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ABSTRACT 

Rathnaweera, Harshani Niroshika, Thermal synthesis and characterization of size tuning 

glutathione capped Cadmium Selenide quantum dots. Master of Science (Chemistry), 

August, 2015, Sam Houston State University, Huntsville, Texas. 

 

 The purpose of this research was (1) to develop a method to synthesize 

glutathione capped CdSe quantum dots (GSH-CdSe QDs) under mild chemical 

conditions, (2) to optimize the reaction conditions to obtain wide spectral tunability, and 

(3) to characterize the synthesized QDs. GSH-CdSe QDs were synthesized via 

hydrothermal synthesis at five different temperatures and different reactant molar ratios 

with varying incubation times or at room temperature with stirring. QDs were analyzed 

by fluorescence spectroscopy, inductively coupled plasma atomic emission spectroscopy 

and QD surface characteristics were analyzed by infrared spectroscopy.  

GSH-CdSe QDs could be synthesized successfully within a reasonable time 

period under mild chemical conditions. Desired tunability was achieved by varying a few 

reaction conditions: temperature, incubation time and reactant molar ratio. CdSe QDs 

could be produced at all of the tested temperatures; however, 50°C was the most tunable 

and optimum temperature for the synthesis with CdCl2:GSH:Na2SeO3 (4:10:1) initial 

reactant molar ratios at pH 9. Larger size QDs could be synthesized—with decreased 

formation of CdS—at room temperature as a means of lowering the thermal 

decomposition of GSH; however, the fluorescence intensity and incubation times were 

not at the desired levels. Ostwald ripening and oriented attachment growth mechanisms 

controlled the particle size of the CdSe QDs. The sizes of QDs synthesized at 50°C 

(4:10:1) varied from 1.29 nm to 3.70 nm. The emission and excitation wavelengths 
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shifted from shorter to longer wavelengths with the increase of particle size. The highest 

fluorescence intensity was produced by yellow QDs but the fluorescence decreased when 

the particle size became larger (orange). Sulfur amounts were higher in the larger size 

QDs synthesized at 50°C (4:10:1) and decreased with higher QD Se concentrations. The 

general formula Cd(x+y)SexSy is a useful representation of elemental composition for most, 

but not all, of the QDs synthesized. GSH capping was successful for all synthesized QDs 

at 50°C and room temperature. 

 

KEY WORDS: Quantum dot, capping agent, Ostwald ripening, fluorescence, size and 

spectral tunability  
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CHAPTER I 

INTRODUCTION 

1.1 Nanoscience and nanotechnology 

Nanoscience refers to the study of extremely tiny objects, which are on the 

nanometer scale (~1 x 10
-9

 m). Nanotechnology is the science of designing new devices 

and structures by controlling their size in the range 1 to 100 nanometers (Hornyak et al., 

2008). An early important presentation of the concepts of nanoscience and 

nanotechnology were given by Richard Feynman at an American Physical Society 

meeting in 1959 (Feynman, 1960; Hornyak et al., 2008). Later on, this concept was used 

in many intersections of interdisciplinary sciences: electronics, chemistry, optics, 

quantum mechanics and biology. 

 

1.2 Nanoparticles 

Particles, whose sizes are in the 1 to 100 nanometer range, are called 

nanoparticles. Over the last 20 years, nanoparticles have been widely used in different 

innovations based on their characteristic features (Hoshino et al., 2004; Bang and Kamat, 

2009). Nanowires, nanotubes, nanoclusters, and quantum dots are different types of 

nanoparticles. 

 

1.3 Quantum dots (QDs) 

Quantum dots (QDs) are extremely tiny particles, which are made of metal 

chalcogenides such as cadmium telluride, cadmium sulfide, cadmium selenide, and zinc 

sulfide. Quantum dot diameters are usually between 2-10 nm. These compounds consist 

of group 12-16 elements and have the ability to behave as semiconductors (Deng et al., 
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2006). Due to their semiconductive property, the electrons in the valence band excite into 

the conduction band of the quantum dot with the absorption of light. As a result, an 

electron-hole pair is generated within the quantum dot and once the pair recombines, 

energy is emitted as photons. The energetic distance between the conduction band and the 

valence band (the band gap energy) changes according to the size of the quantum dot 

(Skoog et al., 1998). Based on their size and the shape, quantum dots exhibit unique 

electronic and optical properties, which are extremely important in various fields and 

potential applications (Medintz et al., 2005). The size of the quantum dots can be 

controlled during the synthetic process and this size variation can control the wavelength 

of light emitted as fluorescence (Deng et al., 2005). 

 

1.4 Cadmium Selenide quantum dots (CdSe QDs) 

From amongst the reported cadmium chalcogenide quantum dots, CdSe QDs act 

as n-type semiconductors due to the high tunability of their optical properties by variation 

of the particle size (Zhang et al., 2012). They have a variety of characteristic features 

compared to their bulk systems due to the quantum confinement effect (Bacherikov et al., 

2006). Thus, they have a wide range of applications in solar cell technology (Bang and 

Kamat, 2009), biomedical imaging techniques such as biosensors (Hoshino et al., 2004), 

chemical sensors, and photonic devices, like light emitting diodes (Screuder et al., 2008). 

 

1.5 Cadmium and its toxicity 

Cadmium has a silver-white color and a lower melting point than the other d-

block elements except Hg. Cadmium occurs naturally in the earth’s crust where its 

abundance is ~0.15 ppm. Water and air are the other two sources: 1) surface waters 

contain very low levels of dissolved cadmium naturally due to the weathering of rocks 
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and 2) as particulates from forest fires, dust, Zn mining operations, etc.. Cadmium was 

first discovered by Friedrich Stromeyer, a German scientist in 1817, while he was doing 

experiments for calamine (ZnCO3) samples. Cadmium was found as an impurity in those 

mineral mixtures and its name was given using the Greek word kadmeia and the Latin 

word cadmia because these are the ancient names for calamine (Education.jlab.org, 

2015). 

Cadmium is used for many applications in the world. Generally battery 

manufacturing processes and battery usage are the main chemical applications of 

cadmium. In addition, cadmium is used for coatings, pigment production, electroplating, 

and as plastic stabilizers (Fairhall and Prodan, 1931; Goudarzi, 2009). 

Even though cadmium has many applications in different industries, its toxicity 

poses a danger to humans and to other organisms in the environment as well as when it is 

accidentally released. According to the US Environmental Protection Agency, 1×10
-3

 

mg/kg/day is the reference dose (maximum tolerable oral dose of a toxic substrate) of 

cadmium, to which humans can be exposed in food and 5x10
-4

 mg/kg/day from water. 

Foods, such as oysters, scallops, potatoes, grain cereal products, and some leafy 

vegetables, enhance the cadmium level in the body significantly because they are rich in 

cadmium. Smoking and hazardous waste are two other sources which increase the body’s 

cadmium level. Higher exposure of cadmium can cause liver injuries, problems in the 

filtering process in kidneys, lung damage, and ultimately death (Goudarzi, 2009). 

 

1.6 Selenium and its toxicity 

Selenium is a metalloid, which belongs to the chalcogenide group in the periodic 

table (group 16). Since its place in the periodic table is between sulfur and tellurium, it 
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has intermediate characteristics of both. Elementally, it exhibits six different allotropes. 

Selenium was discovered in 1817 by Jöns Jacob Berzelius, a Swedish chemist, who gave 

the name for selenium using a Greek word selene, which means the moon 

(Education.jlab.org, 2015). Naturally, it can be found in metal sulfide ores, soil, water, 

and some foods. 

Selenium is an essential element to some organisms but it is only required in trace 

amounts. It is needed for the activity of several enzymes, such as glutathione peroxidase, 

thioredoxin reductase, and deiodinase enzymes, which act as antioxidant enzymes 

(Chasteen and Bentley, 2003; Rayman, 2000). Selenium levels in the body can be 

lowered due to some health issues like HIV and Crohn’s disease (Stone et al., 2010). 

