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“After he had finished he looked down at what he had done.

His mind contemplated the magnitude of what had just been accomplished. 

He was now master of the world and not quite sure what to do next.

But he would think of something ”
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Summary of thesis

The main aim of this thesis is to develop and investigate novel chiral nanomaterials, as well as 

explore potential applications that would exploit the chirality.

Chapter 1 details a general introduction to nanotechnology, nanomaterials, chirality and the specific 

chiral nanomaterials that will be investigated during the course of this thesis.

Chapter 2 details the production of novel CdS nanotetrapods by aqueous synthesis and 

characterisation of these nanomaterials by various techniques. These nanostructures have a broad 

defect luminescence and possess a CD signal in the band edge. TEM imaging shows that these 

nanomaterials have a tetrapodal morphology.

Biological testing of penicillamine stabilised CdS nanotetrapods shows a chiral bias for uptake of 

the D-Pen stabilised nanotetrapods by cells.

Chapter 3 describes the use of DNA as a stabiliser and templating agent with CdS based 

nanostructures. New DNA stabilised CdS nanostructures were successfully produced. These 

particles are stable but have low quantum yield and no optical activity in the band edge.

However, DNA/penicillamine co-stabilised CdS nanotetrapods showed broad defect luminescence 

and optical activity in the band-edge region of the spectrum.

CdS nanotetrapod suspensions were also prepared with DNA solution. PL shows an increase in 

luminescence with each DNA addition due to binding of the DNA to the nanotetrapods.

Chapter 4 details the production of CdS nanostructures that have been doped by other metal ions. 

Manganese doping showed a limited affect at small levels though high doping levels leads to both a 

decrease in intensity and a red-shift in both luminescence and optical activity.

Lead doping resulted in a reduction in CD activity and red-shifting of luminescence. Copper 

doping had a strong effect at low levels in the synthesis of nano structures. There are changes in 

optical activity and absorbance as well as red-shifting of luminescence. The synthesis of pure CuS 

nanoparticles with no cadmium present resulted in particles with strong absorbance and optical 

activity but no luminescence. TEM imaging showed particles of spherical morphology.
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Chapter 5 describes the production of titanium dioxide materials with chiral stabilisers. Particles 

produced through the hydrolysis of Ti(THD)2(0‘Pr)2 showed limited optical activity. TEM and 

SEM show particles with a large size distribution. Photocatalytic studies show moderate activity 

against methylene blue.

A microwave synthesis of titanium dioxide with chiral stabilisers in ethanol produces a coloured 

solution which possesses strong optical activity. This solution gelled over 1-2 weeks yet still 

retained optical activity when re-dispersed in ethanol and deposited on a glass slide. TEM imaging 

of the gel showed nanoparticles with a wide size distribution. This gel demonstrated moderate 

photocatalytic activity against methylene blue. Antibacterial tests of the gel show strong reductions 

in bacterial activity under irradiation with visible light. Moderately stronger activity was observed 

for Z)-Pen stabilised gel over Z,-Pen stabilised gel.

Microwave synthesis of titanium dioxide stabilised with penicillamine in hexane resulted in a 

coloured sol that possesses optical activity in the band edge. This optical activity is retained when 

the sol is deposited on a glass substrate. This deposit demonstrated limited photocatalytic activity 

against methylene blue.

Chapter 6 describes the experimental details, set-ups and methods involved in the synthesis and the 

characterisation of the reagents and nanomaterials as well as additional investigations made of their 

properties.

Chapter 7 details the main conclusions that have been reached from the results of this work. There 

is also a discussion of the future outlook for further research to be performed in this area.

Finally, the appendices details additional results (Images spectra), which have been produced 

during the investigations described in the previous chapters.

In overall, we believe that the work detailed in this thesis is a substantial contribution to the field of 

chiral nanoparticles and nanomaterials.
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analysis
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DLS: Dynamic light scattering 

XRD: X-Ray Diffraction



TCSPC: Total correlation single photon

counting

IR: Infrared

NIR: Near Infrared

nm: nanometres

mL: Millilitres

Abs: Absorbance

Int: Intensity

AU: Arbitrary units

CD(mDeg); Circular Dichroism (milli-

degrees)

FFT; Fast Fourier Transform 

RBF: Round bottomed flask 

CP; Circularly Polarised

SERS: Surface enhanced Raman

spectroscopy

kDa: kiloDalton

RPM: Rotations per minute

Sec: Seconds

PDI: Polydispersity index

mV: Millivolts

kV: Kiliovolts

cfu: Colony forming units

E-Coli: Escherichia Coli

PSS: Polystyrene sulphonate

PAH: Poly Aniline Hydrochloride
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Chapter 1 Introduction

