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Abstract 

     Calcium sulfide (CaS) nanoparticles are cadmium free fluorescent nanostructures with 

potential applications in nanomedicine and as a sensing material.  We employed different 

methods for the synthesis of CaS nanoparticles, including (1) the reaction of calcium acetate 

(Ca(CH3CO2)2) and sodium sulfide (Na2S) in dimethyl sulfoxide (DMSO), (2) the reaction of 

Ca(CH3CO2)2 and DMSO in a microwave and (3) dissolving bulk quantities of CaS in DMSO.  

UV-Vis spectroscopy was used to determine the optical properties of the CaS nanostructures.  

The absorption spectra of CaS prepared from these methods consists of a well-defined peak in 

the UV and a long wavelength tail that extends above 700 nm.  Emission bands centered around 

500 nm with a long wavelength tail that extends above 600 nm are observed upon excitation at 

405 nm.  Scanning tunneling microscopy (STM) was used for determining the average diameter 

of CaS nanostructures of (3.3 ± 0.7) nm.  The direct and indirect band gaps are estimated to be 

(0.403 ± 0.003) eV and (4.135 ± 0.006) eV.  

     Configuration interaction singles (CIS) calculations were used to determine the electronic 

transition spectra of small CaS clusters.  Unique to CaS nanostructures is the absorption of light 

at wavelengths longer that in the bulk material instead of the blue shift associated with quantum 

confinement effects in semiconductors.  Indeed, the strong absorption bands in the visible region 

of the spectra of the CaS nanostructures do not have a counterpart in the gas or solid phases, with 

implications in the field of sensing using semiconducting nanoparticles. Density functional 

theory (DFT) calculations on small CaS clusters are used to establish the vibrational properties of 

calcium sulfide nanoclusters. 

     Naked CaS nanostructures are found to limit the survival rate and inhibit the growth rate of 

carcinoma cancer cell lines (ATCC CRL-2124).  A single dose of a dispersion containing (3.3 ± 

0.7) nm CaS nanoparticles (total calcium content of 3.8 x10
-8

 moles) results in a sharp decrease 

in the density of live cells and a sharp increase in the number of dead cells 96 hours following 

the dose.  No changes are observed in adenocarcinoma control cell lines.  CaS do not have any 

effect on the survival and growth rate of normal fibroblasts as compared to control cell cultures 

of normal fibroblasts, which suggests that CaS nanostructures are cancer specific.  The small size 

of the nanostructures allows them to have access to the normal and newly developed blood 

vessels-due to angiogenesis and elimination by the human body.  The results encourage further 
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research to establish the mechanisms of action of CaS in cancer cell cultures and laboratory 

animals.       
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Resumen 

     Las nanopartículas de sulfuro de calcio (CaS) son nanoestructuras fluorescentes con posibles 

aplicaciones en el campo de la nanomedicina y como biosensores.  Hemos empleado distintos 

métodos para la síntesis de nanopartículas de CaS que incluyen: (1) la reacción de acetato de 

calcio (Ca(CH3CO2)2) con sulfuro de sodio (Na2S) en sulfóxido de dimetilo (DMSO), (2) la 

reacción de Ca(CH3CO2)2 y DMSO en un microondas y (3) disolviendo cantidades 

macroscópicas de CaS en DMSO. Se utilizó espectroscopía UV-Vis para determinar las 

propiedades ópticas de las nanoestructuras de CaS. Los espectros de absorción de CaS preparado 

utilizando los métodos descritos anteriormente consisten de un pico bien definido en la región 

del UV y una “cola” que se extiende a largos de onda mayores de 700 nm. Se observaron bandas 

de emisión centradas cerca de los 500 nm con una “cola” que se extiende a largos de onda 

mayores de 600 nm al excitar en 405 nm.  Se utilizó microscopía de rastreo por tunelaje (STM, 

por sus siglas en inglés) para determinar el diámetro promedio de las nanoestructuras de CaS. Se 

estimaron las brechas energéticas directas e indirectas en (0.403 ± 0.003) eV y (4.135 ± 0.006) 

eV, respectivamente.  

     Se utilizaron cálculos utilizando interacción de configuración sencilla (CIS, por sus siglas en 

inglés) para determinar los espectros de transiciones electrónicas en pequeñas aglomeraciones. 

La absorción de luz a largos de ondas mayores a los del grueso del material, en lugar del 

desplazamiento hacia el azul asociado a efectos de confinamiento cuántico en semiconductores 

es único de las nanoestructuras de CaS. En efecto, las bandas de absorción en la región visible de 

los espectros de nanoestructuras de CaS no tienen contraparte en las fases gaseosas o sólidas. Se 

utilizaron, además, cálculos de teoría de funcional de densidad (DFT, por sus siglas en inglés) en 

pequeños agregados de CaS para establecer las propiedades vibracionales de los nanoagregados 

de sulfuro de calcio. 

     Hemos encontrado que nanoestructuras de CaS limitan la supervivencia e inhibe la razón de 

crecimiento de líneas celulares cancerosas de adenocarcinoma (ATCC CRL-2124). Una sola 

dosis de una dispersión que contiene nanopartículas con un diámetro de (3.3 ± 0.7) nm 

(contenido total de calcio 3.8 x10
-8

 moles) resulta en una disminución pronunciada en la 

densidad de células vivas y un aumento agudo en el número de células muertas luego de 96 horas 

de la dosificación. No se observan cambios en las líneas celulares de adenocarcinoma control. 
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CaS no tiene efectos en la supervivencia y razón de crecimiento de fibroblastos normales en 

comparación con líneas celulares de adenocarcinoma tipo control, lo cual sugiere que las 

nanoestructuras de CaS son específicas a cáncer. El diminuto tamaño de las nanoestructuras les 

permite acceso a vasos sanguíneos normales y recién formados debido a angiogénesis y 

eliminación por el cuerpo humano. Estos resultados son alentadores para seguir investigación 

con el fin de establecer los mecanismos de acción de CaS en cultivos de células cancerígenas y 

en animales de laboratorio.  
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Chapter I  

Introduction 

A nanostructure (NS) is defined by Kittel as “a solid confined in either two or three 

orthogonal directions, creating effectively one dimensional (1D) or zero dimensional (0D) 

structures”. 
1
  Some examples of 1D nanostructures are nanotubes and nanowires, and for 0D 

some examples include semiconducting nanocrystals (quantum dots) and nanoparticles. Both 1D 

and 0D materials have been studied for applications in many fields including sensors 
2,3

 and for 

biomedical sciences 
4–6

, photocatalysis, environmental and drug development among other areas. 

Indeed, the research of nanomaterials has yielded the knowledge and technology to develop 

tailored materials for specific needs.  

     In the field of biosensors, quantum dots have been researched extensively resulting in many 

advances in the field.
7,8

  A biosensor is defined as a device that uses a chemical or biological 

receptor for the detection of analytes in a sample. 
9
  They play an important role in the study of 

biological systems because we can obtain information such as the selectivity, affinity, kinetics 

and thermodynamics of the reactions occurring in such systems.  Quantum dots (QD) are, by 

definition, semiconducting nanoparticles with no dimension larger than 10 nm.  They offer 

several advantages such as narrow wavelength emission and high intensity.  In this scale, 

quantum mechanical behavior dominates the physical and chemical properties of the material.  

Specifically, the optical properties of the nanomaterial change as a function of their size.  As the 

size of the nanoparticle decreases, the energy involved in electronic transition shift into higher 

levels and the number of oscillations decreases.  This phenomenon is known as quantum 
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confinement and is responsible for several applications of nanoparticles such as luminescence-

based biosensors and photovoltaic cell components. 
10,11

 

     To understand the quantum confinement effect, let us consider an electron confined to two 

barriers of infinite potential as shown in Figure 1.1.  This is known as the particle in a box (PIB) 

model.  

 

Figure 1.1: (a) Particle-in-a-box (PIB) one dimensional model, in which a hypothetical particle 

is confined between two barriers of infinite potential energy. In three dimensions, this model 

explains quantum confinement, where the electron can be excited within the particle to higher 

levels, but a physical barrier confines the electron. Solutions to the PIB model can be attained 

for particles with different shapes, for example (b) cubical model using Cartesian coordinates or 

spherical for a sphere shaped particle (c). It is important to note that quantum mechanical 

effects occur when the de Broglie wavelength of the electron is of the same order of magnitude 

as the wavelength of the particle itself. This occurs in 0D materials, resulting in the physical 

phenomena described above. 

 

     The solution of  this model in one dimension results in discrete energy levels for the electron.  

This is a general result of quantum mechanics: confinement of an electron results in the 

formation of discrete energy levels.  These discrete energy levels are not observed in a free 

electron because no restrictions are imposed on it. Nanostructures are generally formed 

experimentally in three dimensions, in which the PIB model also impose quantum confinement 

(a) (b) (c) 
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effects and limits the number of electronic transitions.  The model is described in this dissertation 

if further detail in chapter V.  Quantum confinement effects have been used to explain several 

physical phenomena that occur in quantum dots, including shifts in light absorption and 

emission.  The smaller number of atoms required to build up a nanostructure results in a 

reduction in the total number of electrons – as compared to bulk material – and  a reduction in 

the number of electronic transitions in the UV-Vis and NIR region of the electromagnetic 

spectrum.  Light absorption and emission by quantum dots of a given material is size dependent.  

Luminescent biosensors can be developed for several wavelengths with the same material 

synthesized at different sizes.  This facilitates the use of this materials as biosensors and 

photovolatic components.  Fine tuning quantum dots to absorb and emit radiation of different 

wavelengths is accomplished by controlling the particle size, which in turn is a function of the 

experimental conditions employed. 

      Light emission results from the relaxation of excited electrons to levels of lower energy.  In 

QD, this process results from relaxation of excited electrons from the conduction to the valence 

band. A second phenomenon which affects the wavelength at which relaxation processes occurs 

is when the materials has a non-uniform morphology or in the presence of impurities. Impurities 

in a semiconductor nanoparticle gives rise to new bonding states.  These new states at which the 

electron relaxes are collectively known as “new trap states”. Trap states are also possible when a 

new molecule bonds with the material, presenting a new set of vacant orbitals for the excited 

electrons to fall into. This can be used as a qualitative parameter for the affinity of a 

semiconducting nanoparticle with an exogenous agent. The process is described in Figure 1.2. 
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Figure 1.2: (left) model of an electronic transition of a “pure” material, from the valence into 

the conduction band, and subsequent relaxation process through the emission of energy of 

wavelength λ’. (Right) When imperfections are present, the excitation occurs from the valence 

into the conduction band, and electrons fall into the so called “trap states” involving the release 

of lower wavelength energies λ’’, λ’’’ and so on.  

 

     QD are commonly referred to as zero dimensional (0D) materials due to the small size 

required to reach and maintain quantum confinement effects.  There are several commonly used 

methods for the synthesis of 0D materials, including sonochemical
12

, chemical reactions and 

hydrothermal. 
4,8,13

  In a review by Gosh several different conventional synthesis methods are 

explained and compared against each other in detailed, including the methods described above. 
14

  

The author also mentions the different classifications of quantum dots based on their 

composition.  Some examples include core/shell nanostructures, inorganic, organic and rare earth 

based quantum dots.  Other parameters which are very important to control are reaction 

temperature, pH and precursor concentration.  However, there are several limitations, such as 

preparation time, purity of the quantum dots and the cost of preparation, for these methods which 
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hinder their effectiveness.  Other non-conventional methods have gained popularity in the field 

of quantum dot synthesis.  One such method is using microwave radiation.  

     Microwave assisted synthesis has been useful in creating fast, reproducible nanomaterials 

with high purity.  This synthesis method offers the advantage that the energy input can be 

controlled.  This is very important for the controlled synthesis of quantum dots, mainly because 

we would be controlling the rate of nucleation and growth, as will be explained later on.  This in 

turn leads to the development of tailored materials of a desired size.  Ferrer showed the 

advantage of using microwave radiation and created CdS nanoparticles of several different sizes, 

proportional to the energy applied to the system and initial reactant concentration.
15

  Microwave 

assisted synthesis of nanostructured materials has gained higher importance recently, as 

highlighted on a review by Zhu. 
16

  He points to one of the key advantages that microwave 

synthesis offers over other conventional methods: it is completed in very short time periods.  

Where a wet method would take hours to complete, with microwave radiation the reaction time 

is reduced to minutes or even seconds. 

     The physical processes involved in nanostructure synthesis are important to understand the 

different approaches for nanoparticle synthesis.  The process that governs the synthesis, that is to 

say, the size and morphology of the material, can be explained using nucleation and growth 

theory.  Nucleation is defined as the process in which free precursor atoms or molecules re-

arrange themselves through a series of processes into a phase similar to the product and large 

enough to have the ability to grow in size irreversibly. 
17

  This process is governed to a large 

extent by the difference chemical potential (∆𝜇) of the molecule in solution (𝜇𝑠)and in the bulk 

of the crystal (𝜇𝑐), given by equation 1: 
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∆𝜇 = 𝜇𝑠 − 𝜇𝑐 Equation 1.1 

     The difference in chemical potential can also be expressed as: 

∆𝜇 = 𝑘𝑇 ln[𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟𝑠]𝑠 Equation 1.2 

     In equation 1.2, k represents the Boltzmann constant, T is the absolute temperature and 

[precursors]S is the concentration of precursors in a supersaturated solution. This means that if 

the solution is unsaturated, dissolution occurs and there can be no formation of nuclei that can 

subsequently growth into nanoparticles. If, on the other hand, the solution is supersaturated, it 

leads to the nucleation and growth of the material.  The energy necessary to form a cluster of n 

molecules is a difference in energy between in initial and final states, as shown by Becker and 

Döring in the 1930’s. 
11

  This is important because it shows that there is an energy barrier that 

must be surpassed for the nucleation to take place, that is to say, for the precursors to aggregate 

into clusters, followed by the formation of stable nuclei and subsequent nanoparticles. This can 

be described mathematically by the following equation: 

∆𝐺 = 4𝜋𝑟2𝛾 +
4

3
𝜋𝑟3∆𝐺𝜐 Equation 1.3 

     The first term in equation 1.3 represents the surface free energy, which is the surface area of 

the sphere (ɣ) times the area of the phase (4πr
2
), and the second term is related to its energy, 

given by the free energy per unit volume (
4

3
𝜋𝑟3∆𝐺𝜐)  of the supersaturated solution minus the 

energy of the separate phase. This difference in free energy is the driving force for nucleation 

and growth. Equation 1.3 details a delicate balance between the surface energy which is always 

positive and the free energy per unit volume of the particle itself (ΔGv), as described by Finney 

and Finke. 
12

  This means that the system reaches a maximum before the free energy term 
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dominates, leading to nucleation and growth. Once the nucleus reaches this critical radius, it will 

grow irreversibly to a macroscopic or bulk scale. This process can be described as homogeneous 

nucleation, if it occurs in the solution or heterogeneous nucleation if it occurs in at a pre-existing 

separate phase, such as the walls in a containers or a “seed” crystal.  The process can be 

summarized as shown in Figure 1.3.  The first steps in the process of nucleation and growth 

usually occur in the first few seconds after the supersaturated concentration of precursors is 

reached.  This process is also known as spontaneous crystallization.  On the other hand, 

nucleation and growth can also occur stepwise.  In this process, the monomer is formed and 

forms a dimer, trimer, and so on until the crystal structure is formed.  Control over this stepwise 

process may lead to the controlled synthesis of sub-nanometer scale nanomaterials.  This is of 

special importance in the field of biomedical sciences where small nanostructures are needed for 

drug delivery, sensing and other applications in environments where traditional nanoparticles 

have limited use due to their size. 

