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ABSTRACT 
 

Nanoparticles include any type of particle up to 100 nm in size. Because of their properties, they 

play an important role in a wide variety of fields.  We report here the formation of CdS 

nanoparticles from the microwave assisted reaction of Cd(CH3CO2)2 with DMSO.  DMSO 

serves as the solvent and as a controlled source of sulfide ions to form (CdS) 1<n<5 clusters at the 

early stages of the process.  The clusters grow into CdS nanoparticles, with diameters that range 

from 1.6 nm up to over 250 nm, with microwave heating time.  The time dependence of the onset 

of light absorption and absorbance near the band edge are consistent with a concurrent nucleation 

and growth processes.  The formation of clusters and nuclei and their subsequent reactions is 

controlled by turning on and off the energy supply consistent with an energy barrier to CdS 

nanostructures formation. 

 

The use of sensors to improve health and our quality of life are just some of the applications that 

sensors have. Nanotechnology may represent a tool for the improvement in our quality of life by 

providing a platform for new sensors or sensing element components that can be integrated into 

functional sensors- to monitor chemicals closely related to health issues. Coronary heart disease 

is the leading cause of death for both men and women in USA. We present results on the 

evaluation of the response of CdS semiconductor nanoparticles in the serum of patients who have 

been evaluated for cardiac troponin. Our method results in an improvement in the detection limit 

compare with the Abbott method essay currently employed in clinical tests. Detection limits of 

the orders of a few nanograms were established in studies of the serum of three patients. This 

represents a factor of 103 compared to the Abbott clinical test. 
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RESUMEN 
 

 
Las nanopartículas incluyen cualquier tipo de partícula con un tamaño de hasta 100 nanómetros. 

Debido a sus propiedades, estas juegan un papel importante en una gran variedad de disciplinas.  

En este trabajo presentamos la formación de nano partículas de CdS al reaccionar Cd(CH3CO2)2 

con DMSO en el microonda. DMSO funciona como el disolvente y la fuente controlada de iones 

de azufre para formar los aglomerados de (CdS) en las primeras etapas del proceso. Los 

aglomerados crecen en nanopartículas de CdS, en un rango de 1.6 hasta 250 nm de diámetro al 

exponerlas a tiempos de calentamiento en microonda. La dependencia del tiempo del “onset” de 

la absorción de la luz y la absorbencia son consistentes con un proceso de nucleación y 

crecimiento concurrente. La formación de los aglomerados, de los núcleos y de sus reacciones 

subsiguientes está controlada por el encendido y apagado de la fuente de energía, lo que es 

consistente con la presencia de una barrera energética que induce la formación de las 

nanoestructuras de CdS. 

El uso de sensores para mejorar los cuidados de la salud y nuestra calidad de vida son solo 

algunos ejemplos de las aplicaciones que tienen los sensores. La nanotecnología representa una 

herramienta para mejorar nuestra calidad de vida y proveer una plataforma para el desarrollo de 

nuevos sensores o componentes de elementos de sensores que se pueden integrar a sensores 

funcionales para monitorear químicos relacionados a condiciones de la salud. Las enfermedades 

coronarias cardiacas son la mayor causa de muerte en los Estados Unidos. En este trabajo 

presento los resultados al evaluar la respuesta de nanopartículas semiconductoras de CdS al 

suero de los pacientes que fueron evaluados para troponina cardiaca. Nuestro método resulta en 

una mejora al límite de detección comparado con el ensayo de Abbott que actualmente se emplea 

en las pruebas clínicas. Limites de Detección en el orden de algunos nanogramos fueron 

establecidos para el suero de tres pacientes. Esto representa un factor de 103 comparado con la 

prueba clínica de Abbott. 
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CHAPTER 1: JUSTIFICATION 

 

The Dictionary of the Spanish Royal Academy defines a sensor as a device that receives 

and responds to a signal or stimulus. It measures or detects a physical condition, most 

commonly, motion, heat or light, and converts the condition into an analog or digital 

representation.  Over the past 20 years there has been a revolution in sensing capability due to 

advances in the development of microelectronics, which has allowed building sensors with 

multiple capabilities in devices of relatively small dimensions.  The purpose of all sensors is to 

gather data regarding the physical world that will, in some way, be used to affect the control of 

the system.1 Some sensors are integrated in closed-loop control systems that function largely in 

the absence of human intervention, allowing for their use in unsafe (hostile) environments. 

The use of sensors for national security and health care improvement are just some of the 

applications that the sensors have. Coronary heart disease, on the other hand, is the leading cause 

of death for both men and women in the USA. Heart disease is caused by the narrowing of the 

coronary arteries that feed the heart. Like any muscle, the heart needs a constant supply of 

oxygen and nutrients, which are carried to it by the blood in the coronary arteries. When the 

coronary arteries become narrowed or clogged by cholesterol and fat deposits, a process known 

as atherosclerosis occurs. When not enough blood is supplied to the heart, the result is coronary 

heart disease (CHD). If there is not enough oxygen-carrying blood reaching the heart, you may 

experience a chest pain called angina. If the blood supply to a portion of the heart is completely 

cut off by total blockage of a coronary artery, the result is a heart attack. This is usually due to a 

sudden closure of an artery from a blood clot forming on top of previous narrowing3.  

Since the 1900’s, cardiovascular diseases have been the number one killer in USA every 

year.  Around fifty seven percent of the men and sixty four percent of women that suffer sudden 
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death by cardiovascular diseases do not exhibit physical characteristics easily associated with 

heart failure. The cost of cardiovascular diseases in 1999 was about 286,500 thousands of million 

dollars, which trickles down onto consumers thru higher insurance premiums and expensive 

intensive health care services at hospitals.3 Each year, about 1.1 million americans suffer a heart 

attack and about 460,000 of those heart attacks are fatal.  Approximately half of those deaths 

occur within one hour of the start of symptoms and before the victim reaches the hospital.  

Recent studies related to cardiovascular diseases show that Troponin I is an excellent 

biological marker for cardiovascular diseases. Troponin I is a protein released into the human 

blood stream after heart damage occurs and about five to six hours prior to a heart attack.  Early 

troponin detection provides the best tool for the detection of coronary disease prior to a major 

heart attack.  However, current methods for troponin detection are time consuming.  Therefore 

the development of a real time sensor for troponin detection would be of great benefit. 

Nanotechnology may present a tool for the improvement in our quality of life by 

providing a platform for novel sensors to monitor chemicals closely related to security and health 

issues.  Nanoparticles, a unique subset of the broad field of nanotechnology, include any type of 

particle with at least one dimension a few nanometers in size. Nanoparticles play an important 

role in a wide variety of fields including advanced materials, pharmaceuticals, and are being 

explored for environmental detection and monitoring5. Engineered nanoparticles are intentionally 

designed and created with physical properties tailored to meet the needs of specific applications. 

They can be end products by themselves, as in the case of quantum dots or pharmaceutical drugs, 

or they can be components to be incorporated later in end products, such as carbon black in 

rubber products. Either way, the particle’s physical properties are extremely important to their 

performance or the performance of any product into which they are ultimately incorporated. 
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Non-engineered nanoparticles, on the other hand, are unintentionally generated nanoparticles, 

such as atmospheric nanoparticles created during combustion. With non-engineered 

nanoparticles, physical properties also play an important role as they settle on whether or not ill 

effects will occur as a result of the presence of these particles.6 Depending on the application of 

interest, nanoparticles may be known by a number of alternative and trade-specific names, 

including particulate matter, aerosols, colloids, nanocomposites, nanopowders, and 

nanoceramics. Some industries with engineered nanoparticles are pharmaceuticals, performance 

chemicals, chemical and mechanical polishing, quantum dots, biodetection and labeling, 

ceramics, food products and cosmetics.  Non-engineered particles are used in environmental 

detection, environmental monitoring and controlled environments.   
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CHAPTER 2: PREVIOUS WORK 

 

Understanding the properties and methods of preparation of nanoparticles we can 

contribute to the development of sensors that improve our quality of life. The most common 

methods for nanoparticle preparation include sonochemical synthesis, hydrothermal synthesis 

and chemical reactions.  Several researchers focused their studies on these methods3-10. These 

methods present some limitations. For example to stop nanoparticle growth they need to adsorb 

organic surfactants or inorganic ligands that hinder growth. This results in poor purity and limits 

field use. Lack of knowledge of preparation history of commercially available limits their use in 

basic research. 

Liang Li, and Junjie Zhu studied a new approach for nanoparticles preparation by using 

microwave irradiation11-12. The method results in a very simple fast reaction and they obtained 

high quality nanoparticles. Since nanomaterials have unique chemical, physical, and mechanical 

properties, they can be used for a wide variety of applications.                                                                                                                                                                                                                                                                                

Nanoscale materials have optical properties that differ substantially from their bulk counter-

parts.  Gold nanoparticles present fascinating behavior such as their multiple types of assembly, 

its individual particles behavior, size-related electronic, magnetic and optical properties 

(quantum size effect) and their application in catalysis and biology.1, 13 Prashant V. Kamat 

focused on the photophysical, photochemical and photocatalytic aspects of metal nanoparticles.  

Metal nanoparticles, such as gold and silver, exhibit noticeable photoactivity under UV-visible 

irradiation. Nanosize semiconductor materials have band gaps that are strongly size dependent, 

increasing with a decrease in cluster size, due to the quantum confinement effects.  These 

nanoclusters exhibit photoluminescence (PL) hat shifts to higher energies with decreasing cluster 
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size1.  In this work they focused on PL from gold colloids form in water by sodium citrate 

reduction.   Strong size dependent photoluminescence from solutions of gold nanoclusters was 

observed. For this experiment the emission detector was set to 440 nm peak of the PL and the 

excitation wavelength was then scanned over the range 190-400 nm.  It was found that the 

position and shape of the PL peak is almost independent of the excitation wavelength within this 

excitation range.  They noted that on a cluster basis, the strength of this PL peak is comparable to 

many semiconductor nanoclusters, for example CdS or MoS2.  The 15 nm Au Clusters do not 

show luminescence at any excitation wavelength, demonstrating that PL occurs only for small 

nanoclusters (2.5 nm, 5 nm). The etching of larger nonluminecescent gold colloids using KCN 

results in smaller luminescent clusters. 

Recently, one and multicolor luminescent blinking from a variety of noble-metal 

nanostructures upon laser illumination was observed. Chris D. Gedes, et. al. studied the 

luminescent blinking of gold nanoparticles and previously studied silver nanoparticles14. The 

results suggest a new class of metallic probes, based on intrinsic metal luminescence with several 

advantages over conventional organic fluorophores such enhanced photostability, higher 

luminescent intensity, tunable emission wavelengths and the possibilities for a variety of 

functional surface chemistries.   Their findings show some notable and attractive differences 

between gold and silver nanostructures in their individual luminescence properties.  Silver 

nanostructures deposited on glass slides show a time dependent activation and subsequent 

luminescent blinking, with multicolor blinking, differing in both intensity and location, also 

dependent on the type of structure and irradiance used.  They observed that silver fractal like 

structures were highly emissive and could be photoactivated at much lower irradiance, typically 

less than 30 W/cm2, compared to glass-coated silver islands films and colloids, where silver 
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islands were found to be least emissive under similar experimental conditions. Higher irradiances 

are required to observe gold colloid luminescence, typically kW/cm2. Gold colloids have been 

observed to blink, in contrast to silver. The color and emission spectra of the blinking spots 

remained the same with continuous illumination. This interesting difference suggests the use of 

silver nanostructures as probes for multicolor applications.  The control of the nanoscale optical 

properties of silver nanostructures has led to nanophotonic devices ranging from nanosensors to 

waveguides, as well in a wide variety of biotechnology applications.  These results also suggest 

the use of gold colloid cluster emission in nanotechnology and for optical probes in 

biotechnology and medical imaging14. 