Chapter 1. Introduction

1.1. Introduction to nanoparticles

The production of ever smaller devices and systems has been major a trend for modem 

technology*. The manipulation of individual materials on the nanoscale has enabled the rapid 

development of nanoscience and nanotechnology over recent years^. A very important factor is that 

at smaller scales the physical properties of nano-sized materials differ significantly from that of 

larger structures. This has been used to develop more and more powerful technologies varying 

from nanoelectronics^ to biosensing'*’

There are a number of potential definitions for nanoparticles.

The dictionary definition is any particle which has a dimension which is less than 100 nm but 

greater than 1 nm. This definition would be concise and simple and can be applicable for any 

material*.

1.1.1. The synthesis and stabilisation of nanoparticles

Producing particles below a certain size leads to quantum confinement of the energy states within 

these particles and a subsequent change in their physical properties (this will be discussed below in 

greater detail). Therefore it is highly advantageous to develop methods for the preparation of such 

particles. Two distinct strategies exist for the production of nanoparticles. The first strategy would 

be physics based or “Top down” approach where by the bulk material is treated in order to produce 

particles of the desired size. These physical treatments can go from milling in a ball milT’ * or more 

exotic procedures such as lithography or ion beam processing chemical methods can involve 

etching or ultrasonic’ procedures which would reduce the size of particles to the required levels. 

Such methods can produce materials with a poor degree of size control, while the more accurate 

systems however can be highly expensive and complex. Another methodology would be a “Bottom 

up” approach where the individual atoms or molecules of the material are assembled into the
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structures that are desired. Physical methods for formation of such material could involve 

sputtering processing'^or laser discharge involving the same material as the target. Chemical 

methods can also involve the use of spray pyrolysis, vapour deposition'' or similar rapid reaction 

systems'^ were there is a chemical alteration from the starting material to the target particles. 

Solution based systems would often involve a form of controlled precipitation or crystallisation, 

where the growth of crystals of the material that had been produced in the reaction is allowed only 

to proceed to nanoscale sized particles'^. This can be conducted through a number of synthetic 

strategies such as slow crystal formation or limiting the number of reagents available for the 

building of the crystal''*’ '^. The most successful method would be the use of stabilisers which act to 

passivate the surface of the crystal and can retard further addition of material onto the surface of 

the particle'*. This means that further addition of material into the crystal requires adding energy 

through heating. The strength and time of heating can be used to control the growth of the resulting 

nanoparticles'’. Stabilisers also have other contributions to the surface functionalization of 

nanoparticles.

Particles below a certain size have a great increase in their surface energy that can lead to the 

aggregation of particles. During the synthesis of particles; the unstable surface of a growing crystal 

can be deactivated by covering it with organic molecules. In the same manner that these surface 

stabilisers act to stop the further growth of an existing nanoparticle they can also act to prevent 

nanoparticles from fusing into an aggregate'*.

Normally, a stabiliser is composed of a simple alkyl chain with a functional binding site on one end 

which preferentially binds to the free atoms on the surface of the crystal and an end group which 

would be facing the solvent molecules and does not bind other crystal surface atoms or other 

molecules. There is a veritable library of molecules that can be utilised for stabilisation of 

nanoparticles. Most importantly the nature of the stabiliser affects the surface functionality, 

stability, and solubility of the particle. Some stabilisers such as those that possess long alkyl chains 

would preferentially stabilise a particle in an organic solvent while others (e.g. with alcohol or 

carboxylic acid groups) would stabilise a particle in a polar solvent. Positively or negatively
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charged stabilisers on the surface of the particle also act to repel particles from each other and 

promote the stable dispersion of such particles in solution

Stabiliser molecules can also be used to control the growth of one dimensional nanomaterials (e.g. 

nanowires) enabling growth of nanocrystals along certain directions. Many physical properties of 

nanoparticles can also be affected by their stabilisers. Some stabilisers can deform lattice structures 

in nanocrystals leading to a number of surface defects.