Thus, the selenium deficiency of these patients can sometimes be avoided by 

consumption of various selenium-containing dietary and vitamin supplements. 

The recommended dietary allowance of selenium is different from person to 

person based on their age and the health condition. According to the Food and Nutrition 

Board at the Institute of Medicine of the National Academies (Washington DC), children 

(1–3 years) require 20 µg Se/day and slightly older children (4–8 years) require 30 µg 

Se/day. Adults need 55 µg Se/day and pregnant women require 60 µg/day 

(Ods.od.nih.gov, 2015). 

 

1.7 Synthesis of CdSe QDs  

The synthesis of quantum dots, by facile and environmentally-friendly protocols, 

is a continuously developing area in nanoscience and nanotechnology (Dlamini et al., 

2011). The particle size of the QD and the fluorescence emission wavelength are 

correlated. When the size of the QD is small, the fluorescence emission wavelength is 
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shorter (blue end). When the particle size is large, the emission wavelength is longer (red 

end) (Kinkead and Hegmann, 2010; Pérez-Donoso et al., 2012). The particle size of CdSe 

QDs varies from 1.8 nm for blue emission to 4.3 nm for red emission (Wang et al., 2013). 

During the past few years, various methods have been used to synthesize CdSe 

QDs such as hydrothermal synthesis (Liu et al., 2013), high temperature pyrolysis (Kazes 

et al., 2007) and sonochemical synthesis (Pejova, 2013). These synthetic processes 

involve organic solvents (including trioctylphosphine, trioctylphosphine oxide, 

octadecene and liquid paraffin) (Peng and Peng, 2001), high temperatures, and toxic 

reducing agents.  As a consequence, the resultant QDs exhibited some problems with 

water solubility and biocompatibility: for instance, QDs produced from an organic phase 

approach are insoluble in aqueous solutions and QDs produced using toxic reactants 

show poor biocompatibility (Gaponik et al., 2002; Deng et al., 2006). Thus, the surface 

characteristics of QDs have been modified with the help of capping agents to enhance 

biocompatibility and water solubility (Rogach et al., 2007; Yu et al., 2012; Pérez-Donoso 

et al., 2012). CdSe QDs were synthesized using amine capping agents: ethylenediamine 

(Yoon et al., 2005) and triethanolamine (Dlamini et al., 2011). Since these amines are 

only acting as capping agents, toxic reducing agents were required (before QD formation) 

to chemically reduce the selenium precursor, often a selenium oxyanion (Yoon et al., 

2005). As a consequence, QD synthetic processes have been further modified by adding 

capping agents which incorporate thiol moieties, with characteristics both as reducing and 

capping agents, for example: cysteine (Bao et al., 2006), mercapto acetic acid (Kaur and 

Tripathi, 2014), and thioglycolic acid (Tian et al., 2009). In this study glutathione was 

used as the capping and the reducing agent. 
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1.8 Glutathione 

Glutathione (GSH) is a biological thiol-containing compound, which plays a 

crucial role in the production of QDs as a reducing and capping agent that enhances the 

biocompatibility and water solubility of QDs in a cost effective manner. GSH consists of 

three different amino acids, which are connected through peptide linkages: glycine, 

cysteine and glutamic acid (Figure 1).  

 

Figure 1. Structure of glutathione.  

 

Glutathione is present in animal cells and it is biosynthesized inside the cell. In its 

structure, there is a sulfhydryl group (SH group), which causes this compound to behave 

as a reducing agent. The reduction power of glutathione allows Na2SeO3 to be reduced to 

Se
2-

 in aqueous solution and to form CdSe QDs when combined with Cd
2+

.  

In addition, glutathione plays a crucial role as a capping reagent in the QD 

production in that it enhances the biocompatibility of QDs while masking the toxicity of 

Cd and Se in the final particles. The sulfur atom in the sulfhydryl group has a higher 

affinity towards the Cd
2+ 

ion than the oxygen atom in the carboxylic group of glutathione, 

and so GSH and Cd form Cd-S bonds, which have a larger dissociation energy than Cd-O 
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bonds, and therefore glutathione caps the outside of the QD (Helbig et al., 2008). Figure 

2 represents a GSH capped CdSe quantum dot as suggested by Kaur and Tripathi (2014).  

 

 

Figure 2. Imaginary structure of glutathione capped CdSe quantum dots. Drawn after 

Kaur and Tripathi, 2014.    

 

The work reported in this study was carried out in order to develop a method to 

synthesize glutathione capped CdSe QDs under mild chemical conditions by modifying a 

method used in the synthesis of CdTe QDs (Pérez-Donoso et al., 2012). Fluorescence 

spectroscopy, Fourier-transform infrared spectroscopy and inductively coupled plasma 

spectrometric studies were used to analyze the synthesized CdSe quantum dots.   
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CHAPTER II 

MATERIALS AND METHODS 

2.1 Reagents 

Cadmium chloride, nitric acid (VWR, West Chester, PA, USA), sodium selenite 

(Sigma-Aldrich, St. Louis, MO, USA), sodium citrate-Na3C6H5O7•2H2O (Fisher 

Scientific, Fair Lawn, NJ, USA), sodium borate-Na2[B4O5(OH)4]•8H2O (Sigma-Aldrich), 

L-glutathione reduced (Sigma-Aldrich or Alfa Aesar, Ward Hill, MA, USA), and ethyl 

alcohol (Pharmco, Brookfield. CT, USA) were reagents used in this study. ICP cadmium 

and selenium standards were purchased from SCP Science (Champlain, NY, USA) and 

the ICP sulfur standard was purchased from Inorganic Ventures (Christiansburg, VA, 

USA). 

 

2.2 Equipment and instrumentation 

Equipment for sample preparation and the synthetic procedure included water 

baths, a vortexor (Genie 2, Fisher Scientific), desiccator with dried calcium chloride 

desiccant, and RiOs 3 water purification system from Millipore (Billerica, MA, USA) for 

water deionization. Digital photographs of synthesized QDs were taken using a digital 

camera (Coolpix, S9300, Nikon, Melville, NY, USA). 

Instruments for QD sample analysis included a fluorescence spectrophotometer 

(F4500, Hitachi, Schaumburg, IL, USA), UV transilluminator (2UV
TM

 transilluminator, 

UVP, Upland, CA, USA), Fourier-transform infrared spectrophotometer (Vertex 70,  

Bruker Optics, Billerica, MA, USA), inductively coupled plasma atomic emission 

spectrometer—an instrument at the Texas Research Institute for Environmental Studies 

(ICP-AES; Spectro CIROS Vision ICP-OES, Spectro Analytical, Mahwah, NJ, USA), 
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and a UV-vis spectrophotometer (V-550, Jasco, Easton, MD, USA). Centrifugation was 

carried out with a high speed centrifuge (5810 R, Eppendorf, Hamburg, Germany). 

 

2.3 Synthesis of glutathione capped CdSe QDs 

CdSe QDs were produced using a chemical reduction route which is similar to the 

CdTe QD synthesis described by Pérez-Donoso et al. (2012). For the synthesis, stock 

solution of cadmium chloride (20 mM), sodium selenite (5 mM), L-glutathione (GSH, 50 

mM), and borax-citrate buffer (37.50 mM, pH 9) stock solutions were used. The borax-

citrate buffer solution was prepared with 2.758 g of sodium citrate and 3.576 g of sodium 

borate in 250 mL of deionized water. The pH of the borax-citrate buffer was measured by 

pH meter, standardized using pH 4 and pH 7 standard buffers. The QD synthetic mixture 

was prepared by adding 2.00 mL of CdCl2, 4.00 mL of borax-citrate buffer, and 2.00 mL 

of GSH to a test tube. The GSH solution was added below the surface of the solution via 

pipette to avoid oxidation of reduced GSH by atmospheric oxygen. Then the sample 

mixture was vortexed and set aside for 5 minutes. After 5 minutes, 2.00 mL of Na2SeO3 

was added to the same sample mixture to obtain molar ratios between 

CdCl2:GSH:Na2SeO3 of 4:10:1 in the final mixture. Finally, the capped test tubes were 

placed in a water bath at 90°C. 

