PbSe QDs following the addition of free acetic acid into the reaction mixture. They observed 

that addition of acetic acid influenced the size and shape evolution of QDs producing starlike 

QDs. Acetic acid being smaller than oleic acid partially replaces oleic acid on NC surfaces 

and due to the lower steric hindrance allows monomers to add to existing nuclei promoting 

growth in different directions.  

Comparing the TEM micrographs of PbSe QDs synthesized using lead acetate and lead 

oxide, it was observed that the former produced cubic shapes (Figure 3.15) while the latter 
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produced predominantly spherical QDs (Figure 3.14). Lu et al. studied the shape evolution of 

PbSe QDs from spheres to octahedrons and finally cubes with increasing growth time and 

multiple injections of precursors [5]. Although their reactions were carried out at much higher 

reaction temperatures (180 °C and 230 °C) it is possible to conclude that a similar shape 

evolution took place in the reactions with lead acetate due to the presence of acetic acid as 

discussed earlier.   

In QD synthesis, the ligand used on the chalcogen precursor also generally affects the size 

distribution of the QDs. In these reactions, trialkylphosphine selenides were used as selenium 

precursors. When comparing reactions using TOPSe and TBPSe, Figure 3.14 and Figure 

3.16 respectively. TOPSe produced generally larger QDs as compared to TBPSe. This could 

be attributed to better size control by tributylphosphine as discussed below. Both 

tributylphosphine (TBP) and trioctylphosphine (TOP) form a P=Se double bond with 

selenium which is cleaved during nucleation when Se
2-

 ions react with Pb
2+

 ions to form 

QDs. The length of the alkyl chain indirectly affects the nucleation of the QDs but has not 

been shown to directly affect QD growth [4]. The longer TOP chain offers steric hindrance 

during the P=Se bond cleavage leading to the formation of fewer nuclei. TBP on the other 

hand favours the formation of nuclei leaving fewer monomers in solution for NC growth. 

This in turn leads to the formation of smaller QDs with a narrower size distribution [4].  
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Figure 3.14  (A) TEM micrograph and (B) size distribution of PbSe QDs synthesized from 

PbO and TOPSe 

 

  

Figure 3.15  (A) TEM micrograph and (B) size distribution of PbSe quantum dots 

synthesized from Pb(Ac)2 and TOPSe 
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Figure 3.16  (A) TEM micrograph and (B) size distribution of PbSe quantum dots 

synthesized from PbO and TBPSe 

 

3.1.4.1 Summary of the effects of lead and selenium sources on the optical and 

structural properties of PbSe QDs 

 

The effects of lead and selenium sources on the optical and structural properties of PbSe QDs 

were investigated and the results summarized in Table 3.2. From the table it is evident that 

the QD sizes affect their optical properties with larger QDs generally providing longer 

emission wavelengths. Figure 3.17 shows an EDS spectrum of some of the synthesized QDs, 

from the spectrum it can be confirmed that the synthesized PbSe QDs were indeed non-

stoichiometric consisting of more lead atoms than selenium atoms as shown by the atomic 

percentages. This is consistent with reports that PbSe QDs are off-stoichiometric consisting 

of a stoichiometric PbSe core wrapped with a single layer of Pb atoms [16,17,18]. 
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Table 3.2 Effect of lead and selenium sources on the optical and structural properties of 

PbSe QDs. 

 Ligand Pb source Se source Max. Emission QD size 

1.  OA PbO TOPSe 1320 nm 3.65 ± 0.6 nm 

2.  OA PbO TBPSe 1034 nm 3.45 ± 0.3 nm 

3.  OA Pb(Ac)2 TOPSe 1590 nm 8.7 ± 1.2 nm 

 

 

Figure 3.17  EDS spectrum of PbSe quantum dots 

 

 

3.2 Ligand exchange of organic synthesized QDs 

The synthesized QDs were transferred from organic to aqueous media through ligand 

exchange with 11-mercaptoundecanoic acid (MUA). Ligand exchange was attempted with 3-

mercaptopropionic acid (MPA) but the reaction was unsuccessful with the QDs remaining in 
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the organic phase even after excess MPA was used. This could be a result of MPA not being 

able to displace oleic acid (OA) from the surface of PbSe QDs due to the instability of the  

Pb-thiolate bond [19].  Ligand exchange was then carried out with 11-mercaptoundecanoic 

acid which successfully transferred the QDs from the organic phase into the aqueous phase. 