The most important property of semiconductor nanocrystals is the substantial change in 

optical properties as a function of size. As size is reduced, the electronic excitations shift to 

higher energy, and the oscillator strength is concentrated into just a few transitions. These 

phenomena of quantum confinement arise as a result of changes in the density of electronic 

states and can be understood by considering the relation between position and momentum in free 

and confined particles. For a free particle, or a particle in the periodic potential of an extended 

solid, the energy and the crystal momentum can both be precisely defined, whereas the position 

cannot. For a localized particle, the energy may still be well defined, but since the uncertainty in 

position decreases, the momentum is no longer well defined. The discrete energy eigenfunctions 

of the particle may then be viewed as superpositions of bulk momentum states. Given the 

relation between energy and momentum in the bulk solid, one can see how a series of nearby 

transitions occurring at slightly different energies in the bulk will be compressed by quantum 

confinement into a single, intense transition in a quantum dot13. 
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J. J. Mock et. al. presents a systematic study of the effect of size and shape on the spectral 

response of individual silver nanoparticles15. They found that specific geometrical shapes give 

distinct spectral responses. The relationship between the geometrical shape of an individual 

particle and its plasmon resonant spectral response has only recently been studied with modern 

optical microscopy techniques. In this study, they combine the use of an optimized optical 

detection technique with high-resolution transmission electron microscopy (TEM) analysis for 

the systematic investigation of the effects of shape on the surface plasmon resonance of 

individual silver colloidal nanoparticles. Nanoparticles of various shapes and sizes, from 

approximately 40 to 120 nm, having colors ranging from violet 400 nm to red 700 nm , were 

characterized. They used several experimental techniques to precisely correlate the optical 

spectrum of individual silver nanoparticles to their geometrical shapes. Although 40–120 nm in 

size, the plasmon resonant effect in silver nanoparticles makes them easily detectable in the 

visible spectrum using standard far-field optics. They assigned a size to each particle from the 

TEM images, taken with the e-beam normal to the sample, by comparing a characteristic 

dimension to the TEM calibration bar. In order to investigate the relationship between the size, 

shape, and color of silver nanoparticles in more detail, they made particles of various sizes by 

preparing several colloidal solutions, which differed in the amount of silver enhancer added in 

the sample preparation method. They found that with increased particle size the corresponding 

spectra are red shifted.  In addition, a simple heat treatment can modify a particle shape, resulting 

in a change in its optical plasmon resonant properties. Such classification and tuning of the shape 

and optical properties of individual silver nanoparticles makes them excellent candidates for 

further applications in near field optical microscopy and biological assays.   
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The small size results in new quantum phenomena that yield some extraordinary bonuses. 

Material properties change dramatically because quantum effects arise from the confinement of 

electrons and "holes" in the material. Size changes other material properties, such as the 

electrical and nonlinear optical properties of a material, making them very different from those 

of the material's bulk form.  The quantum size effect is involved when the Broglie wavelength of 

the valence electrons is of the same order as the size of the particle itself.  Then, the particles 

behave electronically as zero dimensional quantum dots or quantum boxes driven by quantum 

mechanics rules.  If a dot is excited, the smaller the dot, the higher the energy and intensity of its 

emitted light. Hence, these very small, semiconducting quantum dots are gateways to an 

enormous array of possible applications and new technologies. Gammon, Daniel et. al., made 

optical studies of single quantum dots16.  Quantum dots measure between 1-100 nm, are 

semiconductor structures in which the electron wavefunction is confined in all three dimensions 

by the potential energy barriers that form quantum dot boundaries.  A quantum dot, QD, 

electronic response, like that of a single atom, is manifest in its discrete energy spectrum, which 

appears when electron-hole pairs are excited.  Although the wavefunction of a QD electron, and 

its corresponding hole, extends over many thousand lattice atoms, the pair termed an exciton 

behaves in a quantized and coherent fashion.  The coherence is relatively easy to detect and 

control optically.  Another attractive property of the quantum dot is that their size, shape and 

composition can all be tailored to create a variety of desired properties. 

Many types of quantum dots materials have been developed, electrostatic and epitaxial QDs 

for example. Researchers have made a flurry of new and direct observations of fine structure 

splittings, hyperfine shifts and so on. These splitting contain the details of spin interactions and 

other quantum properties.  The interaction of energy between excitons leads to the possibility of 
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generating single photons on demand.  A strong laser pulse can create a state of many excitons, 

each of which has a different energy.  But only one photon is emitted at the single exciton 

transition energy.  A narrow bandpass filter tuned to the single exciton emission line can 

therefore be used to realize a solid-state source of single photons.  One of the goals driving QD 

research, and nanostructure research is the creation of complex nanomaterials with customized 

properties.   

S.Nieto et. al. studied nanoscaled sensing for quantum dots fluorescence quenching for 

nitrated explosives17.  Nanoscaled semiconductors have the potential to be employed in trace 

explosive detection.  They reported the effect of 2,4,6 trinitrotoluene on the fluorescence 

emission of zinc sulfide (ZnS) protected cadmium selenide (CdSe) quantum particles.  The 

fluorescence was excited off resonance with respect to the quantum dots, but close to the 

absorption band edge of the TNT.  The results presented were consistent with the extensive 

quenching and a change in fluorescence emission of QD by TNT.  They found that the second 

wavelength (quantum dots plus TNT) was distinct from the emission wavelength (λ1) in the 

absence of the TNT.  One of the important contributions of this work is the observation that the 

relative peak area decrease with the amount of added TNT to the solution. The measurements 

showed that the fluorescence intensity was proportional to the concentration of the quantum dots 

in solution.  The fluorescence of the QDs is quenched by the added TNT.  They found that the 

TNT doesn’t have an effect on the size of the QD. The schemes below show the mechanism of 

charge transfer between TNT and the QD that they proposed. 
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They proposed a charge transfer process between TNT and quantum dots and/or the involvement 

of the new trap states (NTS) in the fluorescence emission of the dots. In chapter 6, we used an 

extention of this concept to detect cardiac troponin in the samples of the blood serum of real 

patients.  
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CHAPTER 3: OBJECTIVES 

 

The objectives of this dissertation are the following: 

1. To develop a new method for the facile synthesis of CdS fluorescent nanoparticles 

that can add to the battery of methods available and can facilitate their use as sensor 

or sensor elements. 

2.  To examine and make a critical judgment of the use of CdS NP for sensing cardiac 

troponin in patients. 
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CHAPTER 4: GENERAL METHODOLOGY 

 

A. Synthesis of Nanoparticles  

 

 Our method for nanoparticle synthesis controls the NP size without adding capping 

agents using microwave heating. DMSO (HPLC grade Aldrich, 99.9%) was further purified by 

distillation to remove traces of water. Cadmium acetate dehydrate Cd(CH3CO2)2 was purchased 

from SIGMA ALDRICH (99%) and used without further purification. The desired amounts of 

the solid used for the solutions employed here were determined in a Metler Toledo AT 20 

microbalance. The DMSO served as the solvent and source of sulfur to form the CdS 

nanoparticles in the experiments described here. A commercial microwave oven operating at 

1500 Watts and 20 Hz and a microwave digestive system operating at 100 watts and 300 Hz 

were employed for the CdS NP synthesis. The solutions were exposed to microwave radiation at 

ten seconds (10) intervals until the desired time was achieved. More details on time exposure are 

discussed in chapter 5. 

B. Characterization of  Nanoparticles 

The characterization of the nanoparticles is essential.  It’s important to us determines the 

size of the nanoparticles.  These characteristics cause a variation in the optical properties. A 
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relation between the wavelength of UV absorption and the size of the nanoparticle was 

established in previous works18.  More details of this relation is explained in chapter 5. 

 

1. Optical Studies 

UV absorption spectroscopy was performed with a PC 2000 Ocean Optics UV-VIS 

spectrograph coupled to a high pressure deuterium lamp. 

     

                 Set up of the experiment: 

 

 

 

 

 

       

  

Emission measurements were performed in a Shimadzu RF 5301 Spectrofluorophotometer. 

  

3. For shape and size determination Transmission electron microscopy measurements were 

performed in a JEOL 2010 TEM operated at an acceleration voltage of 140 kV. Negatives of the 

micrographs were processed using standard techniques and scanned with an EPSON Perfection 

V750 PRO scanner and stored in the computer for further analysis. Field emission scanning 

electron microscopy measurements were performed in a Philips FEG-SEM XL30 system. 

 

UV-VIS Lamp  

Optic Fiber 

 

Ocean Optics 
001Base 32 
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C)  Studies of the interaction of nanoparticles with cardiac troponin serum were done by using 

absorption and emission studies.  We focused in the changes in the optical properties of the 

nanoparticles. In chapter 6, a more detail explanation is provided. 
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CHAPTER 5: SYNTHESIS OF CdS NANOPARTICLES IN THE 
MICROWAVE 24 

 

ABSTRACT 

We report here the formation of CdS NP from the microwave assisted reaction of 

Cd(CH3CO2)2 with DMSO.  DMSO serves as the solvent and as a controlled source of 

sulfide ions to form (CdS)1<n<5 clusters at the early stages of the process.  The clusters grow 

into CdS nanoparticles, with diameters that range from 1.6 nm up to over 250 nm, with 

microwave heating.  The time dependence of the onset of light absorption and absorbance 

are consistent with a concurrent nucleation and growth processes.  The formation of 

clusters and nuclei and their subsequent reactions is controlled by turning on and off the 

energy supply consistent with an energy barrier to CdS nanostructures formation. 

 

5.1 Introduction. 

Cadmium sulfide nanoparticles (CdS NP) have interesting size dependent optical and electronic 

properties.  CdS NP synthesis has been the subject of several studies due to their potential 

applications in sensing and solar cells.1  The observation of quantum confinement effects in CdS 

NP in the size range of 2 to 8 nm has motivated numerous studies focused on selective size and 

morphology control.  Knowledge of the elementary steps associated with nucleation and growth 

is a central and fundamental question in developing synthetic strategies to obtain CdS with the 

desired size and morphology.  The methods for CdS NP synthesis reported to date include the 

use of wet chemical approaches, vapor deposition and molecular beam epitaxy. 1 

Capping agents have been used to limit particle size growth.  Micelles, reverse micelles, porous 

glasses and the cavities of zeolites have served to tailor CdS NP particle size. 2,3,4 These methods, 

while effective to the size selective preparation, present limitations to use of CdS NP in sensing 
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applications, where an active surface is  required.  In this regard, physical methods that supply 

energy to initiate nucleation and growth are very attractive to the preparation of NP.  Reactions 

initiated in the high temperature environment of acoustic cavities and under microwave 

irradiation as well as the selective photochemical decomposition of precursors are attractive 

approaches to control the extent of nucleation and growth in NP synthesis. 5-11 Microwave 

assisted reactions have gained popularity over conventional wet chemical approaches due to ease 

of use and availability.  The molecular level heating leads to homogeneous and faster thermal 

reactions than those performed in other methods. 12   

The use of microwave radiation for the synthesis of CdS NPs has been the subject of a few recent 

works.  These previous works focused on the use of thioacetamide as the source of the sulfide 

ions.    Martinez et.al. 13 performed the synthesis of CdS nanoparticles from the reaction of CdCl2 

and thioacetamide using microwave irradiation. They found a direct relationship between the pH 

of the solution and the NPs size. Singh and coworkers 5 used a combination of sonochemical and 

microwave methods for the synthesis of CdS powders. These authors used sonochemistry to 

generate the sulfide ions from thioacetamide followed by microwave radiation to form the final 

CdS NP. 5 Zhu and coworkers 14, on the other hand, exposed a mixture of thioacetamide and 

CdCl2 to microwave radiation to prepare CdS. 