     To study the kinetics and dynamics involved in this process, it is necessary to control the 

initial moment at which the reaction occurs and the flow rate of the reactants.  The reaction must 

be monitored during the first milliseconds to capture the processes at which the reactants go 

through in order to reach cluster size and eventually grow to the nanoparticle scale.  León studied 

the formation of Ag2S by performing a kinetic study measuring the conductivity of the 

solution.
20

  She found that the process involved multiple steps and that the entire process of 

nucleation, coalescence and growth into nanoparticles took less than 5 seconds.  In a second 

study, she used a stopped flow mixer to measure the interactions during the first millisecond after 

mixing AgNO3 and (NH4)2S, the precursor salts for the formation of Ag2S. 
21

 This study was 

important because it demonstrates through UV-vis spectroscopy and density functional theory 
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(DFT) calculations the formation of intermediate species and it records the process of nucleation 

and growth on a system.  

 

Figure 1.3: Schematic representation of CaS nanoparticle formation according to nucleation 

and growth theory. 

 

     In the field of biomedical sciences it is very important to control the size of quantum dots 

because there are several key factors that merits this degree of control.  There is a need for the 

development of therapeutic agents whose size is too large and do not pass a threshold for renal 

clearing and cell diffusion, among other biological systems.  In his review, Cho explains several 

limitations of using quantum dots for biomedical applications, including oversimplified models, 

inadequate applications, resulting in an overall limited predictive tool for the efficacy of the 

proposed materials. 
6
  He described several characterization methods that differ in the results 
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because they are based on different physical phenomena.  An example cited in his work is based 

on Au nanoparticles with high homogeneity and an average size of 15 nm.  Using different 

techniques, including transmission electron microscopy (TEM), dynamic light scattering (DLS), 

a technique that consists of measuring the scattering effect of small particles with a 

monochromatic source of light,  and nanoparticle tracking analysis (NTA), a technique that 

relates the rate of movement with temperature, viscosity of the liquid and nanoparticle size, 

results varied from 11 to 52 nm on average.  This is very problematic when dealing with a 

biological system because the effective size of the nanoparticle is important for several purposes 

like drug delivery and for entering through a cell membrane, for example.  Although he mentions 

several limiting factors, he also cites many other emerging technologies that are at the cutting 

edge of the field for biomedical applications for in-vitro and in-vivo settings. 
22

  This work also 

describes 3 models for the cellular uptake and effectivenes of a nanoparticle for cellular uptake.  

The first model is a 2D cell model, in which a cell that grows adherent to a surface provides a 2D 

environment for the nanoparticles to interact.  Although this is the most simple model described 

by Cho, it is also the one that he recommends for initial assesment of new materials with a 

biological system.  The reason for this is because it is relatively simple to monitor cellular uptake 

using confocal microscopy.  The second approach is using a 3D cell model.  In this model, cells 

are exposed in 3D to nanoparticles, independent of concentration.  This model also lacks the 

complexity that one finds on an actual biological system.  The advantage is that is gives insights 

into the potential biological activity of the nanomaterial.  The third approach is using biological 

activity assays.  This model is the most complex, and costs more than the 2D and 3D cell model.  

The advantage is that it offers an approximate model that measure the activity that the 

nanomaterial has when interacting with a certain antigen.  This model, although simple to 
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develop and very effective is recommended for use when success on the other two methods 

previously discussed is demonstrated. 

     A second key aspect in the development of biocompatible nanomaterials is the toxicity.  One 

of the biggest shortcomings in using NS for biomedical applications is related to the toxicity of 

the materials being developed.  Most first generation quantum dots were based on noble metals, 

such as gold and silver, and of toxic heavy metals such as cadmium and lead, elements known to 

be toxic in biological systems for many years.  In biomedical sciences, there is a need for the 

improvement of biocompatible NS which can be used for different applications without 

toxicological effects.  Different approaches have been developed and improved upon.  One of the 

methods currently being developed consists of encapsulating the NS in  a biocompatible “shell”, 

which either does not interact with the system under study or breaks down into pieces that can be 

expelled from the system with little to no adverse effects.  This method is excellent for drug 

delivery, but has limitations because of the increased size of the shell- NS complex and because 

the physical properties of the nanoparticle, such as photoluminescence, may be compromised.  

Other physical properties that differ are not so well understood, such as its interactions in 

biological systems such as proteins and cells.  Recently, however, there have been many 

important discoveries such as genetic targeted therapy 
23

 and the development of functionalized 

quantum dots for drug delivery. 
24,25

 

     Cancer is one of the most deadly diseases in the United States and the world.  Such is the high 

human and economic cost of this disease that the USA has declared cancer research a top 

priority. 
26

  The National Institutes of Health (NIH) have an entire institute dedicated to this, the 

National Cancer Institute (NCI). Breast cancer is the second most common type overall and the 

most common in women, with a mortality rate of 17.6% and an incidence rate of around 122 per 
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100,000 in the United States. 
27

  Nanotechnology is playing an important role in the treatment of 

cancer and is currently being considered as one of the best alternatives for drug delivery, gene 

therapy and as a therapeutic in its own right or through functionalization, resulting in great 

benefit to cancer research and oncological medicine. 
28

  A comprehensive review on 

nanotechnologies used for cancer therapy by Misra, et. al provides insights into the stage at 

which this field is at this moment and the direction it is taking. 
29

  He discusses the most common 

forms and compositions of nanomaterials, which cover a vast array.  The nanotechnologies 

employed can be classified as liposomes, nanoparticles, polymeric micelles, dendrimers, 

nanocantilevers, carbon nanotubes and quantum dots.  The most common applications for these 

materials vary, with liposomes, dendrimers and polymeric micelles usually being employed as 

drug delivery vehicles, nanoparticles and quantum dots as therapeutic agents, functionalized 

carbon nanotubes as platforms for both therapeutic agents and drug delivery systems and 

nanocantilevers functionalized for single molecule detection.  The results of a literature review 

on nanotechnology applications for cancer diagnosis and treatment are summarized on Table 1.  

One of the most obvious differences when comparing nanotechnologies developed is their size 

relative to one another.  Liposomes lie on one end of the size spectrum,  with a diameter 

measuring up to a few microns.  Nanotubes and nanocantilevers have one dimension of 

comparable size, but the other 2 dimensions usually lie in the nanometer range.  Nanoparticles, 

dendrimers and micelles have the same order of magnitude in size, ranging from 10 to a couple 

hundred nanometers in size.  Quantum dots, on the other hand, lie on the extreme opposite to 

liposomes in the size spectrum, considered a 0D material with no dimension measuring more 

than 10 nm.  Figure 1.4 offers a comparative visual for the most common nanotechnologies 

mentioned in this work.  This makes quantum dots unique for biomedical applications, because 
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in this magnitude of size you get renal clearance (threshold value of ~5.5 nm) 
30

 and can 

penetrate a cell membrane (size range 2 – 8 nm). 
31

  Although this is just one of many parameters 

that must be taken into account when designing a biocompatible material for applications in a 

complex biological matrix, nanoparticle diameter is important and must be designed taking into 

account the physiology of the system of interest.  

 

Table 1.1: Most common forms of nanotechnology employed on cancer research, basic 

description and their role in cancer therapeutics, sensing or drug delivery. 

Nanotechnology 
      Physical 

      description 
Purpose Comments 

  Nanoparticles 
Metal, metal oxides, 

cadmium sulfide 

Therapeutic, imaging 

or sensing 
Structures of the order of 100 nm 

Polymeric 

micelles, 

Liposomes 

Micelle structures 

Encapsulation of 

active compound, 

drug delivery 

Dimensions smaller than100 nm; limited by 

toxicity; requires functionalization 

Dendrimers 

Highlyorganized, 

macromolecular 

structures 

Encapsulation of 

active compound, 

drug delivery 

Structures of the order of 100 nm 

Nanocantilevers 

Macromolecular 

structures, highly 

organized, 1D 

Biomolecule 

detection 
Size of the order of 100 nm 

Carbon 

nanotubes 

One dimensional 

nanostructures 

Biomolecule 

detection, sensing 

Difficult to employ in vivo; single molecule 

detection; requires functionalization 

Quantum dots 
Semiconductor 

nanoparticles 

Therapeutic, imaging, 

sensing 

Length on the order of microns; requires 

functionalization 
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Figure 1.4: Relative sizes of the most common cancer nanotechnologies 

     Another parameter explained in detail on a review by Wang, et. al, discusses several 

nanomaterials already available as cancer treatment agents. 
32

  Among them, Doxil, which is a 

PEGylated liposome/doxor agent approved for ovarian cancer treatment since 1995.  Endorem is 

a nanostructures agent composed of iron oxide nanoparticles coated with dextran, approved for 

liver/spleen imaging in Europe.  A US analog, Feridex was approved by the US-FDA since 1996. 

Cyclodex, which is a cyclodextrin nanoparticle based agent, is currently in Phase I trials for the 

treatment of solid tumors.  These are just a few examples of nanotechnologies being developed 

for detection and/or treatment of several types of cancer.  A more comprehensive list of drugs 

undergoing trials or approved for cancer therapeutics can be found in the literature. 
33–35

  

Bertrand proposes the classification of nanotechnologies for cancer treatment based on several 

key factors of the nanostructure. 
36

  Among those, NP size, surface charge, chemical 
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composition, shape, hydrophobicity, as well as ligand size, orientation, density and charge.  

These factors are key in the engineering of nanostructured materials that can be used for cancer 

therapy without adverse or toxicological effects. 

     One of the main mechanisms believed to play a role in the treatment of cancer cells using 

quantum dots involves apoptosis.  Apoptosis is a morphological phenomenon essential in 

regulating cell number in animals.  It is characterized by the deformation and blebbing of the 

cell, chromatin condensation, nuclear fragmentation, and a number of other morphological 

processes that lead to controlled cellular self-destruction. 
37

  Apoptosis is an important process 

for all metazoan cells, because it serves as a means of getting rid of malfunctioning or damaged 

cells, and this keeps the total cell number in an organism regulated.  One of the hallmarks of 

cancer is the dysregulation of this process, causing an increase of invasive and malignant cells.  

This is a “two-edged blade” for carcinoma cells, because by disrupting the mechanism of cell 

division and provoking apoptosis we may be able to develop novel cancer therapeutics.  In order 

to accomplish this, first we must understand how apoptosis occur and how biocompatible 

nanomaterials can play a role in the treatment of cancer by triggering this mechanism of cell 

death in a controlled capacity, so that mostly cancer cells are affected by this therapy.  We have 

performed an experiment for the determination of effects in the replication rate of 

adenocarcinoma cells in the presence of CaS nanostructures.  The results suggest that CaS affects 

the replication rate of cancer cells without significantly affecting normal analogs used in the 

experiment.  We believe apoptotic events are taking place and the presence of CaS is 

precipitating these events.  Further discussion of the experiment can be found in chapter VI.  The 

next step would be to determine how the CaS nanostructures affect adenocarcinoma cells without 
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significantly disrupting normal cells.  To understand this, we need a better understanding of 

apoptotic processes.  

     Although apoptosis may occur through one of many pathways, there are two main 

mechanisms that have been elucidated.  One of them occurs at the cell surface and involves 

tumor necrosis factor (TNF) family receptors, as shown in Figure 1.5a.  The mechanism is 

known as extrinsic or type I mechanism because it occurs externally, on the surface of the cell.  

The second mechanism, shown in Figure 1.5b involves the stimuli of the mitochondria either 

through direct or indirect contact with a stimulating agent.  It is known as mitochondrial or type 

II mechanism.  This phenomenon provokes one of two possible processes: the first one is the 

inactivation of anti-apoptosis proteins by directly binding with another biomolecule which 

renders them unable to prevent apoptosis.  The other possible pathway is to release cytochrome 

C into the cytoplasm, activating caspases in the cell.  This is turn triggers the apoptotic event.  In 

a review by Rizzuto, et. al, the role of Ca
2+

 in apoptotic processes is discussed in detail. 
38

  It is 

established that an increase in the cystosolic concentration of Ca
2+

 appear both in early and later 

stages of apoptosis.  This is of importance because by knowing what triggers the apoptotic event, 

we can tailor new materials that can precipitate cell death in cancer cells without affecting 

normal ones. 
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Scheme 1.1: (a) Simplified scheme of extrinsic mechanism of apoptosis, also known as cell 

surface or type I mechanism.  Involves ① the activation of tumor necrosis factor (TNF) family 

receptors, ② activating caspases in the cell, which lead to ③ cell death by apoptosis.  (b) 

Simplified scheme of Intrinsic mechanism. Also known as mitochondrial or type II mechanism. 

Involves ① the stimulation of the mitochondria to ② release cytochrome c into the cytoplasm, 

which triggers ③ the activation of caspases, leading to ④ cell death by apoptosis.  ②’ 

Inactivaton of anti-apoptosis proteins by direct binding may also lead to apoptosis. 