The chemical functionality and reactivity of nanomaterials can also be strongly altered using 

stabilisers. The stability of nanoparticles against etching agents and other detrimental environments 

can be improved through the use of a strongly binding stabiliser^”. The stabiliser can be of great 

importance also for the further binding of additional species to the nanoparticle-for example to 

provide the controlled assembly of nanoparticles into aggregates^'’ (Figure 1.1) or for the binding 

of other agents such as biomolecules, sensor moieties which can be of use for the addition of 

various functionalities to these nanoparticles for specific applications, which will be discussed in 

the next section.
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M
Figure 1.1: The stabiliser in nanoparticles can be of interest for the production of micron-scale

21assemblies from Rotello et al .

1.1.2. Applications of nanoparticles

The fact that certain materials behave differently when reduced in size is certainly interesting in

terms of the physics that it shows and its applications. A number of technologies that utilise

nanoscale materials have already been developed. The earliest perceived applications were as

chemical reactants were nanoscale particles of materials were used as catalysts to increase the rate
4
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of reactions. One such example of this would be nano-thermite were the shrinking of the metal 

oxide to a nanoscale powder lead to the reaction proceeding at an increased rate^^. This use of fast 

reactions is also behind the application of these materials as disinfecting agents on textiles^'* as well 

as paints^^ The addition of nanoscale materials to paints can provide new improved coatings over a 

given area. The small size of nanoparticles have also an enhanced ability to penetrate into such 

objects as biological membranes and cells^* and can serve as potential vectors for drug delivery and 

cell labeling . One such example would be the functionalization of a nanoparticle with a 

biocompatible polymer which is impregnated with a drug molecule^’. The delivery of the particle 

into the required target cell could be achieved through tagging the particle with an antibody 

followed by cellular uptake through endocytosis^*.

Metallic nanoparticles show a strong size dependence of their colour in solution^’ and this can be 

exploited to make highly sensitive sensors. For a number of high value tests the change in colour 

indicates aggregation in the presence of the analyte. Metal nanoparticles are also of interest as size 

effects would also lead to the generation of strong electric fields within close proximity of these 

particles (plasmonic effects). This can act to enhance the excitation of Raman active modes of 

organic materials. This surfaced enhanced Raman or SERS^“ can be or great use for the 

determination of the nature of an organic analyte down to the single molecule level.
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Figure 1.2: TEM image of silver nanoprisms. From J.M. Kelly et aP'.

Metallic nanoparticles have also shown themselves to be highly versatile for other treatment 

options. For example, gold nanoparticles appropriately tagged have been exploited as vectors to 

enter target cells and can act to efficiently convert red light into heat. Such thermal treatments have 

been shown to be highly useful in the treatment of cancers with less side effects and more effective 

targeting^^.

Other examples of nanoparticles include small magnetic nanoparticles, which possess 

superparamagnetic properties (e.g. do not retain any residual magnetisation after their removal 

from an external magnetic field)^^. This can be of use as it would lead to the reduction in the 

flipping time of nuclear spins after irradiation with radio energy. This faster flipping time in close 

proximity can be of use in increasing the splitting of the indentifying peaks in a nuclear magnetic 

resonance spectrum. It may also be applied for increasing the contrast of the images produced using
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Magnetic resonance imaging (MRI)^'*’ Such a system could be exploited for the imaging of the 

whole body. In addition, nanoparticles can be functionalised with agents such as antibodies or 

biomarkers^* in order to specifically target certain tissues and produce a greater clarity in images 

from those regions^^.

Magnetic nanoparticles have also shown their value in regard to the generation of patterns in 

materials through the control of their position and morphology by external magnetic fields^’. For 

example the use of an external magnetic field can lead to the formation of wire like assemblies 

which can be of use in various technological applications^*’ This ability to be physically moved 

by magnetic fields have also shown an application in cell sorting technology, where nanoparticles 

can be bound to target cells and used to move or collect the cells for further testing or counting. 

This manipulation can also be of use for the magnetic recovery of a catalyst from a reaction media 

if they are linked to the particle'*®’ '*'. Magnetic particles can also be manipulated by a high 

frequency magnetic field leading to the generation of elevated temperatures. This can have an 

application in hyper-thermal therapy^'*. Other forms of treatment can also be provided through the 

use of magnetic fields driving the particles, which have been covered in some fonn of drug or agent 

and utilised for targeted drug delivery'*^.

1.2. Quantum dots

A quantum dot is a quantum confined semiconductor nanocrystal'*^. To be quantum confined a 

nanocrystal of a semiconductor material must have a radius less than the Bohr radius of that 

material.