 

 

 

 

 
 
Scheme 5.1: Cd(CH3CO2)2 and DMSO serve as precursors to Cd2+ and S-2 ions.  These ions react 
upon heating in the microwave to form embryos or clusters in the initial stages of the CdS NP 
synthesis.  These embryos or clusters form CdS nuclei which further react to form CdS 
nanoparticles. 
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The formation of nanoparticles may be qualitatively discussed in the context of classic 

nucleation and growth theory.  As illustrated in Scheme 5.1, the initial reactions of the precursors 

result in the formation of clusters or embryos.  These embryos must overcome an energy barrier 

to form stable nuclei.  The total change in free energy, ∆G, for the nucleation process is a 

delicate balance between the surface free energy, γ, and the difference in chemical potential (∆µ) 

between the embryonic and nucleation phases.  While the formation of chemical bonds generally 

results in a decrease in ∆µ, the growth in embryo or cluster size results in an increase in γ: the 

balance among these terms results in the appearance of a maximum in ∆G with cluster size.15-18 

The presence of energy barrier(s) along the sequence of reactions leading to nucleation requires 

the supply of energy to move forward from the precursors to the final CdS NP. If the energy is 

supplied and suddenly cut off during a given step, it is possible to isolate those stable chemical 

species that are trapped between the steps of the process.  In this regard, the molecular level 

heating associated with the use of microwaves to heat up chemical reactions offers the unique 

advantage to turn “on” and “off” chemical process and trap the different clusters or nuclei that 

serve as intermediates to nanoparticle synthesis.   

We report here on the preparation of CdS NPs and (CdS)n clusters using Cd(CH3CO2)2 and 

DMSO as the source of cadmium and sulfide ions, respectively.  Solutions of Cd(CH3CO2)2 in 

DMSO were heated in a microwave oven and studied as a function of exposure time and initial 

concentration.  Turning “on” the microwave allows the reactants to form cadmium sulfide 

clusters and nanoparticles.  Turning “off” the microwave allows characterization of those 

clusters that serve as embryos to form nuclei and larger nanoparticles using standard 

spectroscopic measurements under steady conditions.  The optical properties of the CdS particles 

were established with UV-visible absorption and emission spectroscopy.  Transmission electron 
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microscopy (TEM) and field emission scanning electron microscopy (FE SEM) measurements 

were performed to characterize particle size and morphology.  Formation of CdS monomers and 

(CdS)n clusters (2<n<5) formed at the early stages of the reaction between Cd+2 ions and DMSO 

is established by measurements of the light absorbed below 300 nm. Theoretical calculations at 

the DFT/B3LYP/DGDZVP level of theory indicate that there is a barrier to the formation of the 

(CdS)4 cluster, which is taken as a central factor in the accumulation of (CdS)n clusters with n<3 

and open the opportunity for the formation of nonstoichiometric cadmium sulfide clusters.  

These clusters or embryos further react upon heating in the microwave to form CdS nuclei and 

nanoparticles.  Analysis of the onset of light absorption and absorption near the band edge at 400 

nm is consistent with simultaneous nucleation and growths. The extent of the nucleation and 

growth is controlled by the supply of sulfide ions from the reactions of DMSO and cadmium ions 

during exposure to microwave radiation.   

 

5.2 Experimental. 

DMSO (HPLC grade Aldrich, 99.9%) was further purified by distillation to remove traces of 

water.  Cadmium acetate dehydrate Cd(CH3CO2)2 was purchased from SIGMA ALDRICH 

(99%) and used without further purification. The desired amounts of the solid used for the 

solutions employed here were determined in a Metler Toledo AT 20 microbalance.  The DMSO 

served as the solvent and source of sulfur to form the CdS nanoparticles in the experiments 

described here.  A commercial microwave oven operating at 1500 Watts and 20 Hz or a 

microwave digestive system operating at 100 watts and 300 Hz were employed for the CdS NP 

synthesis.  The solutions were exposed to microwave radiation in intervals of ten seconds (10) 

until the desired time was achieved.  UV absorption spectroscopy measurements were performed 

with a PC 2000 Ocean Optics UV-VIS spectrograph coupled to a high pressure deuterium lamp. 
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Transmission electron microscopy measurements were performed in a JEOL 2010 TEM operated 

at an acceleration voltage of 140 kV.  Negatives of the micrographs were processed using 

standard techniques and scanned with an EPSON Perfection V750 PRO scanner and stored in the 

computer for further analysis. Field emission scanning electron microscopy measurements were 

performed in a Philips FEG-SEM XL30 system. 

 

5.3 Results and Discussion. 

CdS NP Synthesis: UV-Visible Absorption and Fluorescence Measurements. 

Cd(CH3CO2)2 was used as a convenient source of Cd+2 ions to form the CdS NP in 

dimethylsulfoxide (DMSO).19-20  The addition of Cd(CH3CO2)2 to 20 mL of DMSO resulted  in 

the formation of a clear solution.  A yellow solution is formed when the mixture is placed in the 

microwave oven for time periods longer than 90 seconds: the yellow color becomes more 

noticeable and intense when the solution is placed in the microwave for longer times.  UV visible 

absorption spectra of the solutions are displayed on the left hand side of figure 5.1.  The UV 

visible absorption spectra of Cd(CH3CO2)2 in DMSO solutions exposed to microwave radiation 

are consistent with the formation CdS NP. 1-4   

Alky thiols are proposed to play a central role in the formation of CdS NP from the microwave 

assisted reaction of thioacetamide with CdCl2.
13  Alkyl thiols are also known to be important 

products of the microwave decomposition of DMSO.13  If the Cd(CH3CO2)2 is added to DMSO 

that has been previously placed in the microwave oven for 200 seconds, the color of the solution 

remains clear and no absorption features that can be attributed to CdS NP are observed in the 

absorption spectra.  The addition of the Cd(CH3CO2)2 to a solution containing 0.011g/mL of 1-

hexadecanethiol in DMSO failed to form a colored solution.  Controlled experiments with a 

solution of AgNO3 in DMSO were also performed.  Bands characteristic of Ag2S nanoparticles 
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in the UV-visible absorption spectrum of AgNO3 in DMSO solutions exposed to microwave 

heating for up to 200 seconds were searched for, but not observed.  These observations lead us to 

conclude that formation of CdS NP requires exposure of a solution containing both components 

to microwave radiation.  

 

The CdS NP prepared by the method described here exhibit strong fluorescence.  The emission 

spectrum of the CdS NP prepared by exposing a 0.002 g/mL solution to the microwave radiation 

for 150 seconds is also displayed on figure 5.1.  The excitation wavelength is 340 nm.  The CdS 

NP exhibited a weak fluorescence band around 400 nm and a stronger fluorescence band 

between 460 and 600 nm with a peak centered at about 520 nm. The fluorescence bands appear 

in a region of the spectrum similar to that reported for CdS NP prepared by other methods.8-9 

Excitonic recombination and trapped state emission contribute to the fluorescence in CdS NP.  

Excitonic recombination is usually sharper and is observed at shorter wavelengths than trap 

recombination.  Excitonic recombination of photoexcited electrons with holes in the valence 

band of CdS has been observed between 400 and 450 nm: the band around 380 nm is attributed 

to excitonic emission.  The peak centered at 520 nm, on the other hand, is attributed to trapped 

state emission.  The band edge in these particles is around 500 nm.  Since the method employed 

for the synthesis of the CdS NP used here requires a reaction between the sulfur provided by the 

solvent molecules and the Cd+2, it is very likely that the CdS NP have ionic vacancies which may 

serve as shallow trap states, resulting in the broad emission band at 500 nm.  
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Figure 5.1: The clear and colored Cd(CH3CO2)2 in DMSO solutions formed (a) immediately 
after the addition of Cd(CH3CO2)2 to the DMSO, (b) and (c) after the solution is exposed to 
microwave radiation for 150 and 90 seconds, respectively.  The picture obtained after the 
Cd(CH3CO2)2 is added to DMSO that has been exposed to microwave radiation for over 200 
seconds is labeled ‘d’.  The figure at the bottom of the page illustrates the UV-visible spectra of, 
from top to bottom, (a) the DMSO employed for the measurements, (b) the solution of 
Cd(CH3CO2)2 in DMSO , (c) the solution formed upon addition of the Cd(CH3CO2)2 to DMSO 
that has been previously exposed to microwave radiation for 200 seconds and (d) the CdS NP 
prepared upon exposing the Cd(CH3CO2)2 in DMSO solution to microwave radiation. The 
emission spectra of CdS NP formed upon exposure of a 0.002g/mL Cd(CH3CO2)2 in DMSO  
solution to microwave radiation is illustrated on the lower right hand of the figure. 
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5.4 CdS NP Characterization: Transmission Electron Microscopy Measurements. 

 

TEM measurements were performed with the purpose of establishing that CdS 

nanoparticles are formed upon exposure of the Cd(CH3CO2)2 in DMSO solution to microwave 

heating.  Representative TEM images on a deposit prepared from samples obtained after a 0.001 

g/mL solution is warmed in the microwave oven for about 150 seconds are displayed on figure 

5.2(a) and a closer view of a selected area is showed in figure 5.2(b).  The images were obtained 

on a deposit prepared by dispersing a few microliters of the CdS in DMSO solution in a drop of 

ethanol on a carbon coated grid.  Selected area electron diffraction (SAED) is illustrated in figure 

5.2 (c).  The spacing in the pattern of rings observed is consistent with previous reports for CdS 

NP prepared by other methods.  The TEM images displayed in figure 5.2 (a) and 5.2(b) are 

consistent with the formation of CdS nanoparticles in the size ranges of 2 to 6 nm.   In a few 

cases the particles arranged into islands with a diameter between 25 to 30 nm.  The particle size 

distribution obtained from quantitative measurements on several areas of the sample examined is 

displayed on figure 5.3.  The particles have a very narrow distribution with diameters between 

1.5 and 6 nm.  The average diameter of the CdS NP prepared as described here is (1.6 + 0.3) nm.   
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Figure 5.2: Representative TEM images of 30 x 30 nm2 areas obtained on deposit prepared from 
a 0.001g/mL Cd(CH3CO2)2 in DMSO solution exposed to microwave radiation for 150s and 
dispersed in ethanol. 
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                     Figure 5.3: Nanoparticles size distribution for 150s TEM image.     
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5.5 CdS NP Formation Mechanism 

5.5.1Formation of (CdS)n Clusters in Diluted Solutions. 

 

The reaction of the solvent molecules with Cd(CH3CO2)2 upon heating the solution in the 

microwave initiates the sequence of reactions to form CdS NP: 

 

DMSO + nCd2+ ���� (CdS)n                                                                   reaction 5.1 

 

The supply of sulfide ions from the initial reaction between DMSO and the Cd+2 ions while 

heating in the microwave is required to form the clusters.   Recent experimental work by Zeng 

and coworkers21 have established the formation of (CdS)n clusters with n=1,2,3,4 and 5 in the 

synthesis of CdS NP under conditions of a limited supply of Cd+2 ions. These clusters absorb 

exclusively UV light, between 230 and 285 nm.  Theoretical calculations performed by the above 

authors on naked CdS clusters show an increase in the HOMO-LUMO gap with increasing 

aggregation number from n=1 (monomer) to n=5. The HOMO-LUMO gap is predicted to 

decrease to between 3 and 3.5 eV when the aggregation number increases to n=6.21  Frenzel, 

Joswig and Seifert, on the other hand, have reported on the optical transitions of CdS clusters 

capped with S-H groups.  The transition that requires the lowest energy in clusters containing 

between 1 and 4 Cd ions are predicted to occur between 5 and 4 eV, well into the UV region, 

consistent with the experimental results presented by Zeng and coworkers.   