 

      In both the extrinsic and intrinsic pathways, the main reason for apoptosis in cells is the 

activation of caspases.  Caspases is the short form of Cysteine Aspartyl-Specific Proteases.  

Proteases are enzymes responsible for catalyzing hydrolytic cleavage of peptides.  There are 14 

caspases known in humans and mice, most of which have been linked directly to apoptotic 

events. 
39,40

  A subgroup, caspases -1, -4 and -5 are involved in the process of activating pro-

inflammatory proteins.  Although both pathways are seen as separate and independent of each 

other, at multiple levels they may cross, depending on the proteins specific to each cell type. 
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     There are other mechanisms in which cancer tumors can be triggered or suppressed. One of 

the most important is through DNA damage 
41

, which occurs because of an alteration in the p53 

tumor suppressor protein.  Damage to the p53 tumor suppressor protein has been known to 

trigger tumor development, whereas in cancer cells there has been suppression of the tumor. 
42

  

Sulfide signaling of caspases
43

, or other cell type specific mechanisms are also, though not the 

most well studied, merit mentioning.  Siddiqui and his group demonstrated using CuO 

nanoparticles of up to 22 nm can still enter the mitochondria and cause type II apoptosis for the 

case of hepatocarcinoma cells. 
44

  A second experiment was performed using E. Coli and S. 

Aureus to determine if there was antimicrobial activity in CaS nanostructures.  The results were 

negative for antimicrobial activity, which further suggests the possibility of CaS entering the cell 

membrane in order to provoke apoptosis in carcinoma cells.  Both bacteria used in the study have 

an average wall pore size of < 10 nm 
45

, which would pose a physical barrier for CaS 

nanostructures.  This hypothesis still needs studies to be confirmed or discarded.  However, the 

data obtained through these experiments have provided with the first insights into the 

interactions of CaS nanostructures with cells and bacteria.  Understanding the interactions of 

small nanostructures with cells is very important because it can lead, aside from cancer therapy 

alternatives, to treat inflammations, genetic diseases and other ailments.  One example is the 

work of Leyva and her group, in which they identify a series of small molecules and their 

potential for caspase -3 and -6 inhibition for treatment of Huntington’s disease. 
46

 

     The main objective of this dissertation is to provide insights into the synthesis and 

characterization of next generation nano materials that are both biocompatible and economically 

viable.  These types of nanoparticles are the cutting edge in many fields of science and 

technology, including the field of sensors and biomedical sciences.  In this work we report on the 
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development of a calcium-based NS using several synthesis routes including microwave-

assisted, double ion exchange and bulk sample dissolution.  We explore the possibility of 

calcium based nanostructures having the potential of substituting heavy metal based 

nanomaterials for luminescent based sensors in chapter III.  We present size dependent optical 

transitions resulting in tunable luminescence CaS nanoparticles by exciting at visible 

wavelength.  In chapters IV and V, we explore the direct and indirect band gaps of CaS and 

study several (CaS)n aggregates using DFT level of theory.  The contribution of phonons to these 

transitions will also be discussed in these chapters.  We also report, in chapter VI, the potential 

application of CaS NS for the treatment of breast cancer.  A 2D cell model using 

adenocarcinoma mammary gland fibroblasts were exposed to CaS NS and the interaction 

between them led to the decline of the carcinoma fibroblast population.  Exposure of normal or 

non-cancerous fibroblasts from breast cancer tissue to CaS NS did not affect significantly the 

population growth of the cells.  Although further studies using a 3D cell model and 

bioavailability are required to confirm and improve upon our findings, we suggest this material 

as a convenient, non-heavy metal based nanomaterial that can be used as a therapeutic agent for 

breast cancer cells. 

     Lastly, in chapter VII we present the conclusions of our work and an outlook at the future 

venues of inquiry that have been opened by the results presented here.  
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Chapter II 

Objectives 

 

The objectives of this dissertation are the following: 

1. To develop a heavy metal-free quantum dot that can be used as an alternative, 

biocompatible and “green” option to several, fully developed nanomaterials based on 

heavy metals such as cadmium and lead.  

2. To study the physical and chemical properties of calcium sulfide (CaS) nanostructures 

and compare different synthesis routes for the development of this nanomaterial. 

3. To study the vibrational and optical transitions of CaS nanostructures to understand the 

relationship between aggregate number and direct/indirect band gap.  

4. To employ CaS nanostructures as a potential biomedical tool in the treatment of breast 

cancer by studying the interaction of carcinoma fibroblasts and their healthy analog with 

CaS.  
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Chapter III 

Synthesis and characterization of calcium sulfide nanoparticles: towards the development 

of cadmium free fluorescent nanostructures 

1. Introduction  

     Major limitations in the application of nanotechnologies in clinical practices include 

toxicology,
1–3

 lack of biodegradability,
4–7

 and size to facilitate elimination by the body. 
8–12

  

Compared to many popular nanomaterials- including the noble metals and magnetic 

nanoparticles- calcium based nanostructures are promising bio compatible inorganic materials.  

Calcium is the most abundant mineral in the human body. 
13

  It plays major roles in bones, 

extracellular fluid, protein structures and cell communication, among others. 
14

  Sulfur, on the 

other hand, is present in the human body mostly in organic compounds like proteins. 
15

  Thus, 

CaS nanostructures have the potential to play an important role as cadmium-free nanoscaled 

semiconductors with applications in bioimaging,
16–22

 and in vivo labeling, 
23–25

 and sensing,
26–30

 

and for drug delivery systems. 
31–34

  In addition, CaS is proposed as a biocompatible source of 

H2S, 
35,36

 and sulfur oxides in chemical fertilizers, 
37

 and components in photovoltaic cells.
26

  

Thus, the chemical and physical properties of calcium sulfide (CaS) nanostructures are of interest 

due to the wide number of applications that are foreseen for environmentally friendly fluorescent 

nanostructures.   

     We report on the synthesis and optical properties of CaS nanostructures.  We found that CaS 

nanostructures prepared by the various methods- illustrated in scheme 1-, including (1) the 

reaction of Ca(CH3CO2)2 and Na2S in DMSO, (2) the reaction of Ca(CH3CO2)2 and DMSO in a 

microwave and (3) dissolving bulk quantities of CaS in DMSO have similar absorption and 
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emission spectra.  Metathesis, or double ion exchange reaction between Ca
2+

 and S
-2

 ions results 

in the spontaneous formation of a colored solution.  Indeed, approximately 8 kJ/mol are released 

in the reaction: 

𝒏𝑪𝒂𝟐+ + 𝒏𝑺𝟐−  → (𝑪𝒂𝑺)𝒏 Reaction 3.1 

     The molecular level energy associated with the use of microwaves to heat up chemical 

reactions, on the other hand, offers the unique advantage to stop the decomposition of DMSO 

and turn “on” and “off” the CaS synthesis process according to the following process: 

𝑪𝒂𝟐+ +𝑫𝑴𝑺𝑶 
"𝒐𝒏/𝒐𝒇𝒇"
→     (𝑪𝒂𝑺)𝒏 + 𝒐𝒕𝒉𝒆𝒓 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒔 Reaction 3.2 

     Finally, dissolving bulk quantities of CaS powder in DMSO results in dispersions that are free 

of counter ions like CH3CO2
-
 and Na

+
.  The absorption spectra of CaS prepared from these 

methods consists of a well-defined peak in the UV and a long wavelength tail that extends above 

700 nm.  Emission bands centered at 400 and 500 nm with a long wavelength tail that extends 

above 600 nm are observed upon excitation at 310 and 405 nm, respectively.  STM 

measurements reveal the formation of CaS nanoparticles with an average diameter (3.2 ± 0.7) 

nm.  No counterpart is found in the optical properties of the nanostructures with the absorption 

spectra of CaS in gas phase and bulk material in the solid state.  A model involving indirect 

transitions is proposed to explain the strong absorption features of the nanostructures in the 

visible and near IR regions. 
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Scheme 3.1: CaS nanostructures are prepared by various methods including (1) the reaction of 

Ca(CH3CO2)2 and Na2S in DMSO, (2) the reaction of Ca(CH3CO2)2 and DMSO in a microwave 

and (3) dissolving bulk quantities of CaS in DMSO.  The particles are found to emit light at 500 

nm following excitation at 405 nm. 

 

EXPERIMENTAL PROCEDURE 

     Calcium acetate (Ca(CH3CO2)2, Fisher Scientific, CAS no. 62-54-4) was used as the source of 

calcium ions in the chemical processes reported here.  Sodium sulfide (CAS no. 1313-82-2) was 

used without further purification as the source of sulfur for the ion exchange synthesis of CaS. 

1 

2 

3 
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The desired amount of the reactants employed was measured using a Metler Toledo AT 20 

microbalance.  The reactants were dissolved in DMSO and sonicated for 15 minutes prior to 

mixing in a vial, where the resulting dispersion was stored for further measurements.  CaS was 

also prepared from the reaction of Ca(CH3CO2)2 and DMSO in a microwave.  A solution 

containing calcium acetate in DMSO was prepared.  This solution was heated in cycles of 5-

seconds “on” and 15-seconds “off” in a microwave oven.  This process was repeated for up to 15 

intervals, for a total of 75 seconds of exposure to microwave radiation.  CaS was also dissolved 

with DMSO in a vial.  UV-Vis absorption spectroscopy measurements were performed using a 

PC 2000 Ocean Optics UV-Vis spectrograph.  Emission spectroscopy measurements were 

performed using a Shimadzu Spectrofluorophotometer RF-5301PC (Kyoto, Japan) using a high 

pressure mercury arc lamp or an E3 laser (Wicked Laser, USA) operating at 405 nm and an OP 

spectrometer.  STM measurements were performed in Nanosurf Easyscan E-STM a using a 0.25 

mm Pt0.8Ir0.2 wire and a bias voltage -0.25 V.   

3. Results 

3.1  UV-Vis absorption and fluorescence measurements 

     The solid and dense dots in figure 3.1 represent the absorbance and fluorescence spectra, 

respectively, of (a) sample prepared by dissolving 7 x 10
-5

 moles of CaS in DMSO, (b) a mixture 

of solutions of Ca(CH3COO)2 and Na2S in DMSO and (c) the product of the microwave 

mediated reaction of Ca(CH3COO)2 with DMSO.  The absorbance spectra are dominated by a 

long wavelength tail that extends from the UV to over 800 nm.  The fluorescence spectra were 

obtained with a 405 nm excitation.  The fluorescence spectra are dominated by a strong band 

centered around 500 nm and a long wavelength tail that extends above 650 nm.  The structure of 
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the fluorescence spectra is consistent with the fluorescence spectrum of CaS thin films 
38

 and 

nanocrystals. 
39
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Figure 3.1: The solid and dense dots represent the absorbance and fluorescence spectra, 

respectively, of (a) sample prepared by dissolving bulk CaS in DMSO, (b) a mixture of solutions 

of Ca(CH3CO2)2 and Na2S in DMSO and (c) the product of the microwave mediated reaction of 

Ca(CH3CO2)2 with DMSO. 
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     Interestingly, the absorption and fluorescence spectra of the CaS prepared is nearly 

independent of the method employed for the preparation.  This is significant, particularly in the 

case of the dispersion prepared by dissolving bulk CaS in DMSO.  If the dissolution of bulk CaS 

in DMSO involves free Ca
2+

 and S
-2

 ions, then one would have expected to obtain a clear 

solution, similar to the ones obtained with free Ca
2+

 and S
2-

 ions in DMSO.  Instead, a colored 

solution with the absorption and emission spectrum indicated in figure 3.1 was always obtained 

when bulk CaS was dissolved in DMSO.  This led us to conclude that CaS nanostructures are 

formed in the dispersion of bulk CaS in DMSO.  These structures were characterized with STM 

measurements.     

3.2  STM measurements.  

     Selected STM images of regions of a deposit of CaS on MoS2 are illustrated on figure 3.2.  

The 100 x 100 nm
2
 image on the left hand side contains a step that is about 3.5 nm in height 

followed by a region that is densely packed with CaS nanoparticles.  The average roughness 

observed in this region corresponds to (1.5 ± 0.2) nm, measured in different regions of two 

independent 100 x 100 nm
2
 scans.  This value is about 0.5 nm higher than on the substrate.  The 

STM image on the right hand side, on the other hand, corresponds to an independent 50 x 50 nm
2
 

scan of the indicated area.  No specific overall order can be established, although certain degree 

of order can be spotted in certain regions of the image.  The particle size distribution obtained 

from the analysis of three independent scans is displayed on the bottom of the figure.  The 

particles range in size from 1.6 to 5.2 nm with a peak at 3 nm.  The average particle size is (3.2 ± 

0.7) nm, where the uncertainty corresponds to one standard deviation (1 ).     
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Figure 3.2: The left and right hand side represent selected STM images of independent 

measurements of 100 x 100 nm
2
 and 50 x 50 nm

2
 regions of a deposit of CaS on MoS2, 

respectively.  The particle size distribution obtained from the analysis of three independent scans 

and height of a selected scan line are displayed on the bottom of the figure. 