In a bulk semiconductor the electrons are usually locked in the lattice of the material in what is 

termed the valence or Fermi Band energy level'*'*. There is a gap termed the band gap which 

prevents the electrons from entering the next energy level termed the conduction band at room 

temperature. When sufficient energy is supplied in the form of heat, electrical or light energy then 

the electron is promoted to higher energy levels and can leave its position in the lattice. The 

distance between the electron and the positive gap (termed a hole) is intrinsic of the material and
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called the Bohr radius. This electron-hole pair is termed as an exciton where components are 

capable of moving through the material giving rise to electric current. These pairs can recombine 

when the energy source is removed providing the ability to switch the conductivity of the 

semiconductor on and off*^.

For small nanoparticles when the size of the particle is reduced to less than the Bohr radius for the 

given material then the energy required for exciting the electron grows'*^. Between electron and 

hole states, interband transitions accompanied by optical absorption or emission may occur, giving 

rise to a discrete set of optical lines. Thus, the smaller the nanocrystal, the greater the confinement 

energy and the higher the energy of light it absorbs. There is a simple relationship between the 

crystal size and emission colour; the smaller the size the shorter (higher energy) the emission 

wavelength. This enables the spectral properties to be tuned via manipulation of the nanoparticle

size47

Conduction Band

Shalovi trapi

E,
Banl-Eap

Dhp trap

Shallon trapr

}-r-{ 52 CB
-LUMO-

\ Dctocalud 
i MO'i

DsspTf^

/////
■HOMO-

VaknceBand

1: In.' induced excitation (E E,) 

3: Deep trap (Defect) emission

\ DclocaliMd 
) SIOi

2: Exciton PL (e'/h*recombination) 

4: Radiationless transition

Figure 1.3: Schematic representation of the energy states of a quantum confined nanoparticle

describing many of the major transitions'**’ '*’.

Examining the energy diagram, (Figure 1.3) the processes involved during excitation and 

recombination of quantum dots may be described. Arrow 1 of the diagram describes the excitation 

of the electron from the valence band to the conduction band, leaving a hole and forming the
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excited state or exciton. This exciton will then recombine releasing the energy of the excited state 

back to the environment, either as light or heat. This recombination can occur by two methods. The 

first method as described in arrow 2 involves direct or excitonic recombination. This process 

involves the emission of light at approximately the same energy (wavelength) as the original 

excitation. As a result, the Stoke’s Shift of this emission is very low. The energy of this emission is 

the magnitude of the band-edge which in a monodisperse sample will not vary widely so the 

distribution of energies and the corresponding spectrum will be narrow, generating a sharp peak for 

emission. As it is a direct transition, the lifetime of this transition is also comparatively short, often 

in the order of nanoseconds. The second form of recombination involves the moving of the excited 

state through trap states as described in arrow 3. This process in also termed indirect or defect 

emission. This process first involves a non-radiative transition of the excited electron to one of the 

trap states as described in arrow 4. These additional energy levels which occupy the band-edge 

provide a stepping stone for the electron to return to the ground-state. As the energy level of these 

traps is closer to the ground, emission that is generated from these states is lower in energy (longer 

wavelength) than the excitation leading to a longer Stoke’s shift. The diverse nature and energies of 

these traps also leads to a range of wavelengths of emission so the spectrum is also comparatively 

broad. As this indirect process involves more than one transition and trap states of a variety of 

natures it takes longer to recombine than via the direct route. This leads to longer lifetimes of 

luminescence than exhibited for direct emission.

According to earlier research by Brus et al'**’ the emission properties can be controlled by two 

factors. Firstly the nature of the semiconductor used can determine the energy of the excited state^’ 

(Figure 1.4) as well as the size of the nanoparticle which also has an effect on the wavelength of the 

emission . This would provide a large degree of control for the synthetic chemist allowing a range 

of possible applications to be catered for.
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Figure 1.4: Image of different colours of emission (energy of emission) produced by different

quantum dot materials. From Bawendi et al^’.

Quantum dots possess a wider range of excitation wavelengths than conventional organic dyes. 

Lower energies can also produce excitation through double absorption of energy in what is termed 

the two photon effect^^. Both of these processes can be used to perform the emission of light or the 

use of the excited electron to generate electric current in a photovoltaic device’^.

It can also be noted that quantum dots have been exhibited to show less degradation under light of 

their emission properties. This resistance to photobleaching is one of the primary benefits for the 

use of quantum dots over organic dyes^'*. It means that they would last longer in the presence of an 

excitation light source. For example, long term processes can be tracked such as embryogenesis^^. 