The resultant QDs, after particular time periods depending on the experiment, 

were precipitated using two volumes of 95% ethanol (for example 20 mL of ethanol was 

used for 10 mL of the synthetic mixture) and centrifuged at 12000 rpm for 20 minutes 

(Pérez-Donoso et al., 2012). The collected QDs were used for further analysis after 

drying in the desiccator for 2 days. 
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2.4 Analysis of CdSe QDs 

The dried QDs were resuspended in borax-citrate buffer and QD fluorescence was 

qualitatively measured on a UV transilluminator at 365 nm excitation (Mi et al., 2012). 

Then total luminescence spectra of the QD samples were generated using the 

fluorescence spectrometer scanning wavelength regions from 200 to 600 nm ex and 400 

to 700 nm em. 

 

2.5 Optimization of reaction conditions to obtain tunable fluorescence 

2.5.1 Determination of suitable and optimum temperature for synthesis 

The same QD synthetic procedure described above was repeated with some 

modifications in an effort to obtain different fluorescence wavelengths (tunability). The 

samples were prepared by adding reactants (CdCl2:GSH:Na2SeO3) in 4:10:1 molar ratio. 

The synthetic mixtures were incubated at different temperatures in a water bath (for 

example from 30°C, 40°C, 50°C, 60°C, and 70°C), and were taken out for the analysis at 

various incubation time periods (for example from 1 hour, 3 hours, up to 6 days). The 

produced QDs were precipitated by centrifugation and dried in desiccators for 2 days. 

The collected, dried QDs were analyzed by the UV transilluminator and fluorescence 

spectroscopy as before.  

 

2.5.2 Determination of suitable reactant molar ratio for synthesis 

Based on earlier experiments the same synthetic procedure was carried out while 

varying the Cd:Se molar ratio (4:1, 4:2, 4:3, and 4:4) with varying incubation time 

periods of 1 hour, 3 hours, 5 hours, 7 hours, 24 hours, 48 hours and 72 hours at 50°C. The 

resultant QDs were precipitated and dried as before. The dried QDs were resuspended in 
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borax-citrate buffer and were analyzed by UV transillumination and fluorescence 

spectroscopy.  

 

2.6 Determination of Cd:Se:S mole ratio in synthesized QDs  

The Cd:Se:S mole ratio in synthesized QDs, which have different particle sizes, 

were determined by inductively coupled plasma atomic emission spectroscopy. Dried 

QDs were dissolved in 20% HNO3 solutions, and the elemental composition of the 

samples was analyzed with detection at 214.438 nm, 196.090 nm, and 180.731 nm for 

Cd, Se, and S, respectively. Cd, Se, and S standards (stock solutions: 1000 ppm) were 

used for calibration. 

 

2.7 FT-IR analysis 

FT-IR spectra of synthesized QDs, with different particle sizes, were recorded in 

an effort to determine the surface characteristics/composition of QDs. Dried QDs were 

placed on the diamond ATR (attenuated total reflectance) crystal of the FT-IR and the 

spectral measurements were taken in the range of 4500 cm
-1

 to 500 cm
-1

. 

 

2.8 Synthesis of GSH capped CdSe QDs at room temperature 

At high temperatures, sulfur from decomposing GSH could be incorporated into 

QDs to form CdS inside/on CdSe nanoparticles. Therefore a modified method was used 

in an effort to synthesize CdSe QDs at room temperature (Yoon et al., 2005) to avoid the 

decomposition of GSH and the production of CdS as a by-product. The synthetic mixture 

was prepared by adding 6.00 mL of CdCl2 (20 mM), 12.00 mL of borax-citrate buffer 

(37.5 mM), and 6.00 mL of GSH stock solution (50 mM) to a capped bottle (100 mL). 

The GSH solution was added below the surface of the solution via pipette and the sample 
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mixture was vortexed. After 5 minutes, 6.00 mL of Na2SeO3 (5 mM) was added in order 

to achieve the final 4:10:1 ratios (CdCl2:GSH:Na2SeO3) as previously. After capping, the 

samples were stirred for 3 hours at 300 rpm at room temperature (~23°C). This method 

was repeated using varying reactant molar ratio (Cd:Se), for example, 4:2, 4:3, and 4:4, 

but all with the same final GSH concentration (10 mM).  The resultant QDs were 

precipitated by using ethanol as before and were dried in a desiccator. The dried particles 

were analyzed by the UV transilluminator, fluorescence spectroscopy, FT-IR and ICP-

AES.  

2.9 Theoretical determination of the particle size of the synthesized QDs at 50°C 

The particle diameter of the synthesized QDs was calculated using the 

relationship between QD absorption wavelength and particle diameter as described by 

experiments published for CdSe QDs (Bacherikov et al., 2006). The maximum 

wavelength of the QD absorption peak of each sample is denoted as λmax. 

 

d (nm)= 0.344exp [
𝜆max (nm) − 252.7

129.3
] 
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CHAPTER III 

RESULTS 

3.1 Synthesis of glutathione capped CdSe QDs 

CdSe QDs, which were synthesized at 90°C for 2 hours, were checked for 

fluorescence via transilluminator with 365 nm excitation. The freshly-prepared QD 

sample (synthetic mixture) was yellow under room light (Figure 3). The resuspended 

CdSe QD sample fluoresced with orange emission under UV illumination (Figure 4). 

  

 

 

 

 

 

Figure 3. Freshly-prepared QDs incubated at 90°C for 2 hours, before precipitation under 

room light. 

 

 

Figure 4. Fluorescence of resuspended CdSe QDs in buffer under transilluminator      

(365 nm).  
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According to the fluorescence spectroscopic data, these QDs produced maximum 

emission at 590 nm, which corresponds to the orange color fluorescence as shown in 

Figure 5.  

 

 

Figure 5. Total luminescence spectrum of resuspended CdSe QDs incubated at 90°C for 

2 h.  

 

3.2 Optimization of reaction conditions to obtain tunable fluorescence 

3.2.1 Determination of suitable and optimum temperature for synthesis 

The QDs synthesized at different temperatures (30°C, 40°C, 50°C, 60°C, and 

70°C) were checked by UV transilluminator (365 nm) to measure the fluorescence 

emission. QD samples were collected from 1 hour, 3 hours, up to 6 days incubation time. 

They were resuspended in buffer and the color of the samples checked under room and 

UV light. Fluorescence spectroscopic data were recorded for all the QD samples and the 

intensities and emission wavelengths of each sample were compared.  
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3.2.1.1 Synthesis of GSH capped CdSe QDs by varying growth time at 30°C   

The synthesized QDs at different incubation time periods (1 hour, 3 hours, 5 

hours and 7 hours) were colorless and the QDs, synthesized at 24 hours, 48 hours and 144 

hours were pale yellow under room light (Figure 6). 

 

Figure 6. Color variation, under room light, of CdSe QDs incubated for different lengths 

of time at 30°C, precipitated, and then resuspended in buffer. 

 

Figure 7 shows the color variation (tunability) of CdSe QDs, synthesized at 30°C, 

under UV illumination. Photoluminescence emission of the synthesized QDs varied from 

blue to green with the incubation time. However, their tunability changed very slowly at 

this temperature; for example from 1 hour to 7 hours, the samples showed blue 

fluorescence and from 24 hours up to 6 days, they showed green fluorescence. 