 

3.3  Effect of initial calcium concentration. 

3.3.1  Absorption measurements as a function of initial calcium concentration.  

     The dependence of the absorption spectra of dispersions of Ca(CH3CO2)2 and DMSO warmed 

in the microwave on initial calcium concentration are displayed on Figure 3.3.  The dispersions 
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of Ca(CH3CO2)2 and DMSO were warmed in the microwave for 75 seconds and allowed to cool 

to room temperature prior to the measurements.  An image of the resulting dispersion, labeled 0 

to 5, is also displayed on the bottom panel of Figure 3.4.  The numbers employed corresponds to 

various initial Ca(CH3CO2)2 to DMSO concentration ratios indicated in the figure caption.  The 

dependence of the onset of light absorption is a function of initial [Ca(CH3CO2)2]/ [DMSO] ratio 

is illustrated on the bottom part of the figure.  The spectrum of DMSO and Ca(CH3CO2)2 

exhibits little absorption below 300 nm and is transparent in the visible.  The spectrum that 

corresponds to an initial [Ca(CH3CO2)2]/ [DMSO] ratio of 3 x 10
-4

 has a well-defined absorption 

peak centered at 340 nm.  The peak red-shifts upon increasing the initial [Ca(CH3CO2)2]/ 

[DMSO] ratio to 6 x 10
-4

.  There is a significant change in the appearance of the absorption 

spectrum when a [Ca(CH3CO2)2]/ [DMSO] ratio  of 12 x 10
-4

 is reached.  The spectrum has a 

broad absorption band below 300 nm followed by a gradual and well defined decrease in 

absorbance that starts at about 460 nm and extends above 600 nm.  The absorbance between 300 

and 400 nm and the onset of light absorption shifts slightly toward longer wavelengths with 

increasing the [Ca(CH3CO2)2]/ [DMSO] ratio.   
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Figure 3.3: The absorption spectra of dispersions CaS prepared with the indicated initial 

warmed in the microwave on initial Ca(CH3CO2)2 /DMSO mole ratio.  The dependence of the 

onset of light absorption and a picture of the samples are indicated on the lower part of the 

figure.  The numbers in the sample’s picture corresponds to the initial [Ca(CH3CO2)2]/[DMSO] 

concentration ratio indicated from bottom to top in the figure. 
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Figure 3.4:  The fluorescence spectra of various solutions of CaS prepared from the microwave 

mediated reaction between Ca(CH3CO2)2 and DMSO as a function of the relative initial CaS 

concentration. The open and closed circles in the bottom panel represent the dependence of the 

absorbance at 405 nm and the fluorescence peak area on the [CaS] relative concentration, 

respectively.   The insert is a plot of the fluorescence peak area as a function of the amount of 

light absorbed at 405 nm by each sample in the dilution sequence. 
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3.3.2  Fluorescence measurements as a function of calcium sulfide concentration. 

     Figure 3.4 summarizes the fluorescence spectra of various solutions of CaS prepared from the 

microwave mediated reaction between Ca(CH3CO2)2 and DMSO as a function of the relative 

CaS concentration.  The CaS concentration was varied by diluting the solution that results from 

the microwave mediated reaction between Ca(CH3CO2)2 and DMSO with an initial 

[Ca(CH3CO2)2]/[DMSO] ratio of 0.0001.  The open and closed circles in the bottom panel of 

Figure 3.4 represent the dependence of the absorbance at 405 nm and the fluorescence peak area 

on the [CaS] relative concentration, respectively.  The absorbance at 405 nm and fluorescence 

peak area increase linearly with the [CaS].  The insert in the same figure is a plot of the 

fluorescence peak area as a function of the amount of light absorbed at 405 nm by each sample in 

the dilution sequence displayed on the same figure.  A quantum yield of (0.16 ± 0.02) is obtained 

from a comparison of the slope of the dependence of the fluorescence peak area with the amount 

of light absorbed by the CaS prepared from the microwave mediated reaction between 

Ca(CH3COO)2 and DMSO with the corresponding slope obtained for rhodamine 6 G. 
40

 

4. Discussion 

     Semiconducting nanocrystals, also known as quantum dots, display physical and chemical 

properties that differ from their bulk counterparts.  Quantum confinement effects are shown to 

vary proportionally with size.  This is because, when the size of the nanoparticle decreases, the 

number of electronic states diminishes and the quantum oscillations are stronger, but spread over 

fewer levels.  Also, because of their semiconducting nature in this scale, quantum dots exhibit an 

onset on the UV-Vis absorption spectrum which is directly proportional to the nanoparticle size. 

We can see in Figure 3.3 the red shift of the absorption onset as a function of Ca / DMSO ratio. 
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The solution also changed color from a very light yellow to an intense orange and the emission 

wavelength when excited at 405 nm also shows this red shift associated with quantum 

confinement.  Other important factor affecting the nanoparticle emission wavelength is the 

presence of “trap states”.  Trap states appear when there is a relaxation process that involves less 

energy, such as an electron vacancy between the valence and conduction band.  They can appear 

when a material is doped with a second type of atom or molecule, resulting in a controlled red 

shift in emission, and also when coordinated or bonded to an exogenous species, leading to a 

potential application in sensing of specific target molecules.  A third possibility arises when we 

consider the imperfections of the material.  An imperfection can occur in a permanent context, 

when we consider defects such as steps and different cuts in the crystal structure that can lead to 

a small shift in the band gap of the material.  Another type of imperfection can arise when we 

consider the contributions from the phonon modes.  Vibrations in a nanoparticle play an 

important role in the indirect band gap of a material.  This happens when the valence to 

conduction band transition involves not only a photon of frequency, but also a phonon.  Indirect 

band gaps, then, depend on the morphology of a material as well as the electronic structure.  This 

possibility is being studied in this work and will be presented in more detail in chapters IV and 

V. 

Conclusions 

     The optical properties of CaS nanoparticles prepared by various methods, including (1) the 

reaction of Ca(CH3CO2)2 and Na2S in DMSO, (2) the reaction of Ca(CH3CO2)2 and DMSO in a 

microwave and (3) dissolving bulk quantities of CaS in DMSO are found to be similar.  The 

absorption spectra of CaS prepared from these methods consists of a well defined peak in the UV 

and a long wavelength tail that extends above 700 nm.  Emission bands centered at 400 and 500 
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nm with a long wavelength tail that extends above 600 nm are observed upon excitation at 310 

and 405 nm, respectively.  STM measurements reveal the formation of CaS nanoparticles with an 

average diameter of (3.2 ± 0.7) nm.  Light absorption by the particles is proposed to have 

significant contributions from indirect transitions and/or point defects, and will be discussed in 

more detail in chapter V. 
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Chapter IV: 

Nucleation and growth process in calcium sulfide: towards the understanding of the 

stability of small aggregates   

 

1. Introduction 

     In this chapter we report theoretical calculations on the light absorption and light emission 

properties of (CaS)n nanoclusters.  The calculated spectra were then compared against 

experimental values obtained by the synthesis of CaS nanostructures using microwave irradiation 

using calcium acetate and DMSO as the source of calcium and sulfur, respectively.  UV-Vis 

spectra calculated using configuration interaction singles (CIS) method for (CaS)n clusters with 1 

≤ n ≤ 5 were compared with the experimental values obtained.  Vibrational data from the CaS 

were calculated using several functional/basis set combinations, compared against one another 

and against experimental data obtained and reported in the literature.  Results on optimized 

structures of (CaS)n clusters in the gas phase and in DMSO are also presented.  We found that 

stepwise formation of (CaS)2 and (CaS)3 is energetically favored in the gas phase.  A significant 

energy barrier is found in the addition of monomers to the dimer in DMSO.  (CaS)2 is the most 

likely cluster predicted to exist in DMSO at the early stages of nucleation.      

    2. Discussion 

2. 1 Absorption and emission spectra of CaS nanostructures.  

     Colored dispersions are formed when tansparent solutions of Ca(CH3CO2)2 in DMSO are 

exposed to microwave radiation, as established in the previous chapter in Figure 3.3b and 3.3 c.  



 

 

41 
 

The absorption spectra of CaS dispersions as a function of the initial Ca(CH3CO2)2 to DMSO 

mole ratios are illustrated on Figure 3.3a.  The absorption spectra have a well-defined band in the 

UV and long wavelength absorption features that extends to the near IR.  The absorption edge 

depends on the initial Ca(CH3CO2)2 in DMSO ratio and ranges from the UV to as high as 750 nm 

in the near IR.  

     The changes in the absorption spectra experienced by a solution with a Ca(CH3CO2)2 in 

DMSO ratio of 10
-3

 to different exposure times of microwave radiation are displayed on Figure 

4.1.  The spectrum of the dispersion prepared by exposure to microwave radiation by 20 seconds 

is dominated by a band centered at 275 nm.  Further increase in microwave exposure time results 

in an increase in the intensity of this band and absorption at longer wavelengths.  There is no 

significant change in the spectra following exposure to microwave radiation by 40 seconds.  The 

spectrum of the dispersion that results from exposing the solution to microwave radiation for 80 

seconds is dominated by absorption that starts in the UV and extends to above 600 nm.   
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Figure 4.1: Absorption spectrum of Ca(CH3CO2)2 in DMSO mole ratio of 10
-3

 to different 

exposure times of microwave radiation.  

 

     The emission spectra of a CaS dispersion in DMSO is presented in figure 3.4. The emissions 

spectra are obtained following excitation at 405 nm.  The emission spectrum of the dispersion 

with a 3 x 10
-4

 Ca(CH3CO2)2 to DMSO ratio has a well defined band centered at 497 nm and 

extends to 750 nm in the emission spectrum.  A quantum yield of 16 % is determined from a plot 

of the emission peak area as a function of the absorbance at 405 nm.     

3.2 Theoretical calculations for CaS  

3.2.1 Theoretical calculations of CaS monomers.   

     Table 4.1 sumarizes the results of calculations on the CaS monomer at various levels of 

density functional theory (DFT).  Ca-S is a linear molecule with a C∞v point group symmetry. 
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Bond lentghs ranged from 2.27846 Å at the LSDA/DGDZVP functional/basis set to 2.64759 Å at 

the B3LYP/LANL2MB level of theory.  Solid CaS has a face centered cubic cell of calcium ions 

inserted in a face centered cubic cell of sulfur.  The lattice parameter is 5.689 Å and the Ca-S 

distance is 2.85 Å. 
1
  A bond lentgh of 2.38626 Å in gas phase CaS has been reported from 

rotational spectroscopy measurements. 
2
  Thus the calculated Ca-S distances are between 80 and 

93 % of the known Ca-S distance in solid calcium sulfide and within 90 to 95 % from the gas 

phase value.  The range of vibrational frequencies calculated is from 340 to 490 cm
-1

, which are 

within 75 to 90 % of the experimental value of 430 cm
-1 

in the gas phase. 
3 
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Table 4.1: Results of the geometry optimization, formation energy from the respective atoms (ΔEa), formation energy from the 

respective Ca
2+

 and S
2-

 ions (ΔEi), frequency, Ca-S bond length of optimized monomer, dipole moment and percent ionic character 

calculated for the gas phase monomer using several functional and basis set combinations. 

 

Functional / 

Basis set 

Energy 

(hartrees) 

ΔEa 

(hartrees) 

ΔEi 

(hartrees) 

frequency 

(cm
-1

) 

bond 

length 

(Ǻ) 

calcium 

charge 

Dipole 

moment 

(D) 

% ionic 

character 

B3LYP / 

DGDZVP 
-1075.698219 -0.18739229 -0.94417475 470.075 2.32185 0.637 10.1647 

 

74 

B3LYP / 6311G -1075.778099 -0.13255007 -0.84012773 341.615 2.58633 0.946 11.3279 
 

83 

B3LYP / 

LANL2DZ 
-46.64111339 -0.11570448 -0.92899262 352.743 2.60947 0.743 9.6856 

 

71 

B3LYP / 

LANL2MB 
-46.62627239 -0.10168505 -1.07319081 340.125 2.64759 0.62 7.9656 

 

58 

B3PW91 / 

DGDZVP 
-1075.582842 -0.20035876 -0.9350466 482.168 2.30429 0.677 10.6357 

 

78 

LSDA / DGDZVP -1073.227823 - -0.9780947 490.238 2.27846 0.57 9.4291 
 

69 

PBEPBE / 

DGDZVP 
-1075.27923 - -0.95936584 468.785 2.3129 0.608 9.5794 

 

70 
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      The ionic or polar covalent bond and a pure covalent bond is always the basis of argument.  

The electronegativities of calcium and sulfur, according to the Pauling scale of 

electronegativities, are 1.00 and 2.58, respectively.  The difference in electronegativities between 

calcium and sulfur is consistent with a covalent polar bond.  A reasonable measure of the percent 

of ionic character can be obtained by comparing the electronegativities of the elements involved 

according to: 

% 𝑖𝑜𝑛𝑖𝑐 𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟 =  (1 − 𝑒−0.25∗(𝑋𝑎−𝑋𝑏)
2
) ∗ 100    Equation 4.3 

     Where Xa and Xb represent the electronegativies of the elements that are involved in the bond. 

The use of the electronegativities of calcium and sulfur in Equation 4.3 gives a 46 % ionic 

character and a 54 % covalent character for the Ca-S bond.  The percent of ionic character can 

also be estimated from a comparison of the dipole moment () in a bond and the dipole moment 

of the corresponding interatomic distance times the charge (eR) if it was completely ionic: 

% 𝑖𝑜𝑛𝑖𝑐 𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟 =  (
𝜇

𝑒𝑅
) ∗ 100               Equation 4.4 

     The percent of ionic character calculated with Equation 4.4 using the dipole moments 

determined  theoretically for different functional/basis set combinations are indicated in the last 

column of Table 4.1.  For the calculation of the eR factor in the denominator, we have used the 

Ca-S bond lentgh of 2.38626 Å which corresponds to a dipole moment of 13.6527 D for a CaS 

with a 100 % ionic bond character.  The percent of ionic character ranges from 58 at the 

B3LYP/LANL2MB to 83 for B3LYP/6311G levels of theory.  Thus the percent of ionic 

character obtained using B3LYP/LANL2MB are in closer agreement with the percent ioinic 

character predicted by Equation 4.3 based on the difference in electronegativity between calcium 

and sulfur.  
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2.2.2 Experimental and theoretical absorption spectra of CaS monomers.   

     The simulated absorption spectrum of the CaS monomer in the gas phase is illustrated in 

figure 4.2.  The absorption spectrum of CaS was obtained at the CIS/DGDZVP level of theory.  

The absorption and emission spectra of CaS monomers in the gas phase have been determined 

experimentally.  The ground state of the CaS monomer in the gas phase is X
1


+
.  Emission 

measurements place the B
1


+
 excited electronic state between 1.6 and 2.0 eV (774 to 614 nm) 

above the X
1


+
 ground state. 

2,3 
 The existence of additional excited states, G

1
 and F

1
 and 

F
3
 have been established by independent emission measurements. 