The QDs can also resist degradation by cellular metabolism as they are inorganic in nature and as 

such not as susceptible to enzymatic attack^^. It may be noted though that this resistance is not 

universal and a there are conditions in which quantum dots will degrade due to stripping of the 

ligand shell or dissolution of the crystal itself^’. This would be of the greatest concern for some 

potential applications of these kinds of materials^*.
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The majority of quantum dot materials would be composed of very toxic heavy metals such as 

cadmium, lead or mercury as well as some relatively dangerous counter-ions such as tellurium and 

selenium'^’ Because of this there is an effort to produce Cd-free quantum dots which are more 

biocompatible and can emit in the same wavelengths as the ‘toxic’ quantum dots*®.

Overall, intrinsically luminescent quantum dots have found a number of biological applications 

including bio-sensing and cell labelling were the dot would last longer in a cell than an organic dye 

would*'. Quantum dots have also exhibited photonic applications including display technologies, 

LEDs and novel forms of quantum dot lasers*^.

1.2.3. Synthesis of quantum dots

Main approaches for quantum dot synthesis involve the precipitation of the solid crystalline 

material which is arrested and stabilised while the nanoparticles are still in the nanometre size 

range. There are two widely used routes for the production of quantum dots*^. The first method 

involves organic phase reactions using organometallic reagents and high temperatures*'*’ **. These 

nanoparticles are soluble in organic solvents and normally exhibit very high quantum yields. 

Organic QDs can be readily transferred into aqueous media using phase transfer reactions were the 

initial ligands are replaced with a more polar ligand shell**^®, though there may be a reduction in 

quantum yield due to changes in the pacification of the shell™.

Another method involves an aqueous synthesis where the reactants are materials which are all 

soluble in water^'’ Direct aqueous synthesis by using short chain thiols as stabilising agents 

offers an excellent alternative to the above mentioned synthetic approaches, which employs 

organometallic reagents and high temperatures. This has a benefit over the organometallic route as 

it would use less toxic and less dangerous precursors. However it has been observed that the 

aqueous method of synthesis would produce particles with lower quantum yield’^. The aqueous 

synthesis involves heating of the mixture of the precursors under reflux. The size of the QDs can be 

tuned by altering the heating times with elongated reflux times resulting in larger nanoparticles^'*.

11
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Smaller particles have greater surface energies, therefore they can more readily lose material to the 

medium and consequently, larger particles are better able to retain and capture more material from 

the reaction media, a process termed Ostwald ripening’^. The high surface energies of smaller 

particles and clusters does not guarantee the removal of material from its surface, especially if the 

surface is passivated by a stabiliser'*. Stabilisers with low binding efficiency may allow 

redistribution of material at room temperature. However, in such cases the stability of the resulting 

nanoparticles will be in question. In the case of higher binding energies it thus becomes important 

to supply energy to the system in order to ensure the transfer of materials and thus nanoparticle 

growth. This energy can be acquired through the application of microwaves, other radiation, 

ultrasound, or through heating the solution. The size of the nanoparticles that are to be produced 

can in these cases be controlled therefore via the manipulation of the quantities of energy that is 

supplied to the solution as well as the length of time that that energy is provided to the reaction 

mixture.

The size of the nanoparticles defines both their absorbance and emission properties. I'herefore, 

UV-VIS and PL techniques can be very useful to determine the properties of the materials that are 

produced. The exposure of nanoparticles to additional heating can also be of use for the production 

of new nanostructures such as rods and tetrapods which are considered in the next section.

1.3. Quantum rods, tetrapods and other nanostructures

Nanoparticles, which have no preferential growth in any particular direction, may be referred to as 

zero-dimensional or dots'**.

Nanoparticles however are not necessarily zero-dimensional. There have been reports of a number 

of shapes of nanoparticle vaiying from rods^^ to wires^’, to tetrapods’*’ ’’ and prismatic shapes^’. 

The definition of nanoparticles frequently refers to the necessity of only one particular axis of these 

particles being within the nano-metre scale. These nanoparticles are still quantum confined in one 

or two dimensions that results in interesting properties which have not been observed in the zero

dimensional systems*".
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The emission spectra of such nanostructures would be of interest as they could demonstrate a 

polarised light emission along the long axis of the nanostructure. This effect, of course would only 

be observed in particles that have been aligned on a surface and not in solution with free rotation*'. 