Following the ligand exchange a blue shift was observed in the emission spectra of the PbSe 

QDs (Figure 3.18). The spectrum of the ligand exchanged QDs was observed to be narrower 

than that of the hydrophobic QDs (Figure 3.18). Hyun et al. observed a red shift when they 

exchanged oleic acid for MUA on the surface of PbSe and PbS QDs [20]. They attributed the 

red shift to the change of electronic density and the confinement due to the Pb-thiol bond 

[20]. They also observed broadening of the QD emission spectrum after ligand exchange. 

Experiments have shown that PbSe QDs consist of a PbSe core surrounded by Pb atoms onto 

which oleic acid molecules are bound [17,18]. When the QDs are oxidised, desorption of 

oleic acid from the NC surface and the bonded Pb surface atoms occurs leading to QD 

shrinkage [4,17]. The blue shift and narrowing of the emission spectrum observed could 

therefore be attributed to the desorption of oleic acid and bonded Pb surface atoms following 

oxidation since the ligand exchange reaction was carried out in air [17].  
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Figure 3.18  PL spectra of oleic acid-capped QDs (QD37-OA) and 11-

mercaptoundecanoic acid-capped QDs (QD37-MUA) following ligand 

exchange. 

3.3 Synthesis of PbSe QDs in aqueous media  

These results have been published in [21]. 

Aqueous synthesis of PbSe QDs was carried out at room temperature as explained in the 

experimental section. Pb
2+

 ions were obtained by dissolving lead acetate trihydrate in 

deionized water in the presence of 3-mercaptopropionic acid which acted as the surfactant 

during the quantum dot synthesis. Se
2-

 ions were introduced in the form of H2Se gas. PbSe 

nanocrystals started forming immediately the H2Se gas was transferred into the flask 

containing the Pb precursor. This observation showed that Pb
2+

 ions reacted rapidly with Se
2- 

in aqueous solutions at room temperature. A similar observation was reported by Li et al. 

during the synthesis of citrate-capped nanocrystals [22]. 
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The synthesized QDs were capped with 3-mercaptopropionic acid which is a shorter chained 

ligand compared to oleic acid which is commonly used in the synthesis of PbSe QDs. Apart 

from offering the solubility of the QDs in aqueous media, the short chained MPA promotes 

the application of these QDs in photovoltaic cells and light emitting diodes by promoting 

charge separation at the nanocrystal surface [23]. The rate of energy transfer for 

electroluminescence has been attributed to both the capping ligand and proximity between the 

exciton donor and acceptor where shorter ligands have been shown to give a significant 

improvement in excitation-transfer efficiency [24]. 

3.3.1 Photoluminescence properties 

The PL spectrum of the as-synthesized PbSe QDs (Figure 3.19) is a perfect Gaussian shape 

as shown by the complete overlap of the Gaussian fit on the QD spectrum. This indicates a 

pure band gap emission with a FWHM of ~23 nm indicative of a narrow size distribution [8]. 

The emission peak position of 1203 nm (1.03 eV) similar to previously reported value (1205 

nm) for oleic acid capped PbSe nanocrystals observed by Yu et al. in 2004 [4] but observably 

differs from 1107 nm (1.12 eV) reported by Sashchiuk et al. [25] for tributylphosphine-

capped nanocrystals. This indicates the influence of different capping agents on the growth of 

PbSe QDs. 
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Figure 3.19  Normalized PL spectrum of MPA-capped PbSe QDs 

 

Near-infrared emitting aqueous compatible QDs are highly valuable in terms of biological 

applications since most biological tissues are considered “transparent” in this region making 

it possible to image through several layers of tissue. These QDs are also known to have long 

fluorescence lifetimes allowing them to be applicable in long term imaging. The synthesized 

QDs were analysed and stored in deionised water. The QDs were however only stable in 

solution for 48 h when stored either in the dark at 4 °C or at ambient conditions. This could 

be attributed to the instability of the Pb-thiolate complex with Pb-S bond length of 2.7 Å and 

stability energy of −0.7903 a.u [19].  