 

Figure 7. Fluorescence emission, ex 365 nm, of CdSe QDs incubated for different 

lengths of time at 30°C, precipitated, and then resuspended in buffer. 
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CdSe QD fluorescence intensities and the relative maximum wavelengths per 

incubation time can be seen in Figure 8. The emission wavelength at relative maximum is 

red shifted in each spectrum varying from 480 nm to 520 nm. When the incubation time 

increased, the fluorescence intensities increased and the green fluorescent QDs (at 144 

hours) showed the highest intensity.  

 

 

Figure 8. Intensities and emission wavelengths variation over time of CdSe QDs 

synthesized at 30°C, precipitated, and then resuspended in buffer solution.  

 

 

3.2.1.2 Synthesis of GSH capped CdSe QDs by varying growth time at 40°C 

 CdSe QD samples incubated at 40°C displayed colorless, pale yellow and 

yellow color solutions, at different time intervals under room light (Figure 9). 

Fluorescence emission changed from blue to yellow and it happened more quickly than at 

30°C (Figure 10); however, the tunability of the produced CdSe QDs at this temperature 

still changed slowly, and the samples only fluoresced yellow even after 144 hours. 
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Figure 9. Color variation, under room light, of CdSe QDs incubated for different lengths 

of time at 40°C, precipitated, and then resuspended in buffer. 

 

 

Figure 10. Fluorescence emission variations, ex 365 nm, of CdSe QDs, incubated for 

different lengths of time at 40°C, precipitated and then resuspended in buffer. The tan 

colors in the 48 and 144 h images are an artifact of the digital camera used.   

 

As shown in Figure 11, fluorescence intensities and emission wavelengths 

increase with the incubation time, and the yellow fluorescent QDs (144 hours) had a 

higher intensity than the blue and green. Blue to green color change happened relatively 

faster than green to yellow color change, however yellow QDs remained the same color 

from 2 days to 6 days but shifted substantially in intensity.  
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Figure 11. Intensities and emission wavelengths variation over time of CdSe QDs 

synthesized at 40°C, precipitated, and then resuspended in buffer.   

 

 

3.2.1.3 Synthesis of GSH capped CdSe QDs by varying growth time at 50°C    

Incubation temperature was increased by another 10 degrees because 30 and 40°C 

incubation temperatures did not achieve the desired results. Figure 12 shows the QD 

sample colors under room light incubated at 50°. 

    

Figure 12. Color variation, under room light, of CdSe QDs incubated for different lengths 

of time at 50°C, precipitated, and then resuspended in buffer. 
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At 50°C, a wide range of photoluminescence emissions such as blue, green, 

yellow and orange resulted with a relatively narrow range of incubation time (Figure 13). 

A red shift occurred as the incubation time increased. This temperature produced large 

sized QDs as well as smaller sized particles in a reasonable time period with respect to 

the lower temperatures (30°C and 40°C). So far, this was the significantly most tunable 

temperature for the CdSe QD synthesis. 

 

Figure 13. Fluorescence emission variations, ex 365 nm, of CdSe QDs, incubated for 

different lengths of time at 50°C, precipitated and then resuspended in buffer. 

 

Figure 14 summarizes the intensity variations, at the relative maximum emission 

wavelengths, with the incubation time. The fluorescence intensities increased with the 

incubation time period except for orange fluorescent QDs. Even though 3 hours, 5 hours 

and 7 hours samples visually appeared to fluoresce at the same wavelength, their 

fluorescence intensities increased over time.  
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Figure 14. Intensities and emission wavelengths variation over time of CdSe QDs 

synthesized at 50°C, precipitated, and then resuspended in buffer. 

 

 3.2.1.4 Synthesis of GSH capped CdSe QDs by varying growth time at 60°C   

The temperature was further increased to 60°C in order to examine the difference 

in fluorescence emissions as compared to 50°C, with shorter incubation time periods. 

Figure 15 shows the visual appearance of those CdSe QDs with the naked eye. 

 

Figure 15. Color variation, under room light, of CdSe QDs incubated for different lengths 

of time at 60°C, precipitated, and then resuspended in buffer. 
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At this temperature nucleation started with green emission instead of blue and the particle 

growth ended with yellowish orange.  The resuspended QD sample at 96 hours did not 

fluoresce at all (Figure 16). Thus tunability of the QDs at 60°C was not changed much. 

Synthetic mixtures of these samples also fluoresced the same as the resuspended samples 

and they were visually clear except the 96 hours incubated one. Because in the 96 hours 

incubated sample (synthetic mixture) there was yellow sediment on the bottom of the test 

tube, which was taken off from the water bath before the centrifugation step (Figure 17).  

 

 

Figure 16. Fluorescence emission variations, ex 365 nm, of CdSe QDs, incubated for 

different lengths of time at 60°C, precipitated with ethanol and then resuspended in 

buffer. Sample at 96 h has coagulated.     

 

 

Figure 17. QD particle coagulation in synthetic mixture after 96 hours incubation time at 

60°C before spinning down with ethanol, under room light. 
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The fluorescence intensity increased with time except for the 24 and 48 hour 

samples, and the yellow fluorescent sample (7 hours) showed the highest intensity.  

 

Figure 18. Intensities and emission wavelengths variation over time of CdSe QDs 

synthesized at 60°C, precipitated, and then resuspended in buffer.   

 

3.2.1.5 Synthesis of GSH capped CdSe QDs by varying growth time at 70°C   

The highest incubation temperature attempted in this study was 70°C. The color 

of the resuspended QDs in buffer solutions varied from pale yellow to yellow under room 

light except for the 24 hours sample (Figure 19). 

 

Figure 19. Color variation, under room light, of CdSe QDs incubated for different lengths 

of time at 70°C, precipitated, and then resuspended in buffer. 
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At 70°C, the QD formation initiated with green fluorescence instead of the blue 

(smaller size QDs) but it ended up with yellow at different incubation time intervals 

(Figure 20). 

 

 

Figure 20. Fluorescence emission variations, ex 365 nm, of CdSe QDs, incubated for 

different lengths of time at 70°C, precipitated and then resuspended in buffer. Sample at 

24 h has coagulated.    

 

However, after 24 hours incubation, particles had coagulated in the bottom of the 

test tube and there was no fluorescence emission observed (Figure 21).  

 

Figure 21. Particle coagulation in synthetic mixture after 24 hours incubation time period 

at 70°C before spin down with ethanol, under room light. 
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Photoluminescence intensities in 70°C experiments increased over the time and 

the highest intensity occurred in the 7 hour incubated sample (Figure 22). 

  

Figure 22. Intensities and emission wavelengths variation over time of CdSe QDs 

synthesized at 70°C, precipitated, and then resuspended in buffer.  