UV-visible absorption measurements were performed in diluted Cd(CH3CO2)2 solutions exposed 

to microwave radiation for short periods of times with the purpose of establishing the formation 

of (CdS)n clusters in the microwave assisted synthesis of CdS NP.  Representative UV-visible 

absorption spectra of a 0.0005 mg/mL Cd(CH3CO2)2 in DMSO solution as a function of 
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exposure time in the microwave are displayed in figure 5.4.  A band between 250 and 300 nm is 

the only feature observed in the UV-visible spectrum of diluted samples exposed to microwave 

heating for times shorter than 30 seconds.   A band around 500 nm is observed when the sample 

is exposed to microwave heating for times longer than 50 s.  The shape and wavelength in the 

UV region at which the bands are observed are in agreement with the results of Zeng for (CdS)n 

clusters with n=1 to 5 and the theoretical work discussed in the previous paragraph. We therefore 

attribute the bands between 250 and 300 nm to the formation of (CdS)n clusters with aggregation 

numbers between 1 and 5.  Samples containing these clusters exhibited a remarkable stability 

toward the formation of particles: we were able to reproduce their spectra quantitatively several 

days after the initial measurement. Further increase in microwave heating time of the 

Cd(CH3CO2)2 in DMSO solution results in spectra that resemble those obtained for larger initial 

Cd(CH3CO2)2 concentrations, with the edge around 400 nm and a long tail that results from 

overlapping CdS NP absorption edge and the 500 nm band.  The inset in figure 5.4 compares the 

absorbance of the bands observed in the UV-visible measurements.  The open circles in the 

insert of figure 5.4 represent the absorption at 270 nm.  The absorption at 270 nm increases with 

heating time in the microwave oven.  The open triangles and squares in the insert represent the 

absorbance at 400 and 500 nm, respectively.  The absorbance at 400 and 500 nm start to increase 

around 50 seconds after the start of the reaction, indicating that there is an induction period for 

the formation of structures larger than the (CdS)1-5 clusters.  The absorbance at 500 nm saturates 

while the absorbance at 400 nm continues to increase in the time range studied.  The absorbance 

at 400 nm results from the formation of CdS nuclei and NP.  We are lead to the conclusion that 

the species responsible for the absorption of light at 500 nm are not further involved in 

nucleation reactions.   
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Figure 5.4: The absorption spectra of a diluted Cd(CH3CO2)2 in DMSO solution as a function of 
microwave exposure time.  The insert illustrates the dependence of the absorption at 270, 400 
and 500 nm on time. 
 
 
5.6 Theoretical calculations on (CdS)n and (CdnSn+1)

-2 clusters. 

Why are clusters formed in the microwave assisted synthesis of CdS NP so stable?  Joswig, 

Springborg, and Seifert have reported a decrease in the energy of (CdS)n clusters with increasing 

the number of CdS pairs from 5 to 10.  The size of the clusters claimed to form in this work has 

between 1 and 5 CdS units.  We performed theoretical calculations on small CdS clusters, n=1 to 
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n=4, with the purpose of identifying a barrier to the formation of (CdS)n clusters.  The optimized 

structures of the clusters considered are illustrated in figure 5.5.  The closed circles in figure 5.5 

represent the dependence of the (CdS)n cluster energy, obtained at the DFT/B3LYP/DGDZVP 

level of theory on aggregation number. The total energy is found to decrease linearly, at a rate of 

about 5800 hartrees/n, with (CdS)n aggregation number.  The feasibility to form the (CdS)n 

cluster through stepwise polymerization of the CdS  may be discussed from consideration of the 

energy (∆E) of the reaction between the (CdS)n-1 cluster and the CdS: 

 

 (CdS)n-1  +  CdS  ���� (CdS)n                 reaction 5.2 

 

and  

 

 ∆E = E(CdS)n - E(CdS)n-1 – E(CdS)     equation 5.1 

 

Values of ∆E as a function of CdS aggregation number are indicated by the open circles in the 

lower graph of figure 5.5.  The open squares in the insert represent the dependence of the cluster 

binding energy, EB, on aggregation number, defined as: 

 

 EB = - En/n + E1                       equation 5.2 

 

We included the value of the energy associated with the formation of CdS monomers from the 

reaction of Cd2+ with S-2.  Reaction 5.1 is found to release energy for all values of n, although the 

magnitude is sensitive to specific clusters.  Cluster stability, on the other hand, increases with EB.  

The dependence of EB summarized on figure 5.5 indicates that there is a barrier to form the 

(CdS)4 cluster from the reaction between (CdS)3 and the CdS monomer.  The cluster binding 

energy increases with aggregation number up to n=3 and then decreases for n=4.  Thus (CdS)n 
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clusters with aggregation number n=1, 2 and 3 are likely to be the dominant species in solution at 

the early stages of reaction considered here.  The most intense band in the spectra of samples 

exposed to microwave radiation between 30 and 70 seconds is between 260 and 265 nm, which 

has been attributed to absorption of light by the (CdS)2 cluster. 21   

Since a barrier is present to form the cluster made up of 4 monomers, it is important to consider 

alternative reactions that could lead to the formation of nanoparticles.  The (CdS)4 tetramer could 

be formed by  coupling two dimers.  Indeed, coupling two dimers is a process predicted to have a 

∆E about 98 kJ/mol lower than the addition of a monomer to the (CdS)3 trimer.  However, in 

diluted solutions, other reactions will likely take place due to the limited supply of the cadmium 

ions.  It is likely that small clusters may catalyze the formation of small particles by reacting with 

the DMSO while heating in the microwave to form (CdnSn+1)
 2-: 

 

 

 [(CdS)n + DMSO ���� (CdnSn+1)
 2- + other products]   reaction 5.3   

 

 

To test this hypothesis, we performed calculations on a series of (CdnSn+1)
 2-

 clusters, where 

n=1,2 and 3 at the DFT/B3LYP/DGDZVP level of theory.  The results on the total energy are 

indicated by the red circles on figure 5.5.  The total energy of the (CdnSn+1)
 2- clusters decreases 

with aggregation number.  The energy change associated with reaction 3 increases slightly from 

n=1 to n=2 and then decreases from n=2 to n=3.  Therefore, formation of non stoichiometry 

cadmium sulfides from the reactions of (CdS)n and DMSO while heating diluted solutions of 

Cd(CH3CO2)2 in DMSO in the microwave oven remains an open possibility to account for the 

reactions leading to the formation of larger particles.  We extended our calculations to establish 

the HOMO-LUMO gap in the (CdS)n and (CdS)nS
2- clusters.  We found that the energy gap 
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between the HOMO and LUMO of these clusters is lower in the ionic clusters than in the (CdS)n 

cluster from which they are derived.  Configuration interaction singlet calculations on the 

structures of CdS monomer and CdS2- cluster, optimized at the DFT/DGDZVP level of theory, 

were preformed to gain insight into the optical transitions that are expected.  The calculations 

predict the strongest transitions in the CdS monomer and CdS2- cluster ion to occur around 351 

and 327 nm, respectively.  We note that a tail between 300 and 350 nm is clearly observed in the 

spectrum that corresponds to the UV-visible absorption measurement when the solution was 

heated for 70 seconds.  We propose the tail to involve transitions of non stoichiometric CdnSn
2- 

clusters based on the predicted transitions of the CdS2
2- cluster indicated on table 5.1.  This is not 

unusual.  Cheng and coworkers, for instance, found that chloride anions have a major effect on 

the optical and physical properties of lead hydroxide (Pb(OH)2)nanostructures.  In their work, the 

above authors established that the optical properties of Pb(OH)2 were a sensitive function of the 

initial chloride ion concentration.  Furthermore, they established that a large amount of chloride 

restrains the formation of Pb(OH)2.  Thus changes in the optical absorption spectrum of solutions 

due to the formation of non stoichiometric cadmium sulfides are a likely to take place in the case 

presented here, particularly when the Cd2+ ions are in limited supply.   
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Figure 5.5: The variation of the (CdS)n cluster energy on aggregation number n is indicated by 
the closed circles in the upper graph of the figure.  The energy change associated with the 
formation of the nth (CdS)n cluster from the (n-1) cluster and monomer is represented by the open 
circles in the figure at the bottom of the page.  The insert represent the cluster binding energy.  
The red circles and triangles represent the total energy of the (CdnSn+1)

-2 cluster and the energy 
change from the reaction between (CdS)n and S2- ion as a function of aggregation number, 
respectively. 
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Table 5.1: Band gaps (eV) of CdnSn and CdnSn+1 clusters considered in this work.  The transition 
energies and oscillator strengths corresponding to the strongest transition of the CdS and CdS2

2- 
are also indicated in the table.   
 
 
5.7 CdS Nucleation and Growth. 

We also investigated the effect of initial Cd2+ ion concentration in the nucleation and growth of 

CdS NP.  UV-visible absorption spectra of a 0.001 mg/mL solution of Cd(CH3CO2)2  in DMSO 

as a function of time in a microwave oven are displayed on figure 5.6.  The measurements were 

performed with a high acquisition time to obtain adequate information related to the absorbance 

at 400 nm and the onset of light absorption at the expense of loosing information related to light 

absorption below 300 nm.  The UV visible absorption spectra obtained at times shorter than 30 

seconds did not exhibit any signal between 400 and 600 nm above the noise level of the 

measurements.  A small amount of light absorption in the visible region of the spectrum can be 

identified in the measurements obtained after the solution is placed in the microwave oven for 80 

seconds.  The species that gave rise to the absorption band around 500 nm in the diluted 

solutions discussed in the previous section is no longer observed in the more concentrated 
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solutions.  Well defined absorption spectra are obtained when the solutions are exposed to 

microwave radiation for period of times longer than 90 seconds.  The spectrum of solutions 

exposed to microwave radiation for this period of time exhibits an onset of light absorption 

around 470 nm and an increase in absorption that extends to shorter wavelengths.  Adding about 

1 mL of ethanol to a 0.003 mg/mL Cd(CH3CO2)2 in DMSO solution exposed to microwave 

radiation for 150 s resulted in the spectrum displayed in the inset of figure 5.6. The spectrum is 

dominated by bands around 260 nm and 320 nm and a weaker band due to CdS NP absorption 

around 400 nm.   

 
Scheme 5.2: The optimized structures of (CdS)n and (CdnSn + 1)

-2 clusters investigated 
theoretically in this work.   
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Figure 5.6:  Absorption spectra of a 0.001 mg/mL Cd(CH3CO2)2 in DMSO solution as a function 
of time in the microwave.  A typical absorption spectrum of the solution after exposure to 
microwave radiation for 150 seconds and further diluted with 1 mL of ethanol is illustrated in the 
inset.   
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5.7.1  CdS Nucleation 

The absorbance is related to the number of nuclei formed according to Beer-Lambert’s law: 

   A=αααα llll [N]      equation 5.3 

where αααα represent the absorptivity coefficient, llll is the optical length and [N] represent the 

concentration of absorbers. Since CdS nanoparticles are a semiconductor, it is convenient to use 

the absorbance near the band edge to establish the number of absorbers in solution.  The 

dependence of the absorbance at 400 nm on heating time for initial [Cd(CH3CO2)2]o 

concentrations of 0.0005, 0.001 and 0.003 g/mL is illustrated in figure 5.7.  The measurements 

were performed with a high acquisition time to obtain information related to the absorbance at 

400 nm and the onset of light absorption.  The absorbance at 400 nm is below the detection 

levels of our instrument in samples exposed to microwave heating for 30 seconds or less and 

initial [Cd(CH3CO2)2]o smaller than 0.001 g/mL while it is found slightly above the noise level in 

samples with [Cd(CH3CO2)2]o= 0.003 mg/mL. The absorbance of solutions with 

[Cd(CH3CO2)2]o of 0.001 and 0.003 mg/mL at 400 nm is independent of initial reactant 

concentration up to about 200 seconds.  This result leads us to conclude that the formation of 

nuclei is independent of the supply of Cd2+ for this initial [Cd(CH3CO2)2]o concentrations.  Since 

nuclei formation requires the formation of CdS clusters, we conclude that the nucleation process 

for initial [Cd(CH3CO2)2]o concentrations larger than 0.001 mg/mL is limited by the supply of 

sulfide ions. 
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Figure 5.7: The dependence of the absorbance at 400 nm on time for solutions with 
 [Cd(CH3CO2)2]o  of 0.0005 (triangles), 0.001 (squares) and 0.003 (circles) mg/mL. 
 