4
  These states are between 

2.9 and 3.0 eV (413 to 427 nm) above the ground electronic state.  The A
1
 state, on the other 

hand, has been estimated to be about 16260 cm
-1

 below the G
1
 state from fluorescence 

measurements, about 7470 cm
-1

 or 0.93 eV (1333 nm) above the X
1


+
 ground state.  Thus there 

are a number of electronic transitions that have been observed in gas phase of CaS over a wide 

range of wavelengths from the ultraviolet to the near IR region. 
5–7
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Figure 4.2: The upper and lower panel are the calculated absorptions spectra of CaS monomers 

in the gas phase and in DMSO between 190 and 1500 nm, respectively.  The insert is the 

absorption spectrum of a dispersion with a Ca(CH3CO2)2 to DMSO ratio of 3 x 10
-4

.   

 

     The electronic transitions calculated are in close agreement with the observed transitions CaS 

monomers in the gas phase reported above.  The calculated spectrum of calcium sulfide 

monomers, using B3LYP/DGDZVP, is dominated by strong bands centered at 302 nm and 537 

nm and a weaker band at 1262 nm.  The calcium sulfide HOMO is a doubly degenerate  orbital 

with a strong contribution from the sulfur 3p orbitals perpendicular to the molecular axis and a 
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smaller contribution from the calcium 3d orbital.  The LUMO is a  hybrid orbital dominated by 

the calcium 4s.  The HOMO to LUMO transition is predicted  to occur at approximately 1262 

nm.  The energy level diagram is shown in Figure 4.3.  The transitions in the visible region of the 

spectrum are predicted to result from electrons excited from the HOMO to high level empty 3d 

orbitals localized in the calcium as well as from the sulfur 3s to the LUMO.  These transitions 

result in a broad band centered at 532 nm.  The transitions in the UV region, on the other hand, 

result from excitations from the double degenerate HOMO to empty calcium 3d orbitals.  These 

transitions are expected to occur between 253 and 393 nm with a peak at 302 nm.  The HOMO to 

LUMO transitions occur at much shorter wavelentghts in the highly symmetric (CaS)2 and 

(CaS)3 clusters.  In the (CaS)4 and (CaS)5 clusters the lowest energy HOMO to LUMO 

transitions are predicted to occur in the near IR.  This is an important prediction since materials 

with optical properties in the near IR are expected to have important applications for in vivo 

labeling measurements where the interference with light absorption and emission by body fluids 

can be minimized. 
8,9 
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Figure 4.3: Energy level diagram of the occupied and empty orbitals of CaS.  The doubly 

degenerate  and the  orbitals are indicated on the right hand side of the figure. 

 

     We have also studied the effect of the DMSO in the emission spectra of CaS monomers.  The 

emission spectrum of CaS in DMSO is displayed in Figure 3.1.  The spectrum is dominated by 

transitions at 190 nm and 270 nm.  The dielectric constant of the DMSO has the effect of 

removing all light absorption in the visible and near IR regions of the electromagnetic spectrum.  

The experimental spectrum of CaS obtained with a Ca(CH3CO2)2 to DMSO ratio of 3 x 10
-4

 is 

displayed as an insert in Figure 4.2.  The spectrum is dominated by a single band at 270 nm and 

long wavelentgh tail that extends to the visible.  The band at 270 nm is predicted to result from 

HOMO to LUMO transitions in CaS monomers in DMSO.  Our UV-visible detector can not 

reach deeper in the UV which limits the observation of the band at 200 nm predicted by theory.  
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The long wavelentgh tail to the visible results from heterogeneities in the dispersion that results 

in the formation of structures with larger number of (CaS)n units.             

3.2.3 Experimental determination of absorption and emission spectra for (CaS)n 

     The absorption spectra predicted for (CaS)n clusters in the gas phase with aggregate number 

ranging from n=1 to n=5 is summarized on Figure 4.4.  We have included the predicted 

absorption spectra of the monomer discussed earlier for reference.  Absorption bands at 334 nm, 

537 nm and 1262 nm are predicted for the monomer in the gas phase.  The calculations predict 

transitions below 500 nm for the dimer (n = 2), trimer (n = 3) and tetramer (n = 4).  Transitions 

that extends to  near 2000 nm are predicted for two isomers of the clusters with n = 5.  Thus 

absorption at longer wavelentghs are expected for structures with agregation number larger than 

5.  Assuming that DMSO would have a similar effect on clusters with n = 5 as with the 

monomers, we expect larger clusters to have relevant optical transitions in the UV and visible 

range.     

 

 

 

 



 

 

51 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Absorption spectra between 190 and 2000 nm of optimized (CaS)n ,with 1 ≤ n ≤ 5, 

clusters. 

 

3.2.4 Energy considerations in the formation of CaS clusters 

     The physical processes involved in nanostructure synthesis are important to understand the 

different approaches for nanoparticle synthesis.  The process that governs the synthesis, that is to 

say, the size and morphology of the material, are usually explained using nucleation and growth 

theory.  Nucleation is the process that results in the formation of a new phase or structure by self 

assembly or self organization.  In the nucleation process free precursor atoms or molecules or 
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ions re-arrange themselves through a series of processes into a phase similar to the product and 

large enough to have the ability to grow in size irreversibly. 
10

  This process is governed to a 

large extent by the difference in chemical potential (∆𝜇) of the molecule in solution (𝜇𝑠) and in 

the bulk of the crystal (𝜇𝑐), given by equation 1.1: 

∆𝝁 = 𝝁𝒔 − 𝝁𝒄    

 Equation 1.1 

     The difference in chemical potential can also be expressed as: 

∆𝝁 = 𝒌𝑻 𝐥𝐧[𝒑𝒓𝒆𝒄𝒖𝒓𝒔𝒐𝒓𝒔]𝒔    

 Equation 1.2 

          A more detailed description of the classical nucleation and growth process can be found in 

chapter I.  The formation of CaS quantum dots can be explained using nucleation and growth 

theory. The precursors to the formation of monomer units are the S
2-

 ions, supplied by the 

microwave mediated decomposition of DMSO, and Ca
2+

 ions. 
11

  The formation of CdS clusters 

has been observed in the synthesis of CdS nanoparticles in a microwave-assisted reaction.  It that 

case, it was proposed that the formation of the nanoparticles occurs by the stepwise addition of 

monomer units and coupling of clusters.  Here, we establish that the formation of CaS monomers 

is energetically possible under the conditions of our experiments.  We assume that formation is 

initiated by the reaction of Ca
2+

 and S
-2

 ions to form CaS monomers.  Formation of a dimer 

(CaS)2, is then thought to occur by coupling two monomer units.  Such process requires that the 

cluster formed to be more stable than the precursor.  The dependence of the cluster energy on 

aggregation number is displayed on Figure 4.5 a.  Cluster energies are calculated at the 

B3LYP/DGDZVP level of theory.  The cluster energy decreases at a rate of about -2820.4 
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(kJ/mol) per aggregation number (n). The formation of clusters can be thought to occur by 

coupling a CaS monomer to the dominant structure in dispersion according to: 

(CaS)n  + CaS             (CaS)n+1           Reaction 4.1 

     The binding energy is defined as: 

𝑬𝑩 = −
𝑬𝒏

𝒏
+ 𝑬𝟏                  Equation 4.1 

     where E1 and En represent the energy of the first aggregate (monomer) and at the n
th

 aggregate 

number, respectively.  These values were calculated using the cluster energies discussed above.  

The results are presented on figure 4.5b.  These results suggest an increase in binding energy 

with increasing cluster size: the higher the binding energy the more stable the structure is.  A 

maximum value is reached when n = 3, with a decrease in energy for n = 4.  This suggests that 

the monomers and clusters with n = 2 and 3 will most likely be the dominant species in this 

system in the early stages of the nucleation process, because there is an energy barrier for n = 4 

and 5 clusters.  Figure 4.5c shows the change in total energy as a function of aggregate size.  The 

change in total energy is calculated as: 

E= En – En-1         Equation 4.2 

     A minimum is reached for the n = 2 aggregate, with a slightly less negative change in energy 

for the trimer and a dramatic increase for the n = 4 and n = 5 cases. 
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Figure 4.5: Results of theoretical calculation for a CaS clusters in the gas phase.  (a) Cluster 

energy as a function of aggregate number for (CaS)n, on the insert we can see the binding energy 

for (CaS)n as a function of aggregate number. (b) Change in energy as a function of aggregate 

number for (CaS)n. 

 

     The discussion presented in the previous paragraphs uses calculations performed on gas phase 

monomers and clusters.  Actually, the nucleation process takes phase in solution, where the new 

phase formed is solvated and stabilized by the solvent.  The nucleation in a process governed by 

Equation 1.3 and the balance of surface free energy of the new phase where the clusters are 
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trapped is an important factor to consider.  It is reasonable that, in the presence of an excess of 

solvent molecules, the surface free energy of the new phase that trap the small clusters remains 

nearly the same.  Under this assumption, then the energy of coupling clusters becomes an 

important term to consider. 

     Results of the energy change of CaS clusters with aggregation number n between 1 and 4 in 

the DMSO dielectric are summarized on figure 4.6.  The calculation predicts an energy barrier to 

form the trimer from the addition of monomer units to the dimer.  This is an important effect of 

the solvent: it can trap clusters of specific size by limiting its ability to polymerize through the 

addition of monomer units.  Coupling of two dimers to form a tetramer is possible but 

energetically uphill.  Thus the calculations predict that dimers are the most likely calcium and 

sulfide containing nanostructure at the early stages of nucleation.   
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Figure 4.6: Gibbs free energy to form calcium sulfide clusters by the stepwise addition of 

monomers as a function of aggregation number.  The insert represents the Gibbs free energy 

change associated with a nucleation process as a function of phase or particle size.  See text for 

details. 
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Chapter V 

Quantum Confinement Effects in Calcium Sulfide: The Role of Indirect Transitions in the 

Red Shift of the Band Edge in Semiconductor Nanoparticles 

 

 

1. Introduction 

     The chemical and physical properties of calcium sulfide (CaS) are of interest due to its 

applications as a controlled source of hydrogen sulfide (H2S) in the human body 
1,2

  as well as 

cadmium-free fluorescent nanomaterials for applications in bioimaging 
3
, labeling 

4
, sensing 

5
, 

photovoltaic components 
6
 and for drug delivery systems. 

7
  Calcium sulfide can be produced 

cost-effectively in large scales.  Despite its importance and potential applications, the 

spectroscopic properties of CaS are not well established.  On a review done by Smet, et al. 
8
 the 

potential of CaS as a luminescent material and proposed as cathodo-, photo- and luminescent 

material for LED applications is established.  CaS has been prepared as a phosphorescent 

material and doped with rare earth metals, among other metals for narrow wavelength emission. 
9 
 

Although this provides for an efficient method of preparing phosphorescence-based sensing 

materials, the cost of preparing these materials is elevated.  Also, there is a lack of understanding 

of CaS without doping as a luminescent material in its own right.  Absorption properties are also 

not being studied as well as emission spectra concerning doped CaS.  In this work we report on 

experimental and theoretical calculations on the light absorption properties of (CaS)n 

nanoclusters.  Light absorption by the CaS prepared from the reaction of Ca(CH3CO2)2 in DMSO 

exhibits a broad absorption band that extends from the UV to above 1000 nm.  A strong emission 

band at 500 nm (= 0.16) with a long wavelength tail that extends above 600 nm is observed in 
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the emission spectrum of the CaS excited at 405 nm.  The optical properties of (CaS)n 

nanoclusters are found to be sensitive to the nanocluster size.  Absorption features that extend 

from the ultraviolet to the visible range are observed in the monomer as well as the tetramer.  

Light absorption is predicted to extend to the near IR in clusters with n = 5.  Vibrational data 

from the CaS aggregates is calculated using several levels of theory and compared with one 

another and experimental data reported in the literature.    

2. Experiment 

     Calcium acetate (CAS no. 62-54-4, Fisher Scientific) was used as the source of calcium ions 

in the chemical process reported here.  CaS was prepared from the reaction of Ca(CH3CO2)2 and 

DMSO in a microwave.  A solution containing calcium acetate in DMSO (CAS no. 67-68-5) in a 

vial was prepared.  This solution was heated using a microwave in a process described by 

Ferrer.
10 

 UV-Vis absorption spectroscopy measurements were performed using a PC 2000 

Ocean Optics UV-Vis spectrograph.  STM measurements were performed in nanosurf easyscan 

E-STM a using a 0.25 mm Pt0.8Ir0.2 wire and a bias voltage -0.25 V.  Theoretical calculations on 

optimized structures were performed with the Gaussian 03 package using Gauss View 5.0 in a 

Windows PC environment. 
11

 

 

     3. Discussion  

3.1 Experimental determination of electronic spectra for (CaS)n 

     A representative 50 x 50 nm
2
 STM image of a CaS nanoparticle deposit with a [Ca]/[DMSO] 

ratio of 1 x 10
-4

 is displayed on figure 5.1a.  The particles have an average diameter of (3.2 ± 0.7) 

nm.  A clear solution is obtained when Ca(CH3CO2)2 is dissolved in DMSO.  The initial 

[Ca]/[DMSO] ratio is 3 x 10
-4

.  The solution turns into an orange dispersion when warmed in the 
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microwave for a total of 75 seconds (figure 5.1b).  The corresponding optical absorption 

spectrum is displayed on figure 5.1c.  The dispersion has a well-defined absorption band that 

ranges from 280 nm to over 600 nm.  The absorption is nearly constant at 0.3 units between 300 

and 580 nm, typical of semiconductor materials.  The fundamental band gap in solid CaS, on the 

other hand, is 4.43 eV. 
12

  The fundamental band gap is an indirect transition from the  to X 

states.  The direct gaps at the  and X points are 5.80 and 5.34 eV, respectively.  We can identify 

the fundamental band gap (4.43 eV) at about 283 nm in the spectrum displayed on figure 5.1b. 

Absorption at the longer wavelengths is of interest because it broadens the applications of this 

material. 
13

 

 

   

Figure 5.1: (a) A representative 50 x 50 nm
2
 STM image of a CaS NP deposit with a 

[Ca]/[DMSO] ratio of 1x10
-4

 is displayed on figure 1a. The particles are (3.2 ± 0.7) nm. (b) A 

clear solution (left side) is obtained when Ca(CH3CO2)2 is dissolved in DMSO, and it turns into 

an orange dispersion when warmed in the microwave for a total of 75 seconds (right side).(c) 

Absorption spectrum of CaS solution.  