 

Table 1 summarizes the results of quantum dot photoluminescence emissions at 

all five different temperatures studied. At the lower temperatures such as 30°C, the 

photoluminescence emission varied from blue (480 nm) to green (520 nm) while at 40°C, 

the emission varied from blue (480 nm) to yellow (540 nm). At 50°C, the emission peak 

positions changed from blue (480 nm) to orange (580 nm). At both higher temperatures 

(60°C and 70°C), the fluorescence emissions varied from green to yellow. Thus, the most 

suitable and optimum temperature to synthesize CdSe QDs with widest tunability in a 

reasonable time period is 50°C. 
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Table 1 

Emission color and emission wavelength variation with the temperature 

Incubation Temperature/ °C Emission color range Emission wavelength/ nm 

30 Blue to green 480–520 

40 Blue to yellow 480–540 

50 Blue to orange 480–580 

60 Green to yellow 500–550 

70 Green to yellow 500–540 

 

3.2.2 Determination of suitable reactant molar ratio for synthesis 

The reactant molar ratio is one of the most important factors affecting the 

nanoparticle nucleation and growth processes. Figure 23 shows the photoluminescence 

emissions of the synthesized QDs at different reactant molar ratios (Cd
2+

:GSH:SeO3
2-

) 

4:10:1, 4:10:2, 4:10:3, and 4:10:4, all at 50°C incubation temperature and with final GSH 

concentration (10 mM) the same for all the samples. When the molar ratio incorporated 

more selenium, it resulted in larger nanoparticle formation sooner. For example, for the 

4:1 molar ratio, fluorescence emission of the particles varied from blue to orange, and six 

days was required to obtain the largest size QDs. As the Cd:Se ratio decreased, the 

orange fluorescent, larger size QDs could be produced within a relatively shorter 

incubation time period. 
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Figure 23. Fluorescence emissions of synthesized QDs with different reactant molar 

ratios (CdCl2:Na2SeO3) at 50°C A) 4:1, B) 4:2, C) 4:3, D) 4:4, ex 365 nm.  
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Figure 24 compares the emission wavelengths of QDs synthesized at different 

CdCl2:Na2SeO3 molar ratios at 50°C. The QDs synthesized at 4:2, 4:3, and 4:4 reactant 

molar ratio produced orange color emitting QDs within 72 hours, 48 hours and 24 hours, 

respectively. In all three of these experiments, green was the first observable emission 

instead of the blue. 

 

 

 

Figure 24. Emission wavelength comparison of CdSe QDs, synthesized with different 

CdCl2:GSH:Na2SeO3 molar ratios and incubation times at 50°C.  

 

Figure 25 illustrates the photoluminescence emission variation at different molar 

ratios over time. At the beginning, the emission intensity increased up to a maximum 

point and then it decreased. Yellow fluorescent QDs achieved the highest intensity, 

orange fluorescent particles (larger particles) showed lower intensity and this pattern was 

common for three different molar ratios.  
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Figure 25. Fluorescence intensity comparison of CdSe QDs, synthesized at 50°C with 

different CdCl2:GSH:Na2SeO3 molar ratios and incubation times.    

 

3.3 Synthesis of GSH capped CdSe QDs at room temperature 

Figure 26 shows the photoluminescence emissions of the synthesized QDs at 

room temperature using stirring. QD synthesis was carried out with the same CdCl2 and 

GSH concentrations but different Na2SeO3 concentrations. According to these results, the 

QDs synthesized after 3 hours stirring period fluoresced blue (B, C, D samples) or bluish 

green (E sample) but their intensities were low. The A sample, acted as a control and 

contained all the reactants except Na2SeO3 and did not visibly fluoresce under UV 

illumination after the 3 hour stirring process. All these samples were kept for a few days 

without stirring and the samples containing selenium resulted in various intensities of 

fluorescence over time.  
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Figure 26. Fluorescence, ex 365 nm, of CdSe QDs synthetic mixtures at room 

temperature, mixed then photographed at three different times: (1) after stirring for 3 

hours, (2) then subsequently stored for 1 day without stirring, and (3) then subsequently 

stored for 2 more days. All solutions contained the same CdCl2 (4 mM) and GSH (10 

mM) concentrations but differing concentrations of Na2SeO3: A) without adding 

Na2SeO3, (B) 1 mM Na2SeO3, (C) 2 mM Na2SeO3, (D) 3 mM Na2SeO3, and (E) 4 mM 

Na2SeO3   
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Fluorescence spectroscopic data for these samples is shown in Figure 27. In all 

the samples the CdCl2 and GSH concentrations were constant (4:10) but the Na2SeO3 

concentration was changed (0, 1, 2, 3 and 4 mM). After 3 days, sample B (4:10:1), which 

has the lowest Na2SeO3 concentration produced the smallest size QDs (blue emission) but 

samples C, D, and E ended with green, greenish yellow and yellow emissions, 

respectively. Sample E (4:10:4), with the highest Na2SeO3 concentration, exhibited the 

widest fluorescence emission range (blue to yellow). 

 

 

Figure 27. Fluorescence emissions variation of the CdSe QDs over time. QDs were 

synthesized at room temperature by stirring in capped bottles at constant CdCl2 and GSH 

ratios but different Na2SeO3 concentrations.     
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3.4 Determination of elemental composition in synthesized QDs 

The elemental composition of CdSe QDs synthesized by varying the reactant 

molar ratios (CdCl2:Na2SeO3) and incubated at 50°C or with stirring were analyzed by 

inductively coupled plasma atomic emission spectroscopy; the results are listed in Tables 

2 and 3, respectively. For the 50°C samples, the QDs with different fluorescence 

emission wavelength ranges (blue, green, yellow and orange) were taken from each 

series. From the 4:1 reactant molar ratio series, only the 72 hours incubated QD samples 

were used as the yellow color fluorescence QD sample because their intensity was higher 

than both the 24 hours and 48 hours samples, which also fluoresced yellow. The blue 

(480 nm) and green (510 nm-520 nm) fluorescent QDs, which were synthesized using a 

4:10:1 reactant molar ratio, showed similar Cd, Se, and S mole ratios in the QDs. 

However, in those QD samples the sulfur mole amount was higher than the selenium 

mole amount. 
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Table 2 

 

Summary of Cd:Se:S mole ratio in QDs incubated at 50°C for different times, normalized 

to Se. Standard deviations in parantheses are for quadruplicates for the elements 

indicated. Dashes indicate samples which were not analyzed. 
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Table 3 

Summary of Cd:Se:S mole ratio in QDs synthesized by the stirring method at room 

temperature for different times, normalized to Se. Standard deviations in parentheses are 

for triplicates for the element indicated.  

Incubation 

time/h 

Na2SeO3 

concentration/ 

mM  

Emission 

wavelength/ 

nm 

Cd moles  Se moles S moles 

3 1 460 2.83 (0.14) 1.00 3.07 (0.13) 

 2 480 2.31 (0.03) 1.00 2.10 (0.01) 

 3 490 2.35 (0.20) 1.00 1.71 (0.04) 

 4 490 2.27 (0.36) 1.00 2.05 (0.02) 

72 1 490 2.76 (0.22) 1.00 2.01 (0.03) 

 2 510 1.97 (0.04) 1.00 1.04 (0.03) 

 3 520 1.85 (0.04) 1.00 0.84 (0.02) 

 4 540 1.75 (0.01) 1.00 0.76 (0.01) 

  
 

3.5 Surface characteristics/composition analysis of CdSe QDs  

The surface characteristics/composition of QDs, synthesized at 50°C with 4:10:1 

reactant molar ratios (Figure 28) or by the stirring method at room temperature with 

different metalloid concentrations (Figure 29) were analyzed by FT-IR. These analyses 

were carried out to identify the presence of glutathione capping of the synthesized QDs. 

For comparison, Figure 28 displays the four different IR spectra: GSH (black curve), blue 

fluorescent QDs (blue curve), green fluorescent QDs (green curve), yellow fluorescent 

QDs (yellow curve), and orange fluorescent QDs (orange curve). Figure 29 illustrates 

five different IR spectra for the comparison: (a) blue QDs (4:10:1), (b) green QDs 

(4:10:2), (c) greenish yellow QDs (4:10:3), (d) orange QDs (4:10:4) and (E) GSH. 
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Figure 28. FT-IR spectra of (a) GSH, (b) blue fluorescent CdSe QDs, (c) green 

fluorescent CdSe QDs, (d) yellow fluorescent CdSe QDs, and (e) orange fluorescent 

CdSe QDs. The incubation temperature and the reactant molar ratios were 50°C and 

4:10:1, respectively.   