3.3.2 Structural properties 

3.3.2.1 Transmission electron microscopy 

The transmission electron microscopy (TEM) micrograph of the samples (Figure 3.20) 

reveals that the synthesized QDs are spherically shaped with an average diameter of 2.8 ± 0.2 
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nm. These measurements concur with the spectrum from PL which reveals a narrow peak and 

small FWHM. Lattice fringes observed in the high resolution transmission electron 

microscope (HR-TEM) micrographs revealed that the synthesized nanoparticles were highly 

crystalline in nature. The energy dispersive X-ray spectroscopy (EDS) spectrum of the QDs 

(Figure 3.21) confirmed that the synthesized QDs were indeed made up of lead atoms and 

selenium atoms. Carbon and oxygen atoms were also present on the spectrum possibly from 

the MPA molecules on the QD surface. QDs were analysed on a carbon coated copper grid 

which contributed to some of the carbon observed and the strong copper peak on the EDS 

spectrum. From the EDS spectrum it can be deduced that the QDs contain more lead atoms 

than selenium atoms. This selenium deficiency was discussed by Petkov et al. to be a result 

of the QD surface being terminated with lead atoms only [16]. They studied bulk PbSe and 

PbSe quantum dots of different sizes using high-energy x-ray diffraction coupled to atomic 

pair-distribution-function analysis and computer simulations. From their observations, they 

concluded that in PbSe QDs the Pb/Se ratio ranges between 1.30 to 1.75 for QDs with sizes 

between 2.8 nm and 6.2 nm respectively. From the EDS spectrum the atomic ratio of Pb/Se 

was calculated to be 1.64 for the synthesized QDs. A similar Pb/Se atomic ratio was found to 

correspond to 3.99 nm PbSe QDs by Dai et al. who calculated the ratios based on atomic 

absorption spectroscopy (AAS) data [26]. 
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Figure 3.20 (A) TEM micrograph and (B) High resolution TEM image showing lattice 

fringes 

 

 

Figure 3.21 EDS spectrum of PbSe nanocrystals 
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3.3.2.2 X-ray diffraction patterns 

XRD peaks were observed around 25.66 °, 29.63 °, 42.75 °, 50.91 °, 53.14 °, 62.31 °, 68.65 °, 

70.66 °, and 78.77 ° which were fairly consistent with previously reported data corresponding 

to rock-salt cubic structured PbSe [22,27]. These peaks were assigned to crystal planes (111), 

(200), (220), (311), (222), (400), (331), (420), and (422) respectively (Figure 3.22). The 

SAED pattern showed diffraction rings consistent with a single rock-salt phase of the 

synthesised PbSe nanocrystals (Figure 3.22 Inset).  

  

 

Figure 3.22  X-Ray diffractogram of MPA capped PbSe QDs 

Inset: SAED Pattern of PbSe QDs with indexing of the main diffraction rings. 
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CHAPTER 4 

4 Biological applications of PbSe quantum dots 

Quantum dot toxicity has raised major concerns due to their heavy metal compositions 

[1,2,3]. The heterogeneous nature of QDs and their size dependent properties make it difficult 

to make generalizations about their nature including their toxicity [4]. QD toxicity has been 

attributed to several mechanisms including leaching of heavy metal ions following oxidation, 

intracellular degradation or both which cause hepatic cell death [5]. It has also been attributed 

to the generation of reactive oxygen species (ROS) which damage cellular proteins, lipids and 

deoxyribonucleic acid (DNA) [4]. 

PbSe nanocrystals synthesized in this study were mainly intended for diagnostic studies in 

vitro. The biological effects of the as-synthesized 11-mercaptoundecanoic acid-capped 

(MUA-capped) PbSe quantum dots were investigated following the water-soluble tetrazolium 

salt (WST-1) assay on human colorectal adenocarcinoma (Caco-2) cells. The synthesized 

MPA-capped PbSe quantum dots aggregated within less than 24 h therefore were not 

favourable for cytotoxicity tests since the experiment requires an incubation period of 24 h. 

4.1 Results of preliminary cytotoxity studies 

The effect of PbSe QDs on Caco-2 cell viability was evaluated by WST-1 assay after 

exposure to PbSe QDs of various concentrations for 24 h as described in the experimental 

section (experiments were carried out in triplicate). The QDs tested were relatively non-toxic 

to the cells at all tested concentrations. Even at the highest tested concentration of 500 

ng/mL, approximately 90 % of the cells were viable. The non-toxicity could be attributed to 

strong QD-ligand bonds which prevent the QDs from being oxidised. Oxidation of the QDs 

causes metal ions to leach into cells. Figure 4.1 shows the effects of PbSe QDs on Caco-2 
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cell viability. Similar results were reported by Peng et al. for CdSe/ZnS QDs on human 

hepatocellular carcinoma cells. They exposed the cells to CdSe/ZnS QDs for 24 h. The study 

reported that the QDs were relatively less toxic as compared to both cadmium and selenium 

ions [6].  