 
 
5.7.2 Growth of CdS NP 

The band gap in NP that exhibit quantum confinement effects is related to nanoparticle radius 

(R) according to:  

 

Eg (NP) = Eg(bulk) + ( h2/8R2) (1/me + 1/mh) – 1.8e2/(4 ε 0 ε R) equation 5.4 

 

where Eg(NP) and Eg(bulk) represent the band gap of the NP and bulk semiconductors, 

respectively. The electron and hole masses are represented by me and mh, respectively, in 

equation 5.4.  The second term of the above equation is the quantum energy of localization, and 

the third term represents the energy of Coulomb attraction.22  Caponetti and coworkers 22 found 
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that CdS NP diameter (d) and the wavelength that corresponds to the onset of light absorption (λ) 

can be quantitatively modeled with the power law: 

 

λλλλ = k d
n
       equation 5.5 

 

where d and k represent the particle diameter and growth constant and n is a power exponent.  

Based on equation 5.5 we estimate that particles with an onset of light absorption between 450 

and 500 nm are expected to have diameters in the 40 to 50 nm range.  

CdS is a direct semiconductor.  Accordingly, the wavelength that corresponds to the point at 

which the absorbance has fallen to zero corresponds to the onset of light absorption.  The insert 

in figure 5.8 shows a plot of the product of (A/λ) as a function of 1/λ for a solution of the CdS 

NP prepared in DMSO and further dispersed in 1 mL of ethanol.  Since the absorbance is 

proportional to the product of (A/λ)2, the point at which (A/λ)2 is equal to zero is taken as the 

onset of light absorption.  For the sample examined in the inset, we estimate the onset of light 

absorption around 480 nm from the plot of (A/λ)2 as a function of 1/λ.  We notice that the 

approach provides information related to the largest particles in solution as oppose to the mean 

or average particle size in solution.   

We have used the approach described in the previous paragraph to estimate the onset of light 

absorption as a function of microwave exposure time.  The open squares and circles in figure 5.8  

represent the onset of light absorption as a function of heating time for solutions with initial 

[Cd(CH3CO2)2]o of 0.001 and 0.003 mg/mL. The increase in the onset of light absorption with 

time between 100 and 180 seconds appears to be independent of initial Cd(CH3CO2)2 

concentration, despite the fact that the two concentrations compared are in a ratio of 3:1.  This 
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indicates that the growth is not limited by the amount of Cd2+ present in this initial 

[Cd(CH3CO2)2]o concentration range.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: The open rectangles and circles represent the onset of light absorption as a function 
of heating time of 0.001 and 0.003 mg/ mL Cd(CH3CO2)2 in DMSO solutions, respectively.  A 
representative plot of (A/λ) as a function of (1/λ) used to estimate the onsets of light absorption 
is illustrate in the insert. 
 
 
In samples heated in the microwave oven for times shorter than 200 seconds, the onset of light 

absorption is observed at wavelengths that are between 44 and 10 nm lower than the one 

observed in bulk CdS.  This result is consistent with quantum confinement effects in the CdS 

nanoparticles formed upon exposure of the solution to microwave radiation for period of times 

shorter than ~ 200 seconds.  The onset of light absorption increases slightly with further increase 

in microwave irradiation time.  It is set around 510 nm in samples exposed to microwave 

radiation for periods of time between 300 and 400 seconds.  This value is, within the 
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experimental uncertainty of our measurements, close to the band gap observed in bulk CdS.  This 

observation lead us to conclude that CdS particles formed after 200 seconds of microwave 

radiation do not exhibit quantum confinement effects.  

Two independent experiments were performed to establish that heating is required for the 

nucleation and growth process.  In the first one, a solution containing the CdS NP, prepared by 

exposing the Cd(CH3CO2)2 in DMSO solution to microwave radiation for 180 seconds, was 

allowed to age over a prolonged period of time.  Absorption spectra of dispersions prepared by 

exposing the solution to microwave radiation for about 180 seconds measured one day and up to 

two months after their preparation are illustrated on figure 5.9.  The absorption spectra displayed 

on figure 5.9 overlap with each other, regardless of the aging time of the sample.  We conclude 

that there is no nucleation or growth in the absence of heating.  In a second experiment, the 

sample was heated in the microwave for a longer period of time, in the neighborhood of 500 

seconds.  A representative FESEM image of a deposit prepared from the resulting CdS particles 

is displayed in the lower half of figure 5.9.  The image reveals CdS particles as large as 250 nm 

as well as agglomerates of smaller CdS particles, some of which are about 25 nm in diameter. 

The observation of large particles in the FESEM measurements upon further heating the sample 

indicates, combined with the absence of nucleation and growth upon aging at room temperature, 

that there is a barrier to nanoparticle formation.  Also, EDAX mapping for Cadmium and Sulfur 

atoms was performed in order to establish the purity of the sample.  Figure 5.10 show the EDAX 

mapping obtained for the FESEM of 180s sample. 
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Figure 5.9: The solid and dotted spectra illustrate the absorption spectra of the CdS NP prepared 
immediately and two months after their preparation, respectively.  FESEM images of a CdS NP 
solution prepared from exposing the Cd(CH3CO2)2 in DMSO solution to microwave radiation for 
over 300 seconds. 
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             Sulfur (blue dots)                                                                           Cd (yellow dots) 
 
Figure 5.10: EDAX mapping for FESEM image. EDAX mapping was used for the identification 
of Cd and Sulfur atoms.  
 
 
 
5.8 Discussion 

Microwave heating is an attractive approach to the synthesis of CdS NP from the reactions of 

Cd(CH3CO2) in DMSO.  The use of a single precursor to supply the sulfide ions combined with 

the fast and local heating conditions employed to initiate the reactions that results in CdS NP 

presents a unique advantage to observe spectroscopic signatures that may be associated to 

embryos and clusters that lead to the formation of nuclei or particles.  In the context of classic 

nucleation theory, an embryo may be regarded as an unstable nucleus which may split into its 

precursors or become stable nuclei if enough energy (∆G* ) is supplied to overcome a barrier to 

reach a critical size, r*: 
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   ∆G* = 16ππππγ3/ (3 |∆µ|2)     equation 5.6 

 

where γ and ∆µ represent the surface tension and the difference in energy between the embryos 

and nuclei phases.   

In the process of making nuclei, embryos may be involved in different reaction pathways, each 

having a barrier.  According to equation 5.6, these barriers may be discussed in the context of the 

thermodynamic feasibility to make a given clusters.  In this regard, the DFT calculations 

discussed earlier are a useful tool to guide a discussion.  The calculations indicate that all the 

embryos considered here have a lower energy than the corresponding parent ions.  Thus 

successive addition of monomers to embryos will likely proceed continuously until a barrier is 

reached.  This critical barrier sets the diameter and size of the cluster.  Taking into account 

thermodynamic arguments alone, as dictated by equation 5.6, the calculations summarized in the 

lower panel of figure 5.5 indicate that there is a barrier to form the (CdS)4 thru the stepwise 

polymerization of the monomer.  The presence of this barrier allows for alternative reaction 

pathways, like the formation of a different family of clusters, (CdnSn+1)
2-.  These clusters are 

more stable than the (CdS)n cluster they are derived from.  Furthermore, the amount of energy 

released to form sulfides from the reactions of (CdS)n and S2- is larger than the energy required 

to form the corresponding (CdS)n cluster they are derived from. Turning “on” the microwave 

allows (CdS)n and (CdnSn+1)
2- cluster to further react to form nuclei.  Turning “off” the 

microwave shuts down the supply of energy to overcome energy barriers that result in the 

formation of larger embryos and nuclei. 

The TEM measurements are performed on a dry deposit of a 0.001 mg/mL solution heated in the 

microwave for about 150 seconds and further diluted in ethanol.  The dependence of the 
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absorbance on time displayed on figure 6 shows that for t =150 seconds a few nuclei are formed.  

The TEM measurements helps to set an upper limit of (1.6 + 0.3) nm on the size of stable nuclei 

formed in the process.  The absorption spectrum of nanocrystalline CdS NP measuring about 1.9 

nm has been recently reported by Li and coworkers.23  The absorption spectrum of 1.9 nm CdS 

NP exhibit a single band centered at 375 nm: bands at 322, 351 and 378 nm are observed in the 

time profile of the synthesis of the nanoparticles and have been attributed to a different CdS 

species coexisting during the different stages of the synthesis.  The spectrum displayed in the 

insert of figure 5.6 corresponds to the same sample examined in the TEM, which required further 

dilution with ethanol.  We note that the spectrum is dominated by bands at 260, 320 and 440 nm.  

In the context of the discussion presented in the previous paragraphs, the bands at 260 and 320 

nm result from light absorption by clusters while the band at 440 nm results from light 

absorption by CdS NP. It is important to highlight that the arguments presented in this discussion 

emerge from stationary measurements.  It will be of great importance to perform spectroscopic, 

as well as temperature, measurements on the synthesis process in situ and inside the microwave 

oven, to establish the chemical intermediates under the actual reaction conditions. 

 

5.9 Conclusion 

The synthesis of CdS clusters and nanoparticles from the reaction between Cd2+ and DMSO in a 

microwave oven has been studied with UV-visible absorption spectroscopy and transmission 

electron microscopy. DMSO serves as the solvent and a controlled source of sulfide ions to form 

(CdS)1<n<5 clusters at the early stages of the process. DFT calculations establishes a barrier to 

the formation of (CdS)4. Formation of (CdnSn+1)2- is proposed in diluted solutions. The clusters 

grow into CdS nanoparticles, with diameters that range, depending on initial concentration and 

heating time, from 1.6 nm up to over 250 nm. The time dependence of the onset of light 
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absorption and absorbance are consistent with a concurrent nucleation and growth processes. The 

formation of the clusters and nuclei as well as the growth of CdS NP is controlled by turning 

“on” and “off” the energy supply consistent with an energy barrier to CdS nanostructures 

formation. 
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CHAPTER 6: Fluorescence response of CdS nanoparticles to serum of 
cardiac patients: towards the development of a real time sensor for heart 
failure detection. 34 
 

 
 
6.1 Introduction 

6.1.1 Introduction to basic solid state physics concepts 

The sensing capabilities of quantum particles are largely limited by their electronic 

properties. The structure of a solid provides the basis for the description of metals and 

semiconductors and account for their unique chemical and physical properties. The molecular 

orbital theory, with which chemists are more acquainted with, is a good aid to understand these 

properties. These molecular orbitals are described by wave functions and have different energies. 

According to MO theory, N molecular orbitals are formed from the interaction of N atomic 

orbitals.  For instance, consider a molecule with two atomic orbitals. The result must be that two 

molecular orbitals will be formed from these atomic orbitals: one bonding and one antibonding, 

separated by certain energy1.  

 

A molecule with ten atoms will produce 10 molecular orbitals: five bonding and five anti-

bonding. If we take a close look at the separation among each set of orbitals, as the number of 

molecular orbitals increases, the energy difference between the lowest bonding and the highest 

antibondig orbitals generally increases, while the space between each individual orbital 

decreases.  
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Prashant V. Kamat. “Photophysical, Photochemical and Photocatalyc aspects of metal nanoparticles”. 2002. J.Phys.Chem. B 106; 7729-7744. 