 

 

     There are several models to correlate the direct band gap of a semiconductor particle with its 

diameter. 
14

 Bruss has elaborated a model for the dependence of band gap energy and particle 

size in spherical quantum dots (QD):  
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𝐸𝑔𝑎𝑝 𝑄𝐷 = ∆𝐸𝑔𝑎𝑝 𝑏𝑢𝑙𝑘 +
ℎ2

8𝑅2
∗ (

1

𝑚𝑒
+

1

𝑚ℎ
) − 1.8

𝑐2

4𝜋𝜀0𝜀𝑅
      Equation 5.1 

 

where Egap QD represents the band gap in the quantum dot, me and mh are the electron and hole 

masses, respectively, E(gap bulk) represents the band gap in the bulk material, h and 0 are 

Planck’s constant and the permittivity of vacuum,  is the dielectric constant of the solid. and R 

is the gas constant. 
15

  The term in the middle of equation 5.1 is the particle-in-a-box correction 

for the exciton and the last term is the contribution of the electron-hole Coulombic attraction. 

Traditionally the second term dominates as the particle size falls below the exciton Bohr radius, 

making the nanoparticle band gap larger than in the bulk material.  We are not aware of any 

measurements of the effective electron-hole mass of CaS, although it is known for a few other 

semiconductor nanoparticles.  Furthermore, knowledge of the effective mass is of little use to the 

case of CaS, which has indirect, in addition to direct, band gaps.  An approach to describe 

quantum confinement effects in indirect band gap semiconductor nanostructures has been the 

subject of a few studies. 
16

  Even tensile strain has been found to induce a transition from direct 

to indirect semiconductor in germanium quantum dots and self-assembled quantum dots. 
17

  

Attempts to accommodate experimental observations into a single model may be a difficult task 

due to the dependence of band structure on particle size and morphology as well as on 

vibrational frequency and phonon dispersion characteristics.  The absorptivity coefficient () in 

indirect semiconductors is related to the band gap (E(gap bulk)) and phonon energy (Ephonon) 

according to: 

  

                       (𝐴𝐸0)
1

2 𝛼 𝐸0 − Δ𝐸(𝑔𝑎𝑝 𝑏𝑢𝑙𝑘) ± 𝐸𝑝ℎ𝑜𝑛𝑜𝑛                       Equation 5.2 
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where E0 represents the incident photon energy and the plus (+) or minus (-) sign holds in the 

case of light absorption or emission by the phonon, respectively.  In the case of direct transitions, 

on the other hand, the absorptivity is related to the band gap according to: 

 

                       (𝐴𝐸0)
2 𝛼 𝐸0 − ∆𝐸(𝑔𝑎𝑝 𝑏𝑢𝑙𝑘)                                           Equation 5.3 

 

where E0,and E(gap bulk) were defined above.  Experimentally, indirect and direct band gap 

energies are determined by considering the energy at which the absorptivity coefficient () falls 

to zero.  Rigorously, the intercept in the coordinate axis of plots of (E0)
1/2

 or (E0)
2
 as a 

function of incident photon energy (E0) represents the indirect or direct band gap energy, 

respectively.  The indirect band gap in CaS is located at lower energies than the direct band gap.  

As a result, indirect band gaps are easier to locate in the optical absorption spectrum.  The upper 

and lower side panels in figure 5.2 represent plots of (E0)
2
 and (E0)

1/2
 as a function of incident 

photon energy.  The values of (E0)
2
 and (E0)

1/2
 are deduced from the absorption spectrum of 

the dispersion prepared by dissolving solid CaS in DMSO at room temperature.  This solution is 

free of Na
+
 and CH3CO2

-
 ions that are present in dispersions prepared from the reaction of Na2S 

and Ca(CH3CO2)2 or DMSO and Ca(CH3CO2)2 in a microwave.  The indirect band gap energy is 

obtained from the initial rise in (E0)
1/2

 as a function of energy.  We estimate indirect and direct 

band gaps of (0.403 ± 0.003) eV and (4.135 ± 0.006) eV from the plots of (E0)
1/2

 and (E0)
2
 as 

a function of incident photon energy displayed on figure 5.2. 
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Figure 5.2: Plots of (E0)
1/2

 and (E0)
2
 as a function of incident photon energy, deduced from 

the absorption spectrum of the dispersion prepared by dissolving solid CaS in DMSO at room 

temperature.   

 

 

     The absorption of energy by a phonon has the effect of reducing the observed onset of light 

absorption by an amount of (Ephonon - E(gap bulk)).  This difference, however, ignores quantum 

size effects of the phonon.  The dispersion of the phonon frequency () is a periodic function 

between –/a < k < /a, where k and a are the wave vector and the unit cell length.  Changes in 

the bond lengths and lattice parameters will result in changes in the phonon frequency and 

energy (Ephonon) that will be reflected in the indirect band gap.  Indeed, changes in the lattice 

parameters of nanoparticles resulting from microstrain are known to cause shifts in the optical 

branch of several semiconductor nanoparticles. 
18

  The optimized structure of a cube of CaS 

containing 4 monomer units is displayed on Figure 5.3.  There are 18 vibrational modes in this 

cluster.  The “breathing” mode of the cube is an asymmetric deformation mode that exhibits the 

largest displacement of the Ca
2+

 and S
2-

 ions with respect to the equilibrium positions.  The 

largest displacements are found along the X and Y axis.  Assuming that the cube is an adequate 
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representation of the CaS cell, one would expect this mode to have the strongest contribution to 

indirect band gap contributions in the CaS NP. 

 

Figure 5.3: Optimized structure of a cube of CaS containing 4 monomers, with a “breathing” 

mode deformation. 

 

 

     Table 5.1 summarizes the sum of the vibrational frequencies of all the modes found in the 

optimized structures of several CaS nanoclusters.  The sum of the vibrational frequencies 

increases with the number of monomer units in the cluster until it saturates between 0.516216 

and 0.555329 eV.  The average value of the sum of the frequencies among these clusters is 

0.549397 eV.  This value will reduce the band gap from 4.43 eV to 3.88 eV or 320 nm. The 

difference between the prediction by equations 2 and 3 with the experimental data may result 

from solvent effects not taken into account in our calculations or defects on the semiconductor 

NP, in particular, the formation of non-stoichiometric nanostructures. Solvent effect can have the 

effect of suppressing electronic transitions because of the change in electron density in the 

materials when interacting with the solvent. Defects in the materials might change the band gap 

because it changes the electron-hole concentration of the material, causing a shift in the valence 

and conduction bands. 
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Table 5.1: Sum of the vibrational frequencies of all the modes found in the optimized structures 

of several CaS nanoclusters with aggregate number 1 ≤ n ≤ 5.  

 

     An alternative explanation for the observed light absorption in the visible is the formation of 

defects in the nanostructures.  Indeed, cation and anion vacancies are known to play an important 

role in the thermo luminescence of polycrystalline CaS. 
12

  Observed glow peaks have been 

attributed to the presence of “hole” traps as well as electron traps due to intrinsic point defects in 

CaS.  The existence of electron traps or donors-at a depth of 0.3 eV from the bottom of the 

conduction band- as well as shallow hole traps or acceptors- at a depth of 1.0 eV from the top of 

the valence band- have been proposed to account for the observed glow curves in CaS.  The 

average particle size is 3.2 nm.  The particle size range reported here is 1.6 to 5.2 nm with a 

distribution of (3.2 ± 0.7) nm, where the uncertainty represents one standard deviation.  It is 

difficult to spot point defects in a sample with the particle size range and broad particle size 

distribution reported here.  Thus our measurements cannot allow us to distinguish the role of 

defects to the optical properties of the CaS nanostructures reported here.   
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Conclusions 

     The optical properties of CaS nanoparticles prepared by the reaction of Ca(CH3CO2)2 and 

DMSO in a microwave have been determined by UV-Vis spectroscopy and compared with 

theoretical calculations.  The absorption spectra of CaS prepared experimentally from this 

method consists of a well-defined peak in the UV and a long wavelength tail that extends above 

700 nm.  Emission bands centered at 500 nm with a long wavelength tail that extends above 600 

nm is observed upon excitation at 405 nm.  STM measurements reveal the formation of CaS 

nanoparticles with an average diameter of (3.2 ± 0.7) nm. Light absorption by the CaS structures 

is proposed to have significant contributions from indirect transitions and/or point defects.  From 

the vibrational transitions we found that the Ca-S bond length calculated using 

DFT/B3LYP/DGDZVP level of theory is in closer agreement with experimental values found in 

the literature for gas phase CaS.       
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Chapter VI 

 

Effect of CaS nanostructures on the proliferation rate of human 

adenocarcinoma cells in vitro 
 

 

 

1. Introduction 

     Advances in the development of structured nanomaterials have a positive impact in the 

development of cancer treatments as well as in vitro detection and in vivo imaging. 
1-4

  

Engineering nanostructured materials for cancer therapy requires careful consideration of 

nanostructure shape and dimensions, surface charge, chemical composition, shape, 

hydrophobicity, as well as ligand size, orientation, density and charge. 
5
  These factors are 

important and relevant to the toxicology, specificity and clearance of the therapeutic agent in the 

human body.  Representative nanotechnology applications for cancer diagnosis and treatment are 

summarized on Table 1.1. Nanotechnologies employed include: liposomes, nanoparticles, 

polymeric micelles, dendrimers, nanocantilevers, carbon nanotubes and quantum dots. The most 

common applications for these materials vary, with liposomes, dendrimers and polymeric 

micelles usually being employed as encapsulating agents and drug delivery vehicles, 

nanoparticles and quantum dots as therapeutic agents, functionalized carbon nanotubes as 

platforms for both therapeutic agents and drug delivery systems.  Functionalized nanocantilevers 

have tremendous potential for single molecule detection in vitro.    
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     Metastasis accounts for nearly 90 % of cancer deaths. Structures with sizes that range from a 

few Angstrom up to 5.5 nm are small enough to enter the smallest vasculature in healthy humans 

and new vasculature developed by angiogenesis and target metastatic cells that spread primary 

cancer tumors into the circulating system.  Structures in that size range are adequate for renal 

clearance (threshold value of ~5.5 nm) 
6
 and can penetrate a cell membrane in the size range 2 – 

8 nm. 
7
  Figure 1.4 illustrates the relative dimensions of several of the current nanotechnologies 

that have been subject of research in recent years.  Current developments in nanotechnology that 

rely on functionalization to target specific cells and/or tissue results in structures with 

hydrodynamic radii that are too large to fulfill this size requirement.  Structures in the size range 

of a few micrometers, like liposomes, and functionalized metal and metal oxide nanoparticles 

with molecular recognition capabilities, results in structures with hydrodynamic radii 

significantly higher than 5.5 nm.  Such structures, while increasing the residence time of a target 

drug in the human body, can present a clearance problem by the kidneys and may have limited 

direct action in metastatic cells.  Nanostructures that meet these small size requirements must 

have a chemical composition biocompatible with the human body to reduce toxicity while acting 

on metastatic cells.  In this regard, naked CaS quantum dots have potential applications as target 

cell cancer and metastasis therapy agents.      

     CaS is a homeopathic remedy known as Hepar sulphuris.  It is used as a remedy in alternative 

medicine to treat colds, coughs, sore throats, croup, abscesses, earaches, inflamed cuts and 

wounds, asthma, arthritis, emphysema, herpes, constipation, conjunctivitis, Candida albicans 

infections, syphilis, sinusitis, and skin infections. 
8
  However, the effect of CaS nanostructures on 

the growth and survival rate of cancer cells is unknown.  This is surprising given the fact that it 

finds wide use as alternative medicine for the symptoms listed above.  Compared to many 
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popular nanomaterials- including the noble metals and magnetic nanoparticles- calcium and 

sulfur based nanostructures are promising bio compatible inorganic materials.  Calcium is the 

most abundant mineral in the human body. 
9
  It plays major roles in bones, intracellular and 

extracellular fluid, protein structures and cell communication, among others.  Sulfides, on the 

other hand, are present in the human body mostly in organic compounds like proteins and genetic 

material and it is now postulated as a novel neuromodulator/transmitter in the H2S form. 
10-12 

 

Fluorescent CaS nanostructures have the potential to play an important role as cadmium-free 

nanostructures with applications in bioimaging,
13-19

 and in vivo labeling,
20-22

 and sensing. 
23-27

  

     The use of calcium sulfide (CaS) nanostructures and clusters with sizes smaller than 5.5 nm 

as target cell cancer therapy are of genuine interest due to its potential use in metastasis with 

light secondary effects.  We report in this communication results with the use of naked CaS 

nanostructures on the proliferation rate of adenocarcinoma cancer cells (ATCC CRL-2124) and 

normal fibroblasts.  The CaS nanostructures are prepared from the microwave mediated 

decomposition of dimethyl sulfoxide (DMSO) in the presence of calcium acetate Ca(CH3CO2)2.  

A colored solution containing CaS nanostructures in the size range of a few Angstrom to about 5 

nanometers are formed when DMSO is decomposed in the presence of Ca(CH3CO2)2.  The 

absorption spectra of the CaS is dominated by strong bands in the UV as well as absorption in 

the visible.  We found that a single dose of CaS nanostructures does not affect the survival and 

growth rate of normal fibroblasts and inhibits the proliferation rate of carcinoma cells in vitro.  

CaS is predicted by theoretical calculations at the DFT/B3LYP/6-311G level of theory to interact 

with the thiol (R-SH), alcoholic (R-OH), amino (R-NH2), carboxylic acid (R-COOH), 

ammonium (R-NH3
+
)
 
and carboxylate (R-COO

-
) functional groups.  None of these interactions 

are predicted to result in the dissociation of CaS.  Thermodynamic considerations are consistent 
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with the dissociation of CaS into Ca
2+

 ions and H2S in acidic media, both of which are known to 

cause programmed cell death.  Passive uptake and their pH are proposed to result in selectivity of 

CaS to inhibit cancer cell proliferation with no effect on normal fibroblast cells.  The results 

encourage further research with other cell lines in vitro as well as with animals to advance the 

nanotechnology into clinical use. 