It has been theoretically proposed that the excited state in the particle travels along the long axis 

and when there is recombination of the electron and hole the radiation emitted would also be forced 

to emit polarised light*^.

It is important to remember that significant work has also been done on the synthesis of II-IV 

nanocrystals with a variety of elongated shapes (e.g. CdSe nanorods) and nanostructures with 

nanotetrapod morphology by organic phase reactions. These fascinating nanostructures have been 

of great interest due to their potential use in photovoltaic devices**, in the synthesis of asymmetric 

nanoassemblies*'', as well as prospective additives for polymer reinforcement**.

One of the most interesting and fascinating systems is the nanotetrapod with four arms coming out 

of a central core. The symmetry of this form of nanostructure is a result of the growth of the arms 

from a central core which originated as a “seed crystal”. These directions of crystal growth have 

been shown to occur in the case of the 111 crystal plane of the zinc blend crystal phase of certain 

cadmium containing materials mirroring closely the 0001 plane of wurtzite of the same material*^*’ 

(Figure 1.5). As it has been indicated that the wurtzite phase is the more stable, it can be suggested 

that the growth of crystals of these materials will lead to a change in the phase and the generation 

of these unusual morphologies^.
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Figure 1.5: Diagram of tetrapodal nanoparticle with reference to the different crystal

structures in the core and the arms from T-Nann et al*^.

The increased cross section of this form of nanostructure can possibly enhance their ability to 

harvest light as the energy would be captured by the arms (antennae) and then funnelled into the 

core where it can be then readmitted. This has been exploited for light harvesting for solar cells”’ 

’^.These structures have also shown the emission of polarised light^^. They have also been 

potentially exploited as field emitters for display technologies”. This type of structure can also be 

of use as an additive for polymer reinforcement as the long morphology of these structures can act 

to bridge the polymer strands^*. It may also be noted that branched semiconductor nanoparticles 

can also be used as templates in the production of nanoscale electronics’^.

The nanotetrapod structures can also be produced using two different II-IV semiconductor 

materials. This can be achieved through the use of one material forming the core (zinc blend 

modification) and another material forming the arms (wurtzite modification)**. These materials

would have the added benefit that one of them can act as the “antenna” while another one acts as
14



Chapter 1 Introduction

the “emitter” this can extend the Stokes Shift of these nanoparticles and as a result expand the 

range of energies that these materials are active in.

Other forms of structures have also been reported which extend the nanotetrapod motif into 

dendritic structures which can even be made of different materials. This can be achieved by the 

addition of new materials later in the crystal growth stage. It has been indicated that the tips of 

certain forms of nanotetrapods can act as fresh nucleation sites and as such promote the growth of 

new arms*^. While the nanotetrapod structure is one of the most common 3D heterostuctures which 

has been shown in the literature, it still shows a high degree of symmetry. This is due to the equal 

growth from the four growth sites expected from the core nanoparticle. As many interesting 

physical properties have been traced to asymmetry of nanoparticles, it has been proposed to 

conduct post-synthetic modification of one of the arms of a nanotetrapod in order to achieve this^^. 

One such example involves the attachment of gold to one arm using the resting of the nanotetrapod 

on a surface to provide steric hindrance to the binding of gold with the other arms. There are other 

extended nanostructures’^ including arrows, dumbbells and pyramidal structures*’. Many of these 

structures are also of interest in potential electronic, photonic and other technological applications.

1.4. Chirality

The dictionary definition of chirality is the phenomenon in ehemistry and physics where a molecule 

differs from its mirror image’*’ ”. It is a form of isomerism and it means that the mirror image of a 

given molecule can only be achieved through the alteration of chemical bonds. Unlike other forms 

of chemical isomerism there is little difference chemically or physically between the two versions 

termed enantiomers.
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Figure 1.6: Generic chiral molecules showing the different positions for the two enantiomers.

The only two ways in which given enantiomers would differ is through either their interactions 

with other chiral molecules or using circularly polarised light. Chirality is common in organic 

moieties by virtue of the high number of possible combinations that can be possible through the use 

of carbon chemistry though it can also be observed in other systems. Chirality itself can be either 

intrinsic as in the case of many amino-acids were the nature of the chemical structure generates the 

chirality or it can be structural which is found in DNA were the folding and other supramolecular 

interactions generates the chirality. The fact that chiral molecules can only interact with other 

molecules of similar chirality is of great importance for the action and reactivity of drugs and 

biomolecules. The vast majority of biological molecules contain chiral components. This is largely 

due to some of the basic components of life, namely proteins, sugars and DNA being chiral or 

containing chiral parts. The fact that life is chiral means that in most cases only one enantiomer will 

react with biomolecules or one will only react in one way'”®’ ’®'.
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Figure 1.7: Thalidomide; a chiral molecule were one enantiomer (R) generates a sleeping

effect and the other (S) leads to teratogenic (birth defects) effects in children.