 

 

For GSH (Figure 28 (a) and 29 (e)), there are several significant IR absorption 

peaks, which prove the identity of this compound. Peaks at 1595 and 1710 cm
-1

,  3026 

and 3121 cm
-1

, 2523 cm
-1

,  are responsible for C=O stretching, N-H stretching, and S-H 

stretching, respectively. The S-H stretching peak indicates the presence of the sulfhydryl 

group in GSH. In addition, peaks at 1394 cm
-1

 for asymmetric COO
-
 stretching 

vibrations, 1710 cm
-1

 for antisymmetric C=O stretching and 1279 cm
-1

 for OH rotational 

vibrations confirm the presence of the carboxylic group. Also C-N stretching vibrations 

at 1072 cm
-1

 indicate the presence of peptide linkages and amine groups in the amino 

acid residues in GSH.  

 

 



35 

 

 

 

 
 

Figure 29. FT-IR spectra of CdSe QDs synthesized at room temperature with stirring for 

3 hours, and then subsequently stored for 3 days without stirring. The resultant solutions 

were centrifuged and the collected, dried QDs were used for the analysis. All synthetic 

solutions contained 4 mM CdCl2 and 10 mM GSH concentrations but differing 

concentrations of Na2SeO3: A) 1 mM Na2SeO3, (B) 2 mM Na2SeO3, (C) 3 mM Na2SeO3, 

(D) 4 mM Na2SeO3 and (E) GSH.    
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The disappearance of the S-H stretch at around 2523 cm
-1

 was observed in all QD 

spectra (Figure 28 and 29). Also the broad O-H stretch can be seen around 3300 cm
-1

 and 

the peak around 1595 cm
-1

 is for the C=O stretching vibration. Figure 30 displays parts of 

the IR spectra in Figure 28 zoomed-in to show the disappearance of S-H peak clearly. 

 

 

Figure 30. Disappearance of S-H peak in selected IR region (2000-3000 cm
-1

) (a) GSH, 

(b) blue fluorescent CdSe QDs at 50°C (c) green fluorescent CdSe QDs at 50°C, (d) 

yellow fluorescent CdSe QDs at 50°C, (e) orange fluorescent CdSe QDs at 50°C. 
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3.6 Theoretical determination of the particle size of the synthesized QDs at 50°C 

The CdSe QD particle size was calculated using an equation which was developed 

by Bacherikov et al. in 2006. This empirical relationship is based upon QDs’ maximum 

absorption peak wavelength. We collected these data from the UV-vis absorption spectra. 

The calculated particle sizes for QDs synthesized at 50°C with a 4:10:1 molar ratio are 

shown in Table 4. For these QDs, the size range of the particles varies from 1.29 nm 

(blue) to 3.70 nm (orange); this means particle size increases over the time during the 

incubation period. 

Table 4 

Particle size variation over the time with 4:10:1 reactant molar ratio at 50°C. 

Incubation time (h) Photoluminescence emission Particle size (nm) 

1 Blue 1.29 

3 Bluish green 1.44 

5 Green 1.51 

24 Greenish yellow 1.70 

72 Yellow  2.06 

144 Orange  3.70 
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CHAPTER IV 

DISCUSSION 

4.1 Synthesis of glutathione capped CdSe QDs 

The main focus of this study was to develop a method to synthesize glutathione 

capped CdSe QDs with multicolor fluorescence (wide tunability) under one, mild 

chemical condition. As the starting point, CdSe QDs were synthesized using a chemical 

reduction route, which was similar to the CdTe QD synthetic process that was described 

by our Chilean collaborators (Pérez-Donoso et al., 2012). This initial QD experimental 

recipe called for the following molar ratios: CdCl2 (4 mM) : GSH (10 mM) : Na2SeO3 (1 

mM) incubated at 90°C for 2 hours. Freshly-prepared QD synthetic mixtures were bright 

yellow under room light (Figure 3). The orange fluorescing sample under UV light 

illumination at 365 nm indicated the formation of CdSe QDs (Figure 4) and this 

conclusion was further supported by those QDs’ total luminescence spectrum (Figure 5). 

According to Figure 5, the maximum excitation wavelength (wavelength at which the 

highest absorption occurred) was 425 nm and the maximum emission wavelength was 

590 nm, the wavelength for orange fluorescence. Thus CdSe QDs were successfully 

synthesized by this method but only the larger sized particles were isolated. It is 

obviously reasonable to hypothesize that smaller QDs formed and quickly grew in size 

and therefore could not be isolated. Thus the next task was to change the reaction 

conditions and check the possibility of the production of smaller size QDs as well as 

larger. 
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4.2 Optimization of reaction conditions to obtain different fluorescence emission 

4.2.1 Determination of suitable and optimum temperature for QD synthesis 

Temperature was selected as the first variable synthetic parameter. The hypothesis 

was that the incubation temperature affected the rate of CdSe QD synthesis and their 

optical properties, a relationship reported by others (Huang et al, 2013; Pérez-Donoso et 

al., 2012). 

To test this, the water bath temperature was changed to 30°C and the production 

of QDs checked. The results showed the production of CdSe QDs at even this lower 

temperature but only blue and green QDs were produced (Figure 7). This means even 

though the incubation time period was increased up to 6 days, only the smaller size 

particles could be produced at 30°C; therefore the tunability of CdSe QDs was low at this 

temperature. 

At 40°C, the tunability of QDs was increased by a small amount, resulting in blue, 

green and yellow CdSe QDs within the tested time period, up to 6 days (Figures 10 and 

11). So, the desired tunability (blue shift to red shift) could not be achieved within the 

tested time period at this temperature either. 

Therefore, 50°C was used as the next testable temperature. The QDs synthesized 

at this temperature produced a wide range of fluorescence: blue, green, yellow and 

orange (Figures 13 and 14). So the tunability of QDs was much better at 50°C, with 

multicolor fluorescence possible (blue shift to red shift), but only with relatively long 

incubation times (Figure 14), up to 6 days. 

Even though a wide tunable range was obtained at 50°C, the QDs were further 

synthesized via incubation at 60°C and 70°C to determine whether the same emission 

range along with red emission could be obtained at these temperatures within a shorter 
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time. However, instead of the desired, wide tunable range, they showed only green and 

yellow QD production (Figure 16 and 20) or precipitation, yielding a product that was 

non-fluorescing. 

Therefore we conclude that 50°C is the most tunable and optimum synthetic 

temperature, and that temperature had the greatest effect on the CdSe QD synthesis and 

the QDs optical properties. 

 

4.2.2 Determination of suitable reactant molar ratio for synthesis 

Even though 50°C was the most tunable temperature for the CdSe QD synthesis, 

six days were required for the orange fluorescent (largest QD) QD production. This was a 

drawback of this method. To overcome this problem another reaction parameter, initial 

reactant molar ratio, was selected to change and the hypothesis was that the initial 

reactant molar ratio affects particle growth. To test this idea CdCl2:Na2SeO3 molar ratios 

were altered by increasing the Na2SeO3 concentration. As a consequence, orange QDs 

could be obtained within 1 day with the highest Na2SeO3 concentration (4 mM), and 2 

mM and 3 mM Na2SeO3 concentrations produced orange QDs within 3 and 2 days, 

respectively (Figure 23 and 24). 

In this experiment only the metalloid concentration was increased while keeping 

the metal concentration constant, so the Cd:Se molar ratio in the synthetic solution 

gradually decreased. With the increment of Na2SeO3 concentration (from 1 mM up to 4 

mM) the number of cadmium cations per one selenide anion decreased and it caused the 

decrease in Cd incorporated in the QDs that formed. Kaur and Tripathi reported that as 

the Cd:Se molar ratio decreased from 2:1 to 4:3, this change resulted in larger size 

particle formation due to the agglomeration process which helped to increase the amount 
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of Cd in each QD. They also proposed that more cadmium atoms are required on the 

surface of a QD to bind with capping agents and these capping agents enhance the 

stability and water solubility of the particles due to electrostatic repulsions (2014). By 

applying Kaur and Tripathi’s hypotheses to this study, the reason for the production of 

larger size QDs within a shorter time—that we experienced—might be caused by a 

higher particle agglomeration rate due to the lower Cd:Se molar ratio (4:1, 4:2, 4:3, and 

4:4). Due to the agglomeration process particles’ stability is enhanced because when the 

particle size becomes larger fewer number of cadmium atoms is required on the surface 

to bind with the capping agent. So this process enhances the stability and water solubility 

of the QD by electrostatic repulsions. In addition to Kaur and Tripathi, Etxeberria et al. 

also confirmed the formation of larger particles with a lower Cd:Se ratio (2012). 