2. Materials and Methods.  

2.1 Synthesis of CaS clusters and nanostructures: microwave decomposition of dimethyl 

sulfoxide in the presence of calcium ions  

     CaS was prepared from (a) saturated solutions of calcium sulfide mineral, CaS(s), in DMSO, 

(b) from the reaction of sodium sulfide (Na2S) with calcium acetate (Ca(CH3CO2)2) in DMSO 

and (c) the microwave mediated decomposition of DMSO in the presence of Ca(CH3CO2)2. The 

process for the synthesis of CaS nanostructures is explained in further detail in chapter III. 

2.2 Characterization of CaS monomers, clusters and nanostructures  

     Experimental determination of the UV-Vis absorption spectroscopy measurements is 

performed using a PC 2000 Ocean Optics UV-Vis spectrometer. STM measurements were 

performed in Nanosurf Easyscan E-STM using a 0.25 mm Pt0.8Ir0.2 wire.  Fluorescence 

spectroscopy measurements were performed in a homemade set up.  The 405 nm line from a 

Wicked Laser E3 laser was employed as the excitation source.  Emission measurements were 

performed in a 1 mL quartz cuvette with the Ocean Optics PC 2000 spectrometer.  A research 

grade fiber optic was used to couple the spectrometer to the sample holder containing the 

cuvette.  All emission measurements were performed at an angle of 90
o
 with respect to the 

incident laser line.    
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2.3 Cell culture  

     The carcinoma cell line used in this study (CRL-2124, atcc, USA) was a fibroblast type from 

a 31 year old Caucasian female.  The healthy cell line used in this study (CRL-2522, atcc, USA) 

was a fibroblast type from a newborn male.  Both cell types were adherent cell culture type.  All 

cell culture experiments were performed in a clean room with a level 2 biosafety hazard.  The 

feeding media used is composed of Eagle’s Minimum Essential Medium (EMEM) (ATTC 30-

2003), mixed with a final concentration of 10% Fetal Bovine Serum (ATCC 30-2020).  The cells 

were grown using T-75 cell flasks incubated in a Forma Series II 3110 water jacketed CO2 

incubator (Thermo Fisher, USA) at 5% CO2, 37 ˚C and 95% humidity.  Microscope images were 

taken using an inverted microscope and recorded using a 10MP MU1000 digital camera 

(Amscope, Irvine, CA).  Cell counting, both for sub cultivated cells and dead cells found in cell 

growth media, was performed using a TC-10 automated cell counter (Biorad, USA). 

3. Results   

3.1 STM and UV Visible absorption spectra of CaS structures.  

     We have shown that the molecular level heating associated with the use of microwave 

radiation offers the unique advantage to stop the decomposition of DMSO and turn “on” and 

“off” the supply of sulfide necessary for the metal-sulfide synthesis process. 
28

  The approach 

offers the unique advantage to stop the supply of sulfide ions at different stages of the chemical 

processes that result in the formation of metal sulfide precursors that participate in the nucleation 

and growth process.  In the case of CaS, the process can be described according to the following 

process: 

Ca
2+

    (CaS)n       Equation 6.1 
DMSO 

MW 
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with n = 1 (monomers), 2, (dimers) and so on until nanoparticles are formed.  Exposure of 

diluted solutions of Ca
2+

 ions in DMSO to microwave radiation for short periods of time (less 

than 70 seconds) results in the formation of CaS monomers and clusters, as revealed by the lack 

of absorption bands due to phonon-coupled electronic transitions from the valence to the 

conduction band.  Microwave heating of solutions with initial Ca
2+

 to DMSO ratios larger than 

10
-3

 and for longer periods of time results in the formation of CaS nanoparticles, as evidenced by 

the well-defined structure that results from phonon-coupled valence to conduction band 

electronic transitions.   

     Representative UV visible absorption spectra of the dispersions employed in the experiments 

described here are displayed on figure 6.1a.  The absorption spectra of the dispersion with a 2.0 x 

10
-3

 Ca
2+

 to DMSO mole ratio has a well defined band below 300 nm and well defined peaks at 

320, 387 and 415 nm.  Theoretical calculations on the optical properties of small CaS clusters 

predict a number of bands in the spectra of small CaS nanoclusters. 
29

  The number of bands 

between 250 and 400 nm is predicted to increase from 2 to 10 in going from the CaS monomer to 

the (CaS)5 cluster.  The size of these clusters range from 2.7 Å for the monomer to about 1 nm 

for the (CaS)8 cluster.  The absorption spectra of CaS NP obtained from the dispersion with the 

2.0 x 10
-3

 Ca
2+

 to DMSO mole ratio, on the other hand, have a well-defined band that extends to 

600 nm.  This transition results from coupling phonon modes with electronic transitions from the 

valence to conduction band in CaS nanoparticles. 
29,30

  

     The absorption and emission spectra of dispersions prepared from the reaction of Na2S and 

Ca(CH3CO2)2 in DMSO and by dissolving CaS(s) mineral in DMSO as well as  from the 

decomposition of DMSO in the presence of  is Ca(CH3CO2)2 in a microwave are displayed on 

figure 6.1b.  Emission spectra were obtained at an excitation wavelength of 405 nm.  The 
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emission spectra of all these dispersions are dominated by a band between 400 and 700 nm 

centered at 500 nm.  Absorption and emission of dispersions of CaS nanoparticles in this 

wavelength range has been reported independently by Wang, Jarman and Takano and co-

workers. 
31-33

 

     Representative STM images of CaS nanoparticles prepared with an initial Ca
2+

 to DMSO 

ratio of 9.4 x 10
-4

 and 2.0 x 10
-3

 are illustrated on figure 6.1c and 6.1d, respectively.  The particle 

size distribution with an initial Ca
2+

 to DMSO ratio of 1.4 x 10
-3 

is presented in figure 6.1e.  The 

mean surface roughness increases from 130.12 pm on the clean graphite surface to 355.52 pm 

upon deposition of the CaS dispersion with a 3.0 x 10
-4

 Ca
2+

 to DMSO ratio.  Islands containing 

the material can be distinguished in the image.  The average island size is (1.8 ± 0.6 ) nm with a 

size range of 7 Angstroms to about 3 nm.  The structures at the lower end of the size distribution, 

with diameters smaller than 1 nm, are too small to have the well defined electronic band 

structure found in semiconductors and are likely clusters of CaS.  Well defined nanoparticles, on 

the other hand, are identified in the image of deposits prepared with a 2.0 x 10
-3

 Ca
2+

 to DMSO 

ratio, illustrated on figure 6.1d.  The structures have an average diameter of (3.3 ± 0.7) nm and a 

size range of 1.8 to 5.2 nm.   
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Figure 6.1: (a) UV-visible spectra of CaS nanostructures prepared from the microwave 

mediated decomposition of DMSO in the presence of Ca(CH3CO2)2.  The to DMSO ratios are 2 

and 6 x 10
-4

.  (b) Absorption and emission spectra of CaS prepared from the double ion 

exchange reaction in DMSO (top), dissolution of bulk CaS in DMSO (middle) and microwave 

decomposition of Ca(CH3CO2)2 in DMSO (bottom).  Representative STM images of CaS deposits 

prepared from the microwave mediated decomposition of DMSO in the presence of 

Ca(CH3CO2)2 with Ca
2+

 to DMSO ratios of (c) 2 and (d) 6 x 10
-4

.  (e) CaS particle size 

distribution obtained from image (d).   
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3.2 Effect of CaS clusters and nanoparticles in human adenocarcinoma cells.  

     New and emerging cutting edge technologies developed for cancer treatment requires in-vitro 

measurementes for initial assesment.  Two (2D) and three (3D) dimensional in vitro models can 

be used to test and examine the effectivenes and toxicology of dispersions containing 

nanostructures. 
34 

 Two dimensional models are generally recommended for initial assesment of 

new materials in a biological system.  Fibroblasts are adherent cells and an excellent platform to 

test the effect of nanostructures in cell proliferation in 2D.  

     Images of carcinoma cells before a single CaS NP dose reveal elongated cells a few hundred 

microns long.  Representative images of carcinoma cells obtained 96 hours after a single calcium 

sulfide dose as well as those not exposed to CaS are displayed in figure 6.2.  The single CaS dose 

was prepared by adding 200 L of a CaS dispersion to 12 mL of the media used to feed the cell 

culture.  This corresponds to a total calcium content of 3.8 x 10
-8

 moles.  The effect of adding 

CaS to the media reveals a sharp decrease in the density of cells 96 hours after the dose as 

compared to those cells not exposed to CaS.  Images of adenocarcinoma cells before and a few 

hours after a single CaS dose containing a larger calcium content (16 x 10
-8

) moles obtained at a 

higher magnification are displayed on the bottom of the figure.  There is an evident change in the 

morphology of the elongated fibroblasts.  We can spot the appearance of blebs and protuberances 

in many of the cells.  These changes in morphology are generally associated with apoptotic 

events. 
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Figure 6.2: Images of adenocarcinoma cells obtained (a) 24 hours after inoculation, (b) the 

control 96 hours after preparing the culture and (c) 96 hours after adding a single dose of 4.0 x 10
-8

 

moles of Ca
2+

 in the form of CaS NP.  Representative image of adenocarcinoma cells 48 hours following 

a CaS dose of 1.6 x 10
-7 

moles is indicated on the bottom of the figure.   
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3.3 Effect of CaS clusters in human adenocarcinoma cells  

     We studied the effect of CaS clusters on the growth and survival rate of carcinoma cancer cell 

cultures.  The effect of a single dose of a dispersion containing CaS on the density of carcinoma 

cells and normal fibroblasts as a function of time is summarized on Figure 6.3.  The single CaS 

dose was prepared by adding 200 L of a CaS dispersion to 12 mL of the media used to feed the 

cell culture. This corresponds to a total calcium content of 3.8 x 10
-8

 moles.  The optical 

absorption spectrum of the CaS dispersion employed is displayed in the insert.  The optical 

absorption spectrum is characterized by bands around 280 nm and a long wavelength tail that 

extends to 600 nm.  The optical absorption of CaS monomers in the gas phase has transitions at 

300, 500 and 1200 nm while only transitions in the UV are predicted in dispersions that use 

DMSO as a solvent.  The CaS dose is added to the media at time t = 0 hours.  Adenocarcinoma 

cells exposed to the CaS dispersion do not exhibit a significant growth with time compared to 

carcinoma cells not exposed to the CaS dispersion.  Indeed, there is a monotonic decrease in the 

density of carcinoma cells exposed to CaS from 90 cells/mm
2
 to less than 80 cells/mm

2
 in the 

first 72 hours following the dose: the density of cells decreases at a rate of (0.10 ± 0.1) cells per 

mm
2
 per hour.  Carcinoma cells not exposed to the CaS dispersion, on the other hand, exhibit a 

growth from 70 cells/mm
2
 to about 120 cells/mm

2
 in the first 72 hours: the rate of increase in the 

cell density is  (48 ± 2) cells per hour per mm
2
.  We conclude that the dose of CaS reduces 

adenocarcinoma cell proliferation. 
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Figure 6.3: The open squares and circles represent the dependence of carcinoma cell density fed with 

normal media and media mixed with 4.0 x 10
-8

 moles of Ca
2+

 in the form of CaS monomers and clusters, 

respectively, on time.   

 

3.4  Effect of CaS nanoparticles in human adenocarcinoma cells 

     The effect of 3 nm CaS NP on adenocarcinoma cell proliferation was studied in three 

different samples.  The insert in figure 6.4 presents the results of measurements of 

adenocarcinoma cell density at different times following a single CaS NP dose.  The total 

calcium content in the dose is 3.8 x 10
-8

 moles.  The plots labeled S1, S2 and S3 represent the 

average adenocarcinoma cell density on each sample at the indicated times following the dose of 

CaS NP in a DMSO dispersion.  Results from two independent controls, labeled C1 and C2, are 

also included in the figure.  One of the control samples, C1, was fed with equal volumes of 

DMSO in the media as the S1, S2 and S3 samples, while the other control sample, C2, was fed 

with normal media.  The general trend found in each flask is an increase in adenocarcinoma cell 

density in the first 24 hours.  The density of cells starts to decrease about 48 to 72 hours 
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following the CaS NP dose.  The density of cells in the two controls increases in this period of 

time.  We conclude that CaS NP also reduce adenocarcinoma cell proliferation.  
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Figure 6.4: The density of adenocarcinoma cells following a single dose of 4.0 x 10
-8

 moles of 

Ca
2+

 in the form of CaS NP (S1, S2, S3) and controls (C1 and C2). The error bars represent the 

standard deviation of the measurements.  The individual measurements performed are indicated 

in the insert on the upper right corner of each graph. 
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     The gray bars in the upper and lower panel of figure 6.5 summarizes the effect of a single CaS 

NP dose on the average density of carcinoma cells and the number of dead carcinoma cells, 

respectively, as a function of time.  The white bars in the upper and lower panel of figure 6.5 

represent the average density of cells and number of dead carcinoma cells in the controls.  Each 

reported value represents the average of the 15 independent measurements performed each day 

on different regions of samples S1, S2 and S3.  The error bars represent the standard error of the 

measurements.  

     The average density of carcinoma cells increased monotonically in the first 48 hours 

following the CaS NP dose.  The density of cells fed with CaS in the media starts to decrease at 

about 48 hours following the CaS NP dose.  The rate of increase of the density of cells in the first 

72 hours is about (0.4 ± 0.1) (cells/mm
2
) per hour, slightly lower than the rate of growth of 

carcinoma cells in the control, which is estimated to be (0.50 ± 0.04) cells per mm
2
 per hour in 

the same time range.  