Chirality is also important for the pharmacological activity of many drugs. For this reason the 

chemical synthesis of chiral drugs must have a high degree of enantioselectivity in order to be 

acceptable'®^. The synthesis of chiral molecules and controlling the chirality of a product in a given 

reaction is of great importance for the production of pharmaceuticals as well as the synthesis of 

other biologically important molecules. Overall, the development of efficient methods to produce, 

control and identify enantiomerically pure chiral compounds is essential for the development of 

pharmaceuticals, agrochemicals, fragrances and food additives.

1.5.1. Chiral nanoparticles

Chiral nanoparticles of different materials have been produced via a variety of methods in recent 

years'®^ '®^ Nanoparticles made using chiral organic molecules can possibly be chiral as a result of 

the intrinsic chirality of the molecules that the nanoparticles are produced with. For other types of 

organic building material, it can become the case that these arrange themselves into patterns that 

will generate chiral responses. This would be similar to the structural chirality that has been found 

for such materials as DNA. Such materials, formed via supramolecular self-assembly rather than
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direct synthesis may enable very complex and chemically useful structures to be produced in a 

direct and cheap manner.

Nanoparticles composed of inorganic crystals would be highly unlikely to become chiral in their 

own right. It is therefore important that if any chirality is to be produced on these structures that it 

would involve manipulation of the organic ligand proportion which can be more readily changed 

and altered. Many organic complexing ligands have been produced which are chiral and can readily 

be bound to the surface of these nanoparticles. It has been found in a number of nanoparticles that 

close proximity of the particle to a chiral molecule can lead to the generation of chiral signals in 

band regions of the particles CD spectrum'®^’ '®^. There are at least two reasons for this. It has been 

indicated that the electric field generated by plasmonic nanoparticles can interact with the electric 

field of the chiral stabiliser leading to down-shifting of the signal into the plasmon band region of 

the spectrum. It may also be expected that there may be an enhancement in the signals due to the 

presence of the plasmon band that giving stronger absorbance than would be expected. In such 

systems the chiral effects is not intrinsic of the nanoparticle itself but rather brought on by the 

presence of the chiral ligand and the effect can be readily reversed through changing the chirality of 

the stabiliser'®*.

Figure 1.8: Schematic presentation of D-penicillamine stabilised CdS from Moloney et al 109
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The first chiral semiconductor quantum dots have been prepared and investigated by our group'®^’ 

with additional work conducted by other research groups from around the world'These 

nanoparticles have been prepared by microwave heating of appropriate precursors in the presence 

of chiral penicillamine stabilisers. CD studies of these QDs have shown that Z)-and Z,-penicillamine 

stabilised particles produced mirror image CD spectra while the particles prepared with a Rac 

mixture showed only a very weak signal. It was also found that all three types of CdS particles (Z)-, 

L-, and /?ac-penicillamine stabilised) show very broad emission bands between 400 and 700 nm 

due to defects or trap states on the surface on the surface of the nanocrystals (Figures 1.8 and 1.9).

Figure 1.9: CD spectra (left) and combined UV-VIS and PL (right) spectra from Moloney et

al'"’. The colour scheme used for both spectra is Z)-Pen (blue), Z-Pen (green), and 

Rac-?er\ (red). Excitation for all PL spectra was 365 nm.

It has been demonstrated with DFT calculations"'*, that these stabilisers induce chiral defects in 

the surface of the crystal structure while the core of the nanocrystal remains achiral. These studies 

have also shown that chiral QDs can demonstrate very broad band (white light) defect type 

luminescence.

The concept of chiral surface defects of QDs (distorted QD shell) was also confirmed by other 

groups working with CdTe QDs bearing chiral D- and Z- cysteinemethylester hydrochloride 

ligands . Interestingly, the chirality of the QD surface was maintained even after ligand exchange 

with an achiral thiol and transfer of CdTe QDs into a different (organic) phase (Figure 1.10). In this 

case, chiral QDs have demonstrated an extraordinary chiral memory effect'".
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Figure 1.10: Demonstration of chiral memory of CdTe QDs. After ligand exchange of chiral

ligand with an achiral thiol and subsequent phase transfer, the QDs retained optical 

activity. From Nakashima et al"^.