Now consider a metal with an infinite number of atoms. This will form an infinite number of 

molecular orbitals so close together that they blur into one another forming a band. This whole 

process is shown below. 

 

Prashant V. Kamat. “Photophysical, Photochemical and Photocatalyc aspects of metal nanoparticles”. 2002. J.Phys.Chem. B 106; 7729-7744.  

 

In the above image, the origin of the band becomes quite clear because as the number of 

molecular orbitals increases, the bonding and antibonding orbitals get closer together, filling in 

the middle. This results in the band shown on the right side of the figure. It becomes quite clear 

that the molecular orbitals become blurred and hence mix with each other, which gives rise to the 
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delocalized cloud of electrons that metals are said to possess.  By describing the molecular 

orbitals of certain materials as bands, it becomes much easier to understand the properties of 

metals and semi-metals.  

The electronic distribution of electrons gives rise to three categories: conductors, semiconductors 

and insulators.  In metals, electrons can move freely among the orbitals within an energy band as 

long as the orbitals in the band are not completely occupied. In semiconductors and insulators, 

on the other hand, there is a well defined energy gap between the orbitals with the highest and 

lower energy.  The magnitude of the energy gap is traditionally used to distinguish insulators and 

semiconductors: the larger the gap the material has the more likely it will be considered as an 

insulator.      

 

 

 

 

 

Figure 6.1: The energy bands of metals, semiconductors and insulators. For insulators and 
semiconductors, the lower band is called the valence band and the higher band is called the 
conduction band. The lower energy band in metals is partially filled with electrons.  

 

The simplest model for a metal is the free electron model2.  This model makes ignores 

interactions among electrons.  The Schrodinger equation:  
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(-ħ2/2m)∇2Ψ = EΨ               equation 6.1 

is solved subject to periodic boundary conditions resulting in wavefunctions (Ψ(r)) with the 

general form  Ψ(r) = N exp (ik.r) and allowed energy states given by E = ħ2k2 / 2m.  The allowed 

energy states results in a continuum dependence of E on the propagation constant k.  The 

periodic boundary conditions results in discrete values for k=2πn/L, where L represents de length 

at which the periodicity is present, and is n is an integer.   

Bragg reflection of the electron wave gives rise to bands. At the points where Bragg 

reflection occurs, wavelike solutions to the Schrodinger equation do not exist. The Bragg 

condition is:  

                                                                                                         equation 6.2 

In one dimension the condition becomes:  

                           equation 6.3 

where n=1,2,3..... and a  is the lattice constant.  

The first reflection occurs at n=+1 and the region between n= +1 and n= -1 in a plot of E 

as a function of k becomes an allowed region, as oppose to a discrete level, with slight variations 

in E due to the interaction of electrons and ion cores.  The second refection occurs at n= + 2, the 

third at n= +3 and so on.  These regions constitute Brillouin zones and each one of them 

represent a band.  The energy gap Eg is associated with the first Bragg reflection at the first 

Brillouin zone boundary and represents the energy difference between the two adjacent bands  at 

n=+ 1  and  + 2.  
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Qualitatively, the Bragg reflections at the zone boundaries will make standing waves in 

the crystal. There are two different standing waves that can occur: one representing the 

difference of a right and a left-directed wave and one representing the sum of a right and a left-

directed wave. The Bragg reflection is a characteristic feature of wave propagation in crystals.  

Bragg reflection of electron waves in crystals is the cause of energy gaps, at Bragg reflection 

wavelike solutions of the Schrödinger equation do not exist.  These energy gaps are determinants 

for classifying the solid as an insulator or a conductor. 

The standing wave 2, piles up electrons around the positive ion cores, which means that 

the average potential energy will be lower than a free traveling wave (constant probability 

density). The potential energy corresponding to standing wave 1 will have higher potential 

energy than a free traveling wave, since it piles up electrons between the ion cores (not 

compensated by positive ions). The energy difference between the standing waves is the origin to 

the energy gap Eg. The relation between the electron energy and the electron wave vector is 

called the band structure. The band structure is directly related to the crystal structure of the 

material. 

6.1.2 Quantum size effects. 

The small size results in new quantum phenomena that yield some extraordinary bonuses. 

Material properties change dramatically because quantum effects arise from the confinement of 

electrons and "holes" in the material. Size changes other material properties, such as the 

electrical and nonlinear optical properties of a material, making them very different from those 

of the material's bulk form.  The quantum size effect is involved when the de Broglie wavelength 

of the valence electrons is of the same order as the size of the particle itself.  Then, the particles 
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behave electronically as zero dimensional quantum dots or quantum boxes driven by quantum 

mechanics rules.  If a dot is excited, the smaller the dot, the higher the energy and intensity of its 

emitted light. Hence, these very small, semiconducting quantum dots are gateways to an 

enormous array of possible applications and new technologies. Gammon, Daniel et. al., made 

optical studies of single quantum dots16.  Quantum dots measure between 1-100 nm, are 

semiconductor structures in which the electron wavefunction is confined in all three dimensions 

by the potential energy barriers that form quantum dot boundaries.  A quantum dot, QD, 

electronic response, like that of a single atom, is manifest in its discrete energy spectrum, which 

appears when electron-hole pairs are excited.  Although the wavefunction of a QD electron, and 

its corresponding hole, extends over many thousand lattice atoms, the pair termed an exciton 

behaves in a quantized and coherent fashion.  The coherence is relatively easy to detect and 

control optically.  Another attractive property of the quantum dot is that their size, shape and 

composition can all be tailored to create a variety of desired properties. 

Many types of quantum dots materials have been developed, electrostatic and epitaxial QDs for 

example. Researchers have made a flurry of new and direct observations of fine structure 

splittings, hyperfine shifts and so on. These splitting contain the details of spin interactions and 

other quantum properties.  The interaction of energy between excitons leads to the possibility of 

generating single photons on demand.  A strong laser pulse can create a state of many excitons, 

each of which has a different energy.  But only one photon is emitted at the single exciton 

transition energy.  A narrow band pass filter tuned to the single exciton emission line can 

therefore be used to realize a solid-state source of single photons.  One of the goals driving QD 

research, and nanostructure research is the creation of complex nanomaterials with customized 

properties.   
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In practice, however, trap states are always present in semiconductor nanostructures.  These 

states were briefly discussed in the previous chapter.   These states are likely to play a central 

role in the sensing capabilities and future applications of semiconductor nanostructures.  S. Nieto 

et. al. studied nanoscaled sensing for quantum dots fluorescence quenching for nitrated 

explosives17.  Nanoscaled semiconductors have the potential to be employed in trace explosive 

detection.  They reported the effect of 2,4,6 trinitrotoluene on the fluorescence emission of zinc 

sulfide (ZnS) protected cadmium selenide (CdSe) quantum particles.  The fluorescence was 

excited off resonance with respect to the quantum dots, but close to the absorption band edge of 

the TNT.  The results presented were consistent with the extensive quenching and a change in 

fluorescence emission of QD by TNT.  They found that the second wavelength (quantum dots 

plus TNT) was distinct from the emission wavelength (λ1) in the absence of the TNT.  One of the 

important contributions of this work is the observation that the relative peak area decrease with 

the amount of added TNT to the solution. The measurements showed that the fluorescence 

intensity was proportional to the concentration of the quantum dots in solution.  The fluorescence 

of the QDs is quenched by the added TNT.  They found that the TNT doesn’t have an effect on 

the size of the QD. The schemes below show the mechanism of charge transfer between TNT 

and the QD that they proposed. 
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Scheme 6.1 and 6.2: Charge transfer process between TNT and quantum dots. 

 

They proposed a charge transfer process between TNT and quantum dots and/or the involvement 

of the new trap states (NTS) in the fluorescence emission of the dots. Here, we extend this 

concept to detect cardiac serum in the samples of the blood serum of real patients.  
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6.1.3 Sensing applications of nanoparticles in biological and biomedical systems 

Xiaohu Gao and Shuming Nie, studied the applications of nanoparticles in biology and 

medicine 18. Living organisms are built of cells that are typically 10 µm across. Cell parts are 

much smaller and are in the sub-micron size domain. Even smaller are the proteins with a typical 

size of just 5 nm, which is comparable to the dimensions of smaller man made nanoparticles. 

This simple size comparison gives an idea of using nanoparticles as very small probes that would 

allow us on spy at the cellular machinery without introducing too much interference. Some of the 

applications of nanomaterials to biology or medicine are fluorescent biological labels, drug and 

gene delivery, bio detection of pathogens, detection of proteins, probing of DNA structure, tissue 

engineering, tumor destruction via heating (hyperthermia), separation and purification of 

biological molecules and cells, MRI contrast enhancement and phagokinetic studies. Single 

quantum dots of compound semiconductors were successfully used as a replacement of organic 

dyes in various bio-tagging applications. This idea has been taken one step further by combining 

differently sized nanoparticles and hence having different fluorescent color quantum dots, and 

combining them in polymeric microbeads. A precise control of quantum dot ratios has been 

achieved. The selection of nanoparticles used in those experiments had 6 different colors as well 

as 10 intensities. It is enough to encode over 1 million combinations. The uniformity and 

reproducibility of beads was high, allowing bead identification accuracies of 99.99%. Gold 

nanoparticles are widely used in immunohistochemistry to identify protein-protein interaction. 

The group of Prof. Mirkin19 has designed a sophisticated multifunctional probe that is built 

around a 13 nm gold nanoparticle. The nanoparticles are coated with hydrophilic 

oligonucleotides containing a Raman dye at one end and terminally capped with a small 

molecule recognition element (e.g. biotin). Moreover, this molecule is catalytically active and 
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coated with silver in the solution of Ag (I) and hydroquinone. Apart from being able to recognize 

small molecules this probe can be modified to contain antibodies on the surface to recognize 

proteins. When tested in the protein array format against both small molecules and proteins, the 

probe has shown no cross-reactivity. 

Sharron G. Penn et al studied nanoparticles for bioanalysis20. Nanotechnology is having an 

impact in bioanalysis, where nanoparticles of a variety of shapes, sizes and compositions are 

poised to fundamentally change the bioanalytical measurement landscape.  Nanoparticles will 

overcome many of the significant chemical and spectral limitations of molecular fluorophores. 

Nanoparticles as quantization tags in biological assays are used in order to eliminate the need of 

either organic fluorophores or radioactive labeling.  The work was based in quantum dots and 

metallic nanoparticles.  Quantum dots take advantage of the quantum confinement effect, giving 

the nanoparticles unique optical and electronic properties. Quantum dots offer advantages over 

conventional dye molecules in that they have tunable fluorescence signatures, narrow emission 

spectra, brighter emission and good photostability.  

 An active research in the development of surface coatings can be derivatized with 

biomolecules without changing the optical properties of the quantum dots.  Other works are 

based in the attempt to derivatize colloidal gold with biomolecules.  The use of quantum dots as 

fluorescent probes in biological applications has become a reality. Different groups are studying 

her 2 assay for breast cancer, imaging of cell mobility, and in vivo mouse lung targeting between 

others.  Encoded nanoparticles can serve as substrates for multiplexed biological assays in 

solution. Compared with microarray based methods, these suspensions offer greater flexibility, 

more rapid assay times, greater reproducibility, and can potentially use less sample and reagent.  



 57 

Also, nanoparticles can act as signal transducers, showing the most promise in diagnostic assays, 

due to the elimination of the need to tag biological sample. Nanoparticles will become valuable 

for bioanalysis when protocols involving them become widely adopted. 