     There is a well defined decrease in the density of cells between 48 and 72 hours following the 

dose.  The number of dead cells in this group, on the other hand, increases from 100,000 to 

150,000 to over 400,000 in the first 48, 72 and 96 hours, respectively, following the single dose 

of CaS.  The rate of increase in the number of dead cells is (3.8 ± 0.8) x 10
3
 cells/hour.  The 

marked decrease in the density of cells and sharp increase in the number of dead cells is not 

observed in the carcinoma cells used as a control.  We conclude that CaS NP induce cell death 

within 48 hours following a single dose.  
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     The density of cells as a function of hours following a second dose of CaS NP is illustrated on 

the insert in figure 6.5.  The gray and light colored bar represent the density cells exposed to a 

second dose of CaS NP and control, respectively.  Both cells samples were sub cultivated from 

cells exposed to a single dose, as described in the previous paragraphs.  Cell growth was 

followed for a period of 48 hour.  The number of control cells increased to about 100 cells/mm
2
 

in the first 48 hours.  The number of cells exposed to a second dose did not reach this cell density 

in this time period.    
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Figure 6.5: The gray bars in the upper and lower panel summarize the effect of a single dose of 

3.8 x 10
-8

 moles of Ca
2+

 in the form of CaS NP on the density of carcinoma cells and the number 

of dead carcinoma cells, respectively, as a function of time. The light gray bars in the upper and 

lower panel represent the density of adenocarcinoma cells and number of dead carcinoma cells 

in cell cultures fed with media not containing the CaS nanostructures, respectively. The values 

reported represent the average of 15 measurements performed on different regions of three 

different flasks. The error bars represent the standard error of the measurements.  The dark and 

light gray bars in the insert represent the dependence of the density of adenocarcinoma cells 

exposed to a second dose of 3.8 x 10
-8

 moles of Ca
2+

 in the form of CaS NP and exposed to one 

dose, respectively, on time. 



 

 

85 
 

3.5 Effect of CaS monomers and clusters in normal human fibroblasts 

     The dependence of the density of normal fibroblast exposed with to CaS clusters in the media 

on time is summarized on figure 6.6.  The single CaS dose was prepared by adding 200 L of a 

CaS dispersion to 12 mL of the media used to feed the cell culture.  This corresponds to a total 

calcium content of the order of 10
-8

 moles.  The density of normal fibroblasts exposed to media 

not containing the CaS dispersion is also indicated in figure 6.3b.  The density of cells increases 

with time in both cell.  Within the experimental uncertainty we cannot differentiate the rate of 

increase of cell density in either cell line.  The density of cells increases from about 50 cells/mm
2
 

to over 110 cells/mm
2
 in a 72 hour period.  We conclude that CaS does not have any effect on 

the proliferation of normal fibroblasts. 

 

Figure 6.6: The closed squares and circles represent the dependence of normal fibroblasts cell 

density fed with normal media and media mixed with 4.0 x 10
-8

 moles of Ca
2+

 in the form of CaS 

monomers and clusters, respectively. The insert in the right hand side of the lower panel 

represents the spectrum of the dispersion containing the CaS nanostructures used for the 

measurements. 
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3.6. Interaction of CaS with relevant biological functional groups 

     We have performed theoretical calculations at the DFT/B3LYP/6-311G level of theory to 

learn about favorable interactions of CaS with functional groups relevant to the cell environment.  

We seek to identify those interactions that can result in the dissociation of CaS.  The results on 

optimized structures are summarized on Table 6.2.  None of these structures exhibited negative 

frequencies.  The bond length of CaS is found to be 2.58 Å.  This distance is short enough to 

consider localized interactions of CaS with relevant functional groups that may be found in 

macromolecules useful in the interpretation of results.  The optimization process was performed 

by placing CaS at about 2.7 Å from a given functional group.  Two calculations were performed 

for each functional group interacting with CaS.  These calculations differed only in the initial 

orientation of CaS with respect to the functional group.  In one calculation, CaS is oriented with 

the calcium end pointing toward the functional group of interest while the sulfur end points 

toward the functional group in the other calculation.  We found that the optimized structures are 

independent of the initial orientation of CaS with respect to the functional group.  Distances 

between the closest atom in the functional group and CaS are also indicated on table 6.2.  These 

distances ranged from about 2 to 3 Å.  All interactions resulted were found to be exorgenic.  The 

interaction of CaS is found to interact with the thiol (R-SH), alcoholic (R-OH) and amino (R-

NH2) functional groups by the calcium end.  The oxygen atoms in the carboxylic acid functional 

group also exhibited a strong interaction with the calcium end of CaS.  Proton transfer from the 

carboxylic acid group to the sulfur end was found only in phenylalanine.  
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Table 6.1: Optimized structures and interaction energies of CaS with several functional groups 

of interest in a cell.  The smaller CaS to functional group minimum distance and Ca-S bond 

length are also indicated on the table. 

  

 

System 

 

Interaction 

energy 

(kJ/mol) 

CaS – 

functional 

group 

minimum 

distance 

(Å) 

Ca-S 

bond 

length (Å) 

 

CH3SH – CaS 

-54.24167478 

 

3.07175 

 

2.59163 

 

 

CH3OH – CaS 

-122.8815391 

 

2.31069 

 

2.59771 

 

 

CH3NH2 – CaS 

 

 

-120.4922772 

 

2.47496 

 

2.59496 

 



 

 

88 
 

 

CH3COOH – CaS 

-133.5407041 

 

2.28822 

 

2.60250 

 

 

 

Glycine – CaS 

-415.7639143 

 

2.25230 

 

2.80005 

 

 

Phenylalanine – CaS 

-368.7580388 

 

carboxylic 

acid: 

2.10608  

 

aromatic 

ring: 

3.17687 

 

2.72777 

 

 

 

 

 

 

CH3NH3
+
 - CaS 

-199.9517525 

 

3.00130 

 

2.54327 

 

 
-399.4134555 

 

2.42681 

 

2.65120 
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CH3COO
-
 - CaS 

 

     The relevant physiological pH is significantly higher than the pKa of most organic carboxylic 

acids. 
35

  Functional groups containing NH4
+
 and COO

-
 are present at pH values between 6 and 

7.45, which are typical values found in cancer and normal cells.
 52

  The ammonium (R-NH3
+
)
 
and 

carboxylate (R-COO
-
) functional groups resulted in interactions with the sulfur and the calcium 

end of CaS, respectively.  The interaction between the calcium with the carboxylate anion 

resulted in a lower energy and shorter distance than the interaction of the sulfur end with the 

ammonium functional group.  None of these resulted in the dissociation of Ca-S into calcium and 

sulfide ions.      

4. Discussion 

     The absorption and emission spectra of dispersions prepared from the decomposition of 

DMSO in the presence of  is Ca(CH3CO2)2 is remarkably similar to the one obtained for 

dispersions prepared by dissolving CaS(s) mineral in DMSO or from the reaction of Na2S and 

Ca(CH3CO2)2in DMSO.  These dispersions absorb light from the UV to the visible.  The 

observed emission is consistent with the fluorescence spectra of CaS nanoparticles obtained from 

the microwave mediated decomposition of other organic sulfides. 
28
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     There are several models to describe cell proliferation discussed in the literature.  The 

application of these models to specific cases depends on the complexity of the cell culture and its 

environment.  One of the simplest mathematical models is a power law of the form: 

  N(t)/N(t=0) = At

      Equation 6.2 

     Where N(t) and N(t=0)  represent the number of cells at any time t and the initial number of 

cells after inoculation has been completed, respectively,  In Equation 2,  t is time and A and  are 

constants.  Modeling the experimental data with a power law of the form described by equation 2 

resulted in the values summarized on table 6.3.  The values of  range for the adenocarcinoma 

and normal fibroblasts used as control in the experiments described in sections 3.4 and 3.5 fall 

between 0.2 and 0.5.  These values are lower than the typical third power law found in tumors, 

likely the result of two dimensional growth, but fall within the power measured in several 

systems. 
53

  Significantly, the values of  found in the proliferation of adenocarcinoma and 

normal fibroblasts reflects an increase in cell density with time.  The value of  for those 

adenocarcinoma cells exposed to a single dose of CaS, on the other hand, is negative and reflects 

a decrease in adenocarcinoma cell density.  This marked difference in the proliferation of 

adenocarcninoma cells and normal fibroblasts lead us to conclude that CaS is cancer specific.   
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Table 6.2: Values of α obtained from that best fit to the experimental measurements on the 

proliferation of adenocarcinoma cells and normal fibroblasts according to a power model in 

time. 

 

 

 

 

 

 

 

     Development of cancer specific chemotherapies has been the subject of basic and applied 

research for years.  Major limitations in the application of nanotechnologies as targeted cell 

cancer and metastatic therapy include toxicology,
37-39

 lack of biodegradability,
40-43

 and size to 

facilitate access to the –normal and newly developed due to angiogenesis - small vasculature 

system in humans and elimination by the body. 
44-48

  Structures with sizes that range from a few 

Angstroms up to 5 nm are small enough to enter the smallest vasculature in healthy humans and 

new vasculature developed by angiogenesis.  Nanotechnologies in this size range can target 

metastatic cells that spread primary cancer tumors into the circulating system.  The results 

presented here are encouraging to the use of CaS nanostructures as a target cell cancer and 

metastasis therapy.  The results presented in Figures 6.3 and 6.4 indicates that CaS 

nanostructures smaller than 3 nm are capable of inhibiting the proliferation of cancer cells 

without affecting the survival and growth rate of normal cells and encourage further research in 

Sample α 

Carcinoma treated -0.1 ± 0.1 

Carcinoma untreated 0.2 ± 2.6x10-2 

Fibroblast treated 0.5 ± 0.2 

Fibroblast untreated 0.3 ± 0.1 

http://en.wikipedia.org/wiki/%C3%85
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vivo.  We hypothesize that the release of calcium and sulfide ions from CaS is favored in the 

acidic environment found in cancer cells as oppose to the basic media in normal cells.  This is 

further supported by thermodynamic considerations discussed below.  

     Many apoptotic chemical processes are dependent on Ca
2+

 ion and H2S concentration. 
49,50

 

We hypothesize that CaS releases Ca
2+

 and H2S in cancer cells, but not in benign cells.  In this 

regard, it is of interest to discuss possible pathways to release calcium from CaS.  The Gibbs free 

energy of formation, Gf, of H2S(aq), S
-2

(aq), Ca
2+

(aq) and H
+

(aq) and CaS(s), is summarized on Table 

6.4.  Gibbs free energies of formation were obtained from the literature. 
51

  Using these values, 

we estimate that the dissolution of solid CaS(s) in water: 

 CaS(s)   Ca
2+

(aq) + S
-2

(aq)      Equation 6.3 

is an endorgenic reaction with a Gibbs free energy (Grxn) = 9.62 kJ/mol and is not a 

spontaneous process.   

Table 6.3: Standard Gibbs energy (Gf
o
) of formation of probable species containing cacium 

and sulfide in aqueous solution. 

 

 

     The pH of normal and tumor cells depends on the tissue from where the sample is taken.  The 

pH of normal cells is slightly basic and ranges from 7.35 to about 7.8. 
52

   The pKa of H2S and 
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HS
-
 are 7.04 and 11.96, respectively.

51
   Thus for pH values found in cancer cells, in the range of 

6.2 to 7,  we expect sulfide to exists predominantly as H2S while for pH values between 7 and 

11.96 we expect HS
-
 to be the dominant sulfide containing species.  The reaction: 

  CaS(s) +  2H
+

(aq)  Ca
2+

(aq) + H2S(g)     Equation 4  

is exorgenic with a Grxn of -109.7 kJ/mole and an equilibrium constant of the order of 10
17

.  The 

sign and magnitude of Grxn for this reaction indicates that the formation of free calcium ions 

and hydrogen sulfide from CaS is a spontaneous process that releases a significant amount of 

energy in acidic media.  Thus the formation of Ca
2+

 and H2S is both thermodynamically favored 

and consistent with the pH found in cancer cells.     

     Biochemical processes involving sulfides and calcium may account for the programmed cell 

death observed here.  They can work independently or, together by different mechanisms.  The 

investigation of cellular and molecular mechanisms underline physiological roles of calcium and 

sulfide ions dependent self-signaling has been clearly demonstrated in many cell types, including 

neurons, cardiomyocytes and endothelial cells that is associated with relevant biological 

processes such as cardiac contraction, inflammation, sensory transduction and angiogenesis.  The 

most striking feature of this relationship is the ability of sulfide of either inhibiting or activating 

Ca
2+

 entry depending on the molecular nature of the Ca
2+

 entry pathway. 
53-55

  In particular, we 

note that patients treated with calcium channel blockers hypertensive drugs are found to have 

higher risk of developing cancer. 
57

  Further speculation is unwarranted until experiments 

directed to establish the cellular chemistry of CaS nanostructures are performed. 
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Chapter VII 

Conclusions and Outlook 

 

     There is a need for the development of greener, heavy-metal free nanostructures with 

applications in energy and biomedical sciences. We have worked with the development of 

calcium based nanostructures that have a quantum yield similar to that of heavy-metal based 

counterparts.   

     We have synthesized and characterized calcium-based nanostructures, with sizes ranging 

from a few Angstrom up to 5 nm. The electronic and vibrational transitions that occur in CaS 

nanostructures and are responsible for both the direct and indirect band gap characteristic of CaS 

have been studied.  

     We have studied the nature of the chemical bond in calcium sulfide. We found that it has 

significant covalent character.  This is important in explaining the stability of this molecule in the 

DMSO solvent, but not in water. Also, we found that the process by which CaS clusters are 

formed is consistent up to a certain point with classical, stepwise nucleation and growth theory. 

We propose that there are energy wells in which small clusters form spontaneously or by 

coupling reactions and are stable.  The CaS dimer is predicted to be an important structure in 

DMSO. This helps explain the nature of cluster formation and contributes to the general 

understanding of nucleation processes.  

     Finally, we studied the effects of CaS nanostructures on the proliferation rate of 

adenocarcinoma cells.  We found that CaS inhibits the proliferation and kills cancer cells without 

affecting normal fibroblasts.  This is an important contribution with potential applications in 

cancer therapy.  Cancer research has been deemed a top priority by the US government.  This 
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gives cancer research and the search for alternative therapeutic agents without toxicological side 

effects an imperative task for the benefit of our society. 

     This dissertation has provided knowledge to better understand fundamental issues in science 

and in our society in general, such as the processes involved at the early stages of nucleation and 

growth, added to the experimental body of knowledge related to the use of microwave radiation 

to control nucleation processes, the nature of the Ca-S bond and the possibility of a new, 

calcium-based therapeutic agent for breast cancer treatment.  Many questions remain 

unanswered, such as the possibility of extending our research into other types of cancer and the 

use of other non-heavy metals for the synthesis of environmentally friendly sulfides.  Doping and 

functionalization of CaS nanostructures may open the possibilities for use of CaS nanostructures 

as a selective biosensing material, drug delivery and energy applications. 

 

 