 

4.3 Synthesis of GSH capped CdSe QDs at room temperature 

 Experimentally we confirmed the production of CdS QDs in synthetic mixtures 

containing CdCl2 (4 mM), GSH (10 mM), and buffer (without adding metalloid) under 

50°C reaction conditions (data is not shown). However, this happened only in longer time 

period incubated samples. For instance, CdS formation started in 24 hours incubated 

samples and the particle size increased with time. This means that at 50°C besides the 

CdSe QD production, there could be a CdS production inside/on the larger size CdSe 

QDs, and sulfur source was obviously sulfur from GSH.  To minimize this issue, that is, 

to make purer CdSe QDs but still capped with GSH, CdSe QDs were synthesized at room 

temperature in hopes that there would be little or no CdS production at room temperature. 

Fluorescence spectroscopic data and visual observations—of QDs synthesized in this 

manner—showed that there was no CdS nanoparticle production at room temperature or, 
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at least the fluorescence in those controls was undetectable (Figure 26 all A samples): Se-

free controls—containing CdCl2, GSH and buffer—did not detectably fluoresce as CdS 

nanoparticles do. Pérez-Donoso et al. reported that the decomposition of GSH at lower 

temperatures is very low, so the formation of CdS is decreased (2012). By comparing our 

results to the previous study, we can conclude that the formation of CdS nanoparticles 

was very low or did not occur at room temperature. 

Smaller size particle formation (blue shift) was prominent at room temperature 

except for sample E (Figure 26), because that mixture’s sample had the lowest Cd:Se 

molar ratio and that ratio generated higher stability and water solubility by particle 

agglomeration (Etxeberria et al., 2012; Kaur and Tripathi, 2014) and so larger particles 

formed almost immediately. 

 

4.4 Fluorescence spectroscopic studies 

4.4.1 QD particle size and optical properties 

Maximum emission and excitation wavelengths varied with QD particle size. This 

phenomenon can be explained by band gap theory. When the size of the QD is smaller, 

the energy difference between the valence band and the conduction band becomes larger. 

The energy difference is inversely proportional to the wavelength of light corresponding 

to the gap. This means that when the particle size is smaller, the excitation and emission 

wavelengths involve shorter wavelengths and when the particles are larger, the 

wavelengths shift to the longer region of the electromagnetic spectrum (Hornyak et al., 

2008; Kinkead and Hegmann, 2010; Perez-Donoso et al., 2012), thus QDs’ particle size 

can be predicted based on their photoluminescence emission data. The temperature 

optimization of tunability pointed to 50°C as the condition with the widest emission 
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wavelength variation (Table 1). Therefore a smaller size as well as larger size QD 

particles could be obtained at one particular set of reaction conditions. 

 

4.4.2 The particle growth and fluorescence intensity variation 

Hornyak et al. (2008) reported that the formation of smaller size QDs is 

kinetically favored because their nucleation process occurs very quickly, the so-called, 

Ostwald Ripening (OR) nucleation mechanism. However, with time, larger particle 

formation is favored thermodynamically and this slower formation occurs by coalescence 

of smaller size particles (Oriented Attachment nucleation, OA). 

In our study, QD formation was initiated with the smaller size particles (blue or 

green) at all five temperatures (30, 40, 50, 60 and 70°C) because this process was 

kinetically favored and occurred very rapidly soon after the incubation process was 

started, confirming Hornyak et al.’s results. According to our experiments, at all five 

temperatures, fluorescence intensity of the samples increased gradually with incubation 

time and the highest intensity was gained by yellow fluorescent QDs in all spectra 

(Figures 8, 11, 14, 18, 22, and 25). This is because over time, the kinetically favored 

smaller sized QD particles formation occurred and the amount of QDs increased until it 

reached the optimum QD concentration (Hornyak et al., 2008; Rogach et al., 1999). That 

is probably the reason for the production of yellow QDs with the highest intensity since 

the QD concentration is proportional to fluorescence intensity. At this point, 

thermodynamically favored larger particle formation started by consuming smaller 

particles; that is, larger particle formation was energetically favored (Hornyak et al., 

2008). This results in the formation of fewer QDs in the medium, and since fluorescence 

intensity is directly related to the number of particles present in the solution, when the 
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QD particle size becomes larger, the number of particles in the sample becomes lower, 

and so the fluorescence intensity decreased. This might be the reason for the large 

fluorescence intensity decrease once larger size QDs (orange) formed (Figures 14, 18, 

and 25). For instance, fluorescence intensity maxima for yellow QDs synthesized at 50°C 

within 48 hours were approximately 15 times as intense as orange QDs maxima in the 

same mixture (Figure 14). 

QD nanoparticles produced via incubation beyond orange QDs, 96 hours and 24 

hours incubated samples at 60°C and 70°C, respectively, did not fluoresce. The reason 

for this observation might be the size of these particles. With the incubation time, the 

particle size became larger and larger and thus resulted in low florescence intensity, 

below the detectable range, and once the particle size reached a maximum, precipitation 

formation was visually observed (cloudy synthetic solutions) and precipitate deposition 

occurred slowly via clumping due to the higher density of the larger particles. At higher 

temperatures like 60°C and 70°C, the decomposition rate of GSH was relatively higher 

because experimentally we confirmed the formation of CdS QDs within 1 hour 

incubation at 70°C (data is not shown) in the synthetic mixtures containing CdCl2 (4 

mM), GSH (10 mM), and buffer (without adding metalloid). Gaponik et al. also reported 

that a large amount of sulfur can be released due to the thermal hydrolysis of thiol 

molecules at prolonged heating at higher temperatures like 100°C (2002). Thus 

production of CdS layers and/or CdS particles trapped in/outside of QDs might also be 

occurring instead of just GSH capping at these temperatures (60°C and 70°C) and its rate 

was much faster than at 50°C. Since there is insufficient capping—because GSH is 

decomposing—the stability of nanoparticles formed at this stage could be going down 
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due to the low electrostatic repulsions between the particles, and this, therefore, might 

enhance the particle coagulation and formation of highly dense clumps (Figures 16 and 

20). 

 

4.5 Theoretical determination of the particle size of the synthesized QDs at 50°C 

The occurrence of the two growth mechanisms in the CdSe QD synthetic process 

can be further clarified by the theoretical particle size calculations (Table 4). According 

to Zheng et al. who were studying cadmium sulfide nanoparticle formation (2010), the 

oriented attachment mechanism becomes dominant when the CdS particle primary 

diameter is ~3.1 nm. For CdSe QDs (instead of CdS), the particle diameter at which the 

nucleation mechanism changes from OR to OA (primary diameter) should be a little bit 

higher than this value because the Se atomic radius (120 pm) is larger than the S atomic 

radius (100 pm). Thus it might be reasonable to assume that OA mechanism became 

dominant when the CdSe nanoparticle diameter was somewhat larger than 3.1 nm. Since 

our orange QDs have a calculated diameter of 3.70 nm (and formed relatively slowly), we 

feel orange CdSe QDs formation occurred via OA nucleation. This means that the smaller 

(blue to yellow) CdSe QD particle formation and the larger, orange QD formation 

probably occurred by OR and OA mechanisms, respectively. The calculated size range 

for CdSe QDs synthesized in this study (1.29 nm to 3.70 nm) is similar to the 1.2 nm to 

3.2 nm CdSe QD size range reported by Bacherikov et al. (2006), and Etxeberria et al. 