Xiaohu Gao and Shuming Nie studied the molecular profiling of single cells and tissue 

specimens with quantum dots21. Traditional fluorophores suffer from several problems, such as 

photobleaching, spectral cross talking and narrow excitation. Quantum dots have the potential to 

overcome these problems. These results suggest that multicolor quantum dots could be used to 

determine the quantitative profiles of molecular targets for single normal or diseased cells.  The 

improved brightness and photostability are also important for detection and identification of low-

abundance antigens that are present in only 10-100 copies per cell.  Another application of 

quantum dots is in multiplex labeling and molecular analysis of pathological tissue specimens. 

Clinical tissue specimens are often highly heterogeneous and are more difficult to analyze.  

Quantum dots coupled with spectroscopy and spectral imaging could have an important role in 

mapping out the true molecular profiles associated with different diseases.  The recent 

development of near infrared emitting quantum dots and quantum dot encoded beads should 

allow molecular profiling of a large number of genes, proteins and other biomolecules on a 

single tissue section. 

P.O. Collinson and P.J Stubbs studied troponins22. Cardiospecifity and sensitivity of cardiac 

troponin measurement has produced a paradigm shift in the assessment of patients with 

suspected acute coronary syndromes. There are other causes of troponin release, elevations are 

specific for cardiac damage but cardiac damage does not equate myocardial infarction. Troponin 

elevation is an independent mortality predictor. Measurement of cardiac troponin provides a 
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sensitive diagnostic test when it is used together with other information. Current assays are 

unable to detect troponin in the majority of normal healthy individuals.  The situation may be 

improved by more sensitive assays. 

M. Plebani et. al, studied the quality specifications for biochemical markers of myocardial 

injury23.  In the diagnosis and monitoring of myocardial damage, the role of biochemical 

markers, in particular troponins, demonstrated that all elevated values were associated with a 

worsened prognosis. This article focused on how the application of quality specifications may be 

useful in order to provide advice to clinicians in their investigations of complex clinical cases of 

patients suffering from myocardial damage. They examined samples of three patients admitted to 

the hospital with symptoms suggestive of a cardiac disease.  The troponin I high values did not 

correlate with clinical condition, which was investigated to verify the accuracy of the laboratory 

data.  They evaluated the relation between the standard of quality specifications and the assay 

specificity, imprecision and interferences. They demonstrated that the cases of false positive 

cTnI values could be attributed to a macrocomplex between a modified in vivo cTnI and 

immunoglobulin G (case 1) and to the presence of heterophilic antibodies affecting the RxL 

Dimension procedure (case 3).  The lack of standardization as well as the wide differences in the 

development of each assay gives rise to major concerns regarding cTnI determinations.  The 

authors recommended laboratories to check the compliance between analytical characteristics of 

the method utilized against quality specifications for a better understanding of the frequency of 

false positive results as well as other serious errors. 

New methodologies for glucose sensing using gold and silver nanoparticles are based on the 

specific biological interactions between Con A, dextran-coated gold nanoparticles and glucose, 

and the interactions between dextran, glucose and boronic acid capped silver nanoparticles in 
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solution.  Dextran coated gold nanoparticles were aggregated with the addition of Con A 

resulting in an increase an absorbance of nanoparticles at 650nm. The post addition of glucose 

caused a dissociation of the aggregates and a decrease in the absorbance at 640nm.  The 

interaction of glucose and dextran with boronic acid-capped silver nanoparticles in solution 

resulted in enhanced luminescence intensity cumulatively due to surface enlaced fluorescence 

and the decrease in absorbance at 440nm, with an increase in absorbance at 640nm13. 

 

6.1.4 Nanotechnology for sensing cardiac failure biomarkers 

There are a few scattered studies on the use of nanotechnology for sensing biomarkers 

associated with cardiac failure that have appeared in the literature after our work was initially 

published in the Puerto Rico Health Science Journal issue of September of 2009.  In a report that 

will appear in the January 2011 issue of the Journal of Biosensors and Biolelectronics, Innam 

Lee and co-workers used a single polyaniline (PANI) nanowire-based biosensor to detect 

immunoglobulin G (IgG) and myoglobin (Myo). The target proteins of IgG and Myo were 

detected by measuring the conductance change of functionalized single PANI nanowires owing 

to the capturing of target proteins by mAbs. The detection limit was found to be 3 ng/mL for IgG 

and 1.4 ng/mL for Myo24. 

            In the March 2010 issue of Sensors and Actuators, Wen-Ya Wu and collaborators studied 

poly(dimethylsiloxane) (PDMS)-gold nanoparticles (AuNPs) composite film as a tool to enhance 

the colorimetric detection of cardiac troponin I (cTnI).  These authors found that the proposed 

colorimetric method was yielded similar results to the enzyme-linked immunosorbent assay 

(ELISA) for cTnI detection in clinical samples25.  In a report that appeared in the January 2010 

issue of the Journal of Biosensors and Biolelectronics Dong Hwan Choi and coworkers, on the 
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other hand, developed a new and simple method using two AuNP-antibody conjugates for signal 

amplification without an additional operation step in a gold nanoparticle (AuNP)-based lateral 

flow assay (LFA). They detected as low as 0.01 ng/mL troponin I in 10 min using the dual AuNP 

conjugate-based LFA, which was successfully applied in the analysis of serum samples of 

patients with myocardial infarction34. 

6.2 Justification 

Each year, about 1.1 million people in the United States have heart attacks, and almost half die. 

Heart attacks occur most often as a result of a condition called coronary artery disease (CAD). It 

is the leading killer disease of both men and women in the United States. Heart disease is caused 

by narrowing of the coronary arteries that feed the heart. Like any muscle, the heart needs a 

constant supply of oxygen and nutrients, which are carried to it by the blood in the coronary 

arteries. When the coronary arteries become narrowed or clogged by cholesterol and fat deposits, 

a process known as atherosclerosis occurs. When not enough blood is supplied to the heart, the 

result is coronary heart disease (CHD). If not enough oxygen-carrying blood reaches the heart, a 

chest pain, called angina, will develop. If the blood supply to a portion of the heart is completely 

cut off by total blockage of a coronary artery, the result is a heart attack. This is usually due to a 

sudden closure from a blood clot forming on top of a previous narrowing. Figure 6.1 show an 

illustration of a heart damage caused by a CAD.    
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Approximately half of these deaths occur within one hour of the start of symptoms and before 

the person reaches the hospital. About 57% of men and 64% of women that suffer sudden death 

by cardiovascular diseases do not exhibit certain physical characteristics such as chest pain, 

unusual fatigue and sleep disturbance easily associated with heart failure. 

  

6.3 General Background 

Different biomarkers such as CK-MB, myoglobin and troponin are used to diagnose heart 

failure. In table 6.1 is presented a summary of the different biomarkers and their application. 
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Table 6.1 Common Cardiac Biomarkers 
Reference: ©2001 - 2011 by American Association for Clinical Chemistry   

 

Studies related to cardiovascular diseases show that troponin is an excellent biological 

marker for cardiovascular diseases. Troponin is a complex consisting of three proteins that play a 

central role in skeletal and cardiac muscle contraction.  It has three subunits, known as troponin 

C, which fixes Ca2+, troponin I, an inhibitor of actin-myosin interaction, and troponin T, which is 

attached to a protein called tropomyosin. It lies within the groove between actin filaments in 

muscle tissue. In a relaxed muscle, tropomyosin prevents contraction by blocking the attachment 

site for myosin crossbridge.   

 

 

Marker What is? 
Tissue 
Source 

Reason 
for 

increase 

Time to 
increase 

Time back 
to normal 

When/how 
used 

CK 
Enzyme - three 

different 
isoenzymes exist 

Heart, 
brain, and 
skeletal 
muscle 

Injury to 
muscle and/or 

heart cells 

4 to 6 hours 
after injury, 

peaks in 18 to 
24 hours 

48 to 72 hours, 
unless due to 
continuing 

injury 

Performed in 
combination 
with CK-MB 

CK-MB 

Heart-related 
isoenzymes of CK 

Heart 
primarily, 
but also in 

skeletal 
muscle 

Injury to 
heart and/or 
muscle cells 

4 to 6 hours 
after heart 

attack, peaks in 
12 to 20 hours 

24 to 48 hours, 
unless new or 

continuing 
damage 

Less specific 
than troponin, 

may be 
ordered when 
troponin is not 

available 

Myoglobin 

Oxygen-storing 
protein 

Heart and 
other 

muscle 
cells 

Injury to 
muscle and/or 

heart cells 

2 to 3 hours 
after injury, 

peaks in 8 to 12 
hours 

Within one day 
after injury 

Sometimes 
performed 

with troponin 
to provide 

early diagnosis 

Cardiac 
Troponin 

Regulatory protein 
complex. Two 
cardiac-specific 
soforms: T and I 

Heart 
Injury to 

heart 
4 to 8 hours 

Remains 
elevated for 7 to 

14 days 

Diagnose heart 
attack, assess 

degree of 
damage 
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 Figure 6.2: Structure of skeletal troponin complex presented in two orientations. The troponin 
subunits are color-coded as follows: orange, TnT2; blue, TnI; and red, TnC. Black spheres 
indicate Ca. The termini of subunits are shown and color-coded as described above. (A) The 
nearly twofold symmetrical assembly of TnI and TnT2 subunits. The rotation angle that would 
create the best match between the subunits is ≈174°. (B) The TnC central helix is orientated 
perpendicular to the plane of TnI and TnT2. The capital-letter coding in red corresponds to the 
TnC helices in the N-terminal regulatory domain and for the central linker. The TnI inhibitory 
and switch segments are indicated. Roman numerals indicate the Ca2+-binding sites. (C) Close-
up view of the TnI inhibitory segment. The residues determining the position of the TnI 
inhibitory segment are shown as stick models. The colors in this image are faded to avoid 
confusion with the red and blue oxygens and nitrogens in the stick models.  
 

 

A fraction of the calcium released when a muscle contraction is stimulated attaches to the 

troponin, resulting in a conformational change that result in muscle contraction.  When cells 

from the myocardiac tissue loose membrane integrity, the intracellular molecules diffuse into the 

microcirculation and linfatics.  These molecules are found in the circulation and constitute the 

specific biological markers of myocard tissue damage.   
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Figure 6.3:  A model of the molecular arrangement of troponin (Tn), tropomyosin (Tm), and 
actin in the cardiac muscle thin filament. 

 
Troponin is released into the human blood stream after heart damage occurs, as described in the 

previous paragraph, a few hours prior to a heart attack.  Early troponin detection provides a 

useful tool for the detection of coronary disease a few hours before a major heart attack.  Indeed, 

clinical testing of heart failure based on troponin detection has found widespread use over other 

cardiac biomarkers, like creatine phosphokinase (CK), creatine kinase (CK-MB) and myoglobin 

testing. 

 
6.4 Objective of proposed research 
 

Nanotechnology may represent a tool for the improvement in our quality of life by 

providing a platform for new sensors or sensing elements – components that can be integrated 

into functional sensors- to monitor chemicals closely related to health issues. A sensor is a device 

that receives and responds to a signal or stimulus indicative of a physical condition.  The aim of 
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the work presented here is to evaluate the response of CdS semiconductor nanoparticles on the 

serum of patients that have been evaluated for cardiac troponin, a protein that has been the 

subject of previous works related to its value in the prognosis, risk stratification and management 

of patients with acute coronary syndromes and myocardial necrosis26-30.  These are major health 

issues, costing consumers millions of dollars through high insurance premiums and health care. 

Development of a real time sensor that targets the detection of cardiac troponin in the blood is a 

major technological challenge that can reduce mortality and health care costs.   