Chiral QDs would be of great interest to scientists as it is plausible that these particular types of 

nanoparticles may in some cases interact in a detectable manner with chiral molecules"^”*. As it 

would be the case that the chiral drug market makes up the majority of the pharmaceutical 

industries production and the current systems needed to confirm the chirality of the vast majority of 

products are highly specialised and expensive machines, any sensor system that can readily identify 

the chirality of the solution in a straight forward and more importantly cheap manner would be 

highly useful in both industry and academia. It can be envisaged that nanoparticles of one chirality 

may interact with molecules of that or the opposite chirality producing a change in the physical 

properties of the nanoparticles that can be measured using simple equipment such as a change in 

absorbance or emission or through a change in binding that can be examined"^.

There is also the potential that for the utilisation of nanoparticles as a form of chiral catalyst'^®, 

were the light energy may be used to promote photocatalytic reactions with chiral starting materials 

and products. Such a system may enable cheaper methods of engaging in asymmetric synthesis and 

may involve the easier reeovery of the catalyst as it would be in the semi-heterogeneous phase”*®. 

Such nanoparticles may also involve the use of sunlight as the energy source.

Chiral nanoparticles would also be of interest to scientists as it may well be the case that as such 

nanoparticles can absorb circularly polarised light, it may be the case that such nanoparticles may 

also possibly re-emit light that is polarised. Polarised light emitters are of interest for such things as
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the development of 3D displays. As it has been indicated that the chirality is generated from within 

the crystal it can be envisaged that the luminescence of these nanoparticles may also be polarised to 

some extent. Work has been conducted on the development of polymer systems as CP emitters'^'’ 

and potentially new optical devices. This method of generating polarised light from 

nanoparticles with zero-dimensional morphology can make for interesting polarised light emitting 

devices.

1.6. Doping of nanoparticles

While the production of novel shapes of semiconductor nanoparticles can be of use to change their 

emission, other alterations may also be of use for the same purpose. One such method would be the 

addition of dopants to the nanoparticle'^^. It is known that band gap energy of II-IV semiconductors 

can be tuned via divalent substitution on the cation sites to produce corresponding 

heterostructuresThis is due to the energy states of the dopant atoms leading to changes in the 

band gap of these nanoparticles. These new states will provide additional routes for excited states 

to recombine and lead to the extension of possible excited states. In some cases the doping can be 

of use in reducing the overall energy levels of the band gap. This can be of use in red-shifting the 

excited states of these systems leading to the generation of QDs that would be excited at lower and 

less biologically damaging energies than have been previously exhibited. As a result, these 

nanoparticles would be more suitable for use in medical diagnostics and sensing. In a chemical 

sense, doping in a relatively straightforward process were small quantities of new agents are added 

to the synthetic mixture. In cases where the crystal structure is close to that of the original material 

then the dopant atoms will insert into the nanoparticles’ crystal lattice.

Additional investigations may be of use in also determining if there are additional effects generated 

by the presence of the dopants such as enhancements of luminescence or magnetic effects'^^ Other 

effects can be gathered through the investigation of such properties as shifts in energies that are not 

due to the change in the defects in the systems.
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This can be particularly useful with respect to materials that are non-toxic such as zinc sulphide but 

which require excitation in the far UV and as such would be unsuitable for use with biological 

samples. If these nanoparticles can be doped with a biocompatible metal ion such as manganese

then these materials can be both safe in cells and excite and emit at compatible wavelengths 126

1.7. DNA nanoparticle assemblies

DNA as a cellular component and genetic material is well known. However, DNA as a scaffold 

material and linking agent has become increasingly prominent in recent years. There are many and 

varied applications which have been demonstrated for DNA.

As a self assembling agent, such as the case in so called “DNA origami'^’” the hydrogen bonding 

between specific base pairs on short strands of DNA are used to produce increasingly complicated 

shapes on a surface.

In addition DNA, can form globular structures which if stabilised with charged agents can form 

nanoparticles itself. These nanoparticles are of interest for novel methods of deployment in gene 

therapy'^*.

DNA can also be exploited directly as a stabiliser for nanoparticles. Due to its often long strand 

nature and negatively charged phosphate backbone DNA behaves chemically as a polyelectrolyte. 

A number of interesting publications have been reported using DNA as a stabiliser showing the 

formation of rods^’, wires^