(2012) also stated that CdSe particle diameter ranges between 1.2 nm to 3 nm. Wang et 

al. (2013) also reported that CdSe average size estimation from 1.8 nm to 4.0 nm from 

blue to orange. 
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4.6 Determination of elemental composition in synthesized QDs 

  Cadmium and sulfur mole ratios increased with QD particle size for 72 hours 

and 144 hours incubated samples at 4:10:1 molar ratio (Table 2). Pérez-Donoso et al. 

(2012) also reported that despite increasing of Cd in the larger particles, the metalloid 

amount in the particles remained almost constant. The higher sulfur amounts determined 

in the larger size QDs in our work might be due to the presence of thin CdS layers and/or 

particles inside/on QDs. Two research groups reported that prolonged heating of QD 

synthetic mixtures containing thiol molecules results in incorporation of sulfur—due to 

the partial hydrolysis of the thiol groups—into the growing QDs in a basic medium 

(Rogach, 2000; Gaponik et al., 2002). Pérez-Donoso et al. also reported the detection of 

CdS layers only on larger size QDs based on X-ray photoelectron spectroscopy results. 

However, along with the above statement they again mentioned that since their QD 

incubation temperature was lower, the GSH decomposition in solution was lower and 

resulted in more GSH capped, and therefore more biocompatible, QDs as well as lower 

CdS formation (2012). The summary of the Cd:Se:S mole ratios in QDs synthesized by 

the stirring method is listed in Table 3. When the initial selenium precursor concentration 

increased, the S:Se mole ratio decreased, and this might be due to the replacement of S 

atoms by Se atoms (Tables 2 and 3). Based on the general formula Cdx+ySexSy, 

reasonable representative formulas for CdSe QDs—synthesized under different 

conditions—can be proposed. For example: The formula Cd3Se1S2 is a reasonable 

representation of the elemental composition of QDs synthesized under the conditions 

4:10:1 reactant molar ratio for 1 h, 3 h and 5 h samples from Table 2; however, this 

general formula representation is not possible for the 72, 144 hours sample at 50°C and 3 
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hour incubated samples at room temperature. Rogach et al. (1999) reported the presence 

of Cd, Se, and S amounts in thiol capped CdSe nanocrystals by energy dispersive X-ray 

analysis and higher S:Se mole ratios in smaller size QDs. The surface to volume ratio is 

higher in smaller QD particles, so a larger amount of thiol capping agent was required for 

the stabilization, and thus the S amount determined was larger than Se. According to our 

results, S:Se mole ratios were higher in smaller QDs synthesized at room temperature as 

well as QDs at 50°C probably because smaller QDs need more thiol capping for their 

stabilization because the surface area of the QDs is higher per unit volume. In contrast 

larger QDs need smaller amount of capping agent per unit volume; however the absolute 

amount of capping agent is higher. 

 

4.7 Surface characteristics/composition analysis of CdSe QDs 

The disappearance of the S-H stretch at 2523 cm
-1

 is a common and very 

important feature in all QD spectra (Figures 28 and 29). This points to the formation of 

covalent bonds between the sulfhydryl groups in GSH and the cadmium atoms on the QD 

surface and confirms capping of the outer surface of the QD with GSH (Pérez-Donoso et 

al., 2012; Huang et al., 2013). Moreover, the broad absorption peak can be seen at around 

3300 cm
-1

 for O-H stretching vibrations probably due to the adsorbed water molecules 

(Kaur and Tripathi, 2014). Water adsorption on the outer surface might occur due to the 

large number of hydrophilic COO
-
 groups’ presence on the outside of the QDs. All of 

these IR results are similar to the reported results for thiol capped CdSe QDs (Pérez-

Donoso et al., 2012; Huang et al., 2013; Liu et al., 2013; Kaur and Tripathi, 2014). 

The S-H peak disappearance in these FT-IR spectra could also be observed due to 

the oxidation of GSH into GSSG by metalloid reduction, because in this synthesis, GSH 
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acts as the capping agent as well as the reducing agent. However, the GSH concentration 

is higher than the metalloid concentration so there is a sufficient amount of GSH present 

to cap the QDs that form. This was also suggested by Pérez-Donoso et al. (2012) because 

they used the same reactant molar ratio for the CdTe QD synthesis process while using 

GSH as capping and the reducing agent. Their IR data were also used to confirm the 

successful capping of CdTe QDs by GSH under similar conditions.  
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CHAPTER V 

CONCLUSIONS 

5.1 Synthesis of glutathione capped CdSe QDs 

Glutathione capped CdSe QDs could be synthesized successfully within a 

reasonable time period by the developed method, under mild chemical conditions. By 

varying a few reaction conditions such as growth temperature, incubation time and the 

reactant molar ratio, spectral tunability (multicolor fluorescence) was achieved. 

Fluorescence emission wavelengths from 480 nm to 600 nm were achieved. 

 

5.2 Optimization of reaction conditions to obtain tunable fluorescence emission 

CdSe QDs could be produced at all of the tested temperatures with different 

fluorescence tunabilities. However, 50°C was the most tunable and optimum temperature 

for the CdSe QD synthesis with CdCl2:GSH:Na2SeO3 (4:10:1) initial reactant molar 

ratios, at pH 9. By changing the initial metalloid concentration (1 mM to 4 mM), larger 

size (orange) QDs could be produced within relatively short incubation time periods such 

as 24 hours. Thus, the 4:10:1 molar ratio was suitable for the synthesis of smaller size 

QDs (blue) while 4:10:4 molar ratios were better for the synthesis of larger size QDs 

(orange) at 50°C within a reasonable time. Red fluorescent QDs could not be produced 

by this method at all.  

 

5.3 Synthesis of GSH capped CdSe QDs at room temperature 

Larger size QDs (yellow) could be synthesized without the formation of CdS 

inside/on CdSe QDs by using room temperature synthetic conditions as a means of 

lowering thermal decomposition of GSH; however, fluorescence intensity and incubation 

times were not at desired levels, that is, too low and too long, respectively. 
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5.4 Fluorescence spectroscopic studies 

Ostwald ripening and oriented attachment growth mechanisms controlled the 

particle size of the CdSe QDs. The particle size of CdSe QDs synthesized at 50°C with 

4:10:1 molar ratio varied from 1.29 nm to 3.70 nm. Optical properties such as emission 

wavelengths and excitation wavelengths shifted from shorter to longer wavelengths with 

the increase of particle size. The highest fluorescence intensity was produced by yellow 

QDs but the fluorescence decreased as the particle size became larger (orange QDs). 

 

5.5 Determination of elemental composition in synthesized QDs  

Sulfur amounts were higher in the larger size QDs (yellow and orange) 

synthesized at 50°C (4:10:1 molar ratio) probably due to the presence of thin CdS layers 

and/or particles, and S amounts decreased with higher QD Se concentrations. Also 

smaller QDs synthesized at room temperature as well as QDs at 50°C contained higher 

sulfur amounts probably because smaller QDs need more thiol capping—since the 

surface to volume ratio is higher—for their stabilization. The general formula 

Cd(x+y)SexSy is a useful representation of elemental composition for most—but not all—of 

the QDs synthesized.  

 

5.6 Surface characteristics/composition analysis of CdSe QDs 

GSH capping was successful for all synthesized QD at 50°C and room 

temperature, using the disappearance of the IR active S-H stretching vibrational peak 

from FT-IR spectra as an indicator of GSH capping; however, for samples incubated for 

the longest periods of time (72 and 144 hours, yellow and orange QDs at 4:10:1 molar 

ratio at 50°C), the disappearance of S-H stretching vibrational peak could be observed 

due to the decomposition of GSH and formation of CdS or the capping process. 
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