 
In a typical semiconductor, electrons can be excited by light from the valence band into the 

conduction band.  The minimum energy required to promote electrons from the valence band 

into the conduction band represents the band gap of the semiconductor, which is inversely 

proportional to the nanoparticle size31.  Photo-excited electrons in the conduction band are 

energetically relaxed to lower energy states or traps, which are states resulting from defects in 

the structure of the nanoparticle or from the adsorption of chemicals on their surface.  Emission 

of light results from relaxation of electrons from trap states into the valence band.  When the trap 

states arise from the adsorption of molecules on the particle surface, the resulting luminescence 

is very sensitive to the chemical environment of the semiconductor nanoparticle: a potential 

sensor element to the specific chemical that created the trap state.   

 

6.5 Methodology  

 

Synthesis of CdS Nanoparticles and serum sample selection 

The synthesis of CdS fluorescent nanoparticles was achieved using Cd(CH3CO2)2 as a 

convenient source of Cd+2 ions to form the CdS NP in dimethylsulfoxide (DMSO) in a 

microwave oven. A detail explanation of NP synthesis method is provided in Chapter 5.  The 
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interaction of the synthesized CdS nanoparticles with serum blood samples was studied 

measuring changes in the optical properties (absorption and emission) of the nanoparticles. 

Serum samples are a yellow colored liquid in which the blood cells are suspended. Typical serum 

samples composition are 92% water, 6-8% proteins, 0.8% of salts, 0.6% of lipids and 0.1% of 

glucose. Figure 6.3 show a typical human blood serum sample. We worked with cardiac and non 

cardiac patients serum samples provided by Hospital Perea Clinical Laboratory at Mayaguez, 

P.R.  Photoluminescence measurements were performed in a Shimadzu 5301 Spectrofluorimeter 

instrument with a 30 second data acquisition time. 

 

                                                      

 

   Figure 6.4 Human Blood Serum 

 

6.6 Results and Discussion  

The inset in figure 6.5 shows the absorbance spectrum of the CdS nanoparticles in 

dimethylsulfoxide (DMSO) employed for the work described here.  The absorbance decreases 

with wavelength until the band edge of the semiconductor nanoparticle is reached around 515 

nm.  Based on the absorbance cutoff it is possible to estimate a nanoparticle diameter of about 

2.4 nm30.  Serum samples of patients obtained from the Hospital Perea Clinical Laboratory were 

analyzed for cardiac troponin levels using the Abbott method [the AxSYM Troponin-I assay , a 
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microparticle enzyme immunoassay, is a two-site assay that uses an anti-cTnI monoclonal 

antibody for capture and a polyclonal anti-cTnI antibody for detection].32  

A typical emission spectrum of a solution prepared by adding 90 µL of the serum of a 

patient with no detectable cardiac troponin to a 1 mL of a solution containing the approximately 

1.5x1012 CdS nanoparticles is labeled as Patient 1 in figure 6.5.  No new emission bands besides 

those associated with the emission of the CdS nanoparticle appear in the spectrum. On the other 

hand, the photoluminescence of a mixture containing CdS nanoparticles and 90 µL of serum of a 

patient with a troponin level of 1.8 mg/mL, labeled as patient 2 on figure 6.5, exhibit bands 

around 545 nm a low wavelength shoulder between 500 and 540 nm and a high wavelength peak 

around 580 nm. Figure 6.6 summarizes the photoluminescence spectra as a function of troponin 

concentration in serum-CdS NP assays examined in patient 2 and illustrates the reproducibility 

of the essay.   

The insert in figure 6.5 summarizes the photoluminescence intensity as a function of 

troponin concentration in three different patients.  The emission light intensity decreases linearly 

with dilution in the serum samples examined indicating that the emission is from the mixture and 

not an experimental artifact.  Control experiments with troponin containing serum do not show 

these bands in the absence of the CdS particles.  A lower detection limit of about 54 

nanograms/mL is estimated from the measurements.  Smaller detection limits have been attained 

using other nano-based sensing platforms at the expense of the use of data collection times 

longer than those used by us in this work.    

The number and chemical nature of other biomarkers that may be present in the serum 

samples limits the interpretation of the results in terms of specific troponin-CdS nanoparticle 

interaction33-34.  However, the results encourage pursuing further work focused on the use of CdS 
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nanoparticles for the detection of cardiac troponin and other biomarkers related to coronary 

syndromes.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: The inset at the upper left hand side shows a typical absorption spectrum of CdS 
nanoparticles.  The fluorescence spectra of DMSO, the CdS nanoparticles in DMSO, the serum 
of patients with no detectable troponin (patient 1), and of a patient containing 1.8 mg/mL of 
troponin in serum (patient 2).  Excitation wavelength is 420 nm in all fluorescence 
measurements.  The inset at the right hand side shows the change in fluorescence intensity at 545 
nm as a function of the serum volume of patients with troponin levels of 15 (open circles), 12 
(closed circles) and 2 (open squares) mg/mL.  
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Figure 6.6: Show the emission intensity of a concentration profile for 1.8mg troponin serum of 
cardiac patient. Addition of 30 µL, 45µL, 60µL and 90µL to 1mL of a solution containing 
approximately 1.5x1012 CdS nanoparticles were performed. Figure show the increase in emission 
intensity as a function of cardiac patient serum concentration.  
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CHAPTER 7: CONCLUSION 

 

The objective of this dissertation was to develop a new method for the synthesis of CdS 

fluorescent nanoparticles that can facilitate their use as sensor or sensor elements.  The formation 

of CdS nanoparticles was achieved using a method developed here in our laboratory.  The work 

lead to nucleation and growth studies pertaining to nanoparticle formation using microwave 

radiation as the energy source.  Strong evidence was found for the formation of (CdS)1<n<5 

clusters at the early stages of the process. A mechanism for nuclei formation under the 

experimental conditions discussed above was presented and discussed.   The formation of the 

clusters and nuclei as well as the growth of CdS NP w`as controlled by turning “on” and “off” 

the energy supply leading us to conclude that there is an energy barrier to CdS nanostructures 

formation.  The potential of the CdS NP prepared by the method described here to sense cardiac 

conditions was also established.  We established that the fluorescence of the CdS NP changed in 

the chemical environment of cardiac patients only, opening a new door for further work in the 

development of a real time sensor for cardiac failure.  
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CHAPTER 8: FUTURE WORKS 
 
1. Functionalization of the fluorescent nanostructures surfaces with monoclonal 

antibodies: bio inorganic functionalization  
 

The use of the antigen-antibody concept to detect cardiac biomarkers will be a great future work. 

Functionalization of the fluorescent nanostructure surfaces with monoclonal antibodies to cardiac 

troponin must be a great future work. There are a wide variety of antibodies to cardiac troponin 

that includes mouse antibody, goat antibody and rabbit antibody.  Serum samples may be 

exposed to antibody-CdS NP ensemble in a matrix or in solution.  Since the troponin antibody is 

specific to troponin it can result in great selectivity in sensing heart failure conditions.  The same 

concept can be extended to other cardiac biomarkers to search for the best antibody-antigen 

combination to be used with CdS NP based platforms.     

 

 

 

 

 

Figure 9: Fluorescent nanoparticle functionalized with antibody selective to troponin bind 
selectively to human troponin.  

 
2. Lifetime of fluorescent nanoparticles bound to troponin 

 

Time dependent measurements of the fluorescence lifetime will also be an attractive approach to 

sense cardiac biomarkers.  In this case one would search for differences in the fluorescence 

emission lifetime as a function of the cardiac biomarker bound to the nanoparticle surface.  The 

studies are time dependent and can provide a history of the effect of the biomarker on the 
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electronic excitation process that take place in/on the particle allowing.   Are the lifetimes 

dependent on the nature of the biomarker? Can it be used in a common everyday scenario like a 

hospital?  

3. Single molecule spectroscopy and imaging measurements: determination of fluorescence 

wavelength and 

Near field optical microscopy is ideally suited to study the interaction between the 

fluorescent nanostructure and troponin. In near field optical microscopy, light can be delivered or 

collected by a small aperture, smaller than the light wavelength, at the end of a fiber optic. The 

spatial resolution in the near field is defined by the size of the aperture or point source in the 

fiber optic (as small as 50 nm).   That is a unique capability that allows for a number of light 

spectroscopy techniques, like absorption, fluorescence and luminescence and vibrational 

spectroscopy, to be performed. Therefore, the spectroscopic fingerprint in nanostructured 

materials can be obtained. A great deal of information can be learned about the interaction 

between proteins and nanostructures, and in the case presented here, will be instrumental in 

addressing the potential use of fluorescent nanoparticles in sensing troponin and other cardiac 

biomarkers.   
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APPENDIX A 
 
Active Learning Activities in Nanotechnology 
 

General Methodology 

Students performed the activity to have hands on experience on the topics presented in 

the laboratory lectures.  No indication or instructions were given as to what amounts to mix of 

the different reactants, or how to operate the instruments they were going to use.  After each 

activity, the students had the opportunity to spend a five to ten minute period just talking about 

their accomplishments and what they learned in nanotechnology.  

In this activity the students were introduced to concepts such a chemical kinetics, 

nanoparticles, light absorption, clusters and effects of nanoparticles size.  For the synthesis of 

gold nanoparticles they prepared different citrate solutions (1.92mM, 3.84 mM, 5.76 mM and 

7.68 mM) using the stock solution previously prepare. They also prepare KAuCl4 1.92 mM 

solution. Then mixed the citrate and gold solution in four beakers and allowed it to stabilized 

(change of color). Finally they measured the absorbance of each sample on a UV-Vis 

spectrometer.  Then they compared the absorbance with the particle size. 

An example of the module use in the general chemistry laboratory is presented below: 
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Title: Reaction Kinetics; Gold nanoparticle synthesis 
 
 
I. Objective: 
 
                Relate the synthesis of gold nanoparticles with the kinetics of a reaction. 
 
 
II. Introduction: 
 
Chemistry is concerned with change. Chemical reactions convert substances with well-defined 

properties into other materials with different properties. Much of our study of chemical reactions 

is concerned with the formation of new substances from a given set of reactants. However, it is 

equally important to understand how rapidly chemical reactions occur.  

The area of chemistry that is concerned with the speeds, or rates, of reactions is called chemical 

kinetics. Chemical kinetics is a subject of broad importance. It relates, for example, to how 

quickly a medicine is able to work, to whether the formation and depletion of ozone in the upper 

atmosphere are in balance, and to industrial problems such as the development of catalysts to 

synthesize new materials. Factors that affect the reaction rates are concentrations of reactants, 

temperature, surface area of solid reactants and catalyst. 

In this experiment we will study the effect of temperature and reactant concentration in the 

synthesis of gold nanoparticles. Nanoparticles are defined as particles of less than 100nm in 

diameter, that exhibit new or enhanced size-dependent properties compared with larger particles 

of the same material. Nanoparticles are of interest because of the new properties such as 

chemical reactivity and optical behaviour that they exhibit compared with larger particles of the 

same materials. Nanoparticles have a range of potential applications: in cosmetics, textiles and 

paints, and medicine. 
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III. Materials:  

Reactants                                                              

HAuCl4
.3H2O  

Na3C6H5O7
.2H2O (sodium citrate) 

1 M NaCl 

Equipments 

50 mL beaker or Erlenmeyer flask 

1" or 1 cm stir bar 

Stirring hotplate 

Droppers 

IV . Procedure: 

1. Add the select amount of HAuCl4 to a 50.0 mL beaker or Erlenmeyer flask on a 

stirring hot plate. Add a magnetic stir bar and bring the solution just to a boil. 

2. To the boiling solution, add the select amount of a 1% solution of trisodium citrate 

dihydrate, Na3C6H5O7
.2H2O. The gold solution gradually forms as the citrate reduces 

the gold (III). 

3. Repeat steps 1 and 2 with two more different amounts of reactants. 

4. Study the presence of a colloidal suspension by the reflection of a laser beam from 

the particles. 

5. Obtain the UV-VIS spectra for each prepared solution. 
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