 

Figure 4.1  Effects of PbSe QDs on Caco-2 cell viability 

 

Derfus et al. prepared mercaptoacetic acid-capped (MAA-capped) CdSe QDs and observed 

that they were not cytotoxic when the QDs were stored under inert atmosphere. They 

attributed QD toxicity to the oxidation of the surface by oxygen in air and ultraviolet (UV) 

light [5]. MUA used in this study has a longer carbon chain as compared to MAA and was 

expected to provide better passivation against photo-oxidation as discussed by Aldana et al. 

[7]. This in turn implies that QDs capped with longer chain mercaptocarboxylic acids are 
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likely to be less toxic than those with shorter chains since QD toxicity has largely been 

attributed to the release of heavy metal ions following their surface oxidation [8]. These 

results show that MUA-capped PbSe QDs could potentially be used as tools in disease 

diagnosis without harmful effects to cells.  
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CHAPTER 5 

5 Conclusions and recommendations 

5.1 Conclusions 

In this work, PbSe quantum dots with different capping agents were synthesized and 

characterized. Lead oxide and lead acetate were used for synthesis with lead oxide producing 

spherical QDs while lead acetate produced predominantly cubic quantum dots. PbSe QDs 

were synthesized following the organometallic and aqueous synthetic routes based on 

previously reported procedures [1,2]. All the organometallic and aqueous synthesised QDs 

had near-infrared emissions which were within the NIR biological window in which tissue 

absorbance and autofluorescence is minimal [3]. 

The effects of different parameters on the optical and structural properties of PbSe QDs were 

investigated using the organometallic synthetic route and it was observed that indeed the 

shapes and sizes of PbSe QDs can be varied by varying the reaction conditions. Most of the 

synthesized nanocrystals were spherical with diameters less than 10 nm. Higher temperatures 

were observed to result in faster QD growth as compared to lower reaction temperatures. 

Lower temperatures were also observed to produce a more homogenous distribution of QDs 

than higher temperatures as seen from their lower FWHM values. The source of selenium in 

the reaction was also observed to affect the size distribution of the QDs with TOPSe resulting 

in larger QDs as compared to TBPSe. It can therefore be concluded that synthetic conditions 

do have a major effect on the growth of semiconductor nanocrystals.  

All the synthesized nanocrystals provided emissions in the NIR region of the spectrum which 

makes them favourable for biological applications since it has been established that nearly 
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background free deep tissue imaging can be achieved in this region due to low background 

fluorescence from biological milieu providing high signal to noise ratios [4]. 

The synthesized QDs were successfully transferred into aqueous media following ligand 

exchange reactions with 11-mercaptoundecanoic acid. The emission spectrum observed after 

ligand exchange was very similar to the one observed from aqueous synthesized QDs with 

the spectrum presenting as a perfect Gaussian peak (Section 3.2 and Section 3.3.1).  

High resolution transmission electron microscopy was used to provide an insight into the 

crystallinity of the QDs by showing the lattice fringes in the PbSe QDs. X-ray diffraction and 

selected area electron diffraction (SAED) patterns were used to confirm the crystal structure 

of PbSe nanocrystals which was found to be rock-salt cubic structure consistent with bulk 

PbSe. 

The cytotoxity of the synthesized PbSe quantum dots was investigated following the water-

soluble tetrazolium salt (WST-1) assay using Caco-2 cells. The QDs were found to be non-

toxic at all the tested concentrations with the highest tested concentration of 500 ng/mL 

resulting in approximately 90 % viability. 

5.2 Recommendations 

Lead based QDs provide near-infrared (NIR) fluorescence which is favourable for imaging 

applications because they can offer deep photon penetration [5]. The challenge currently 

facing near infrared imaging is the unavailability of the required instrumentation. Most of the 

available instruments are only able to monitor wavelengths and provide information in the 

ultra-violet (UV) and visible regions of the spectrum.  The acquisition of instruments which 

are able to provide information on materials that emit within this region will greatly assist in 

the in depth study of their properties.  
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This study was dubbed a model study since it serves to pave way into the application of PbSe 

QDs as diagnostic tools by investigating their properties and cytotoxity. Their near-infrared 

emission makes them superior fluorophores to the widely investigated CdSe QDs for imaging 

applications.  

In future more studies should be carried out in order to establish the in vitro and in vivo 

stability of PbSe QDs. The effect of surface oxidation on the cytotoxity of PbSe QDs should 

also be established. The mechanism of QD clearance from the body should be studied to 

provide an insight into the potential of QDs as new fluorescent agents. Future work should 

also be extended to study the applications of PbSe QDs as therapeutic or theranostic agents.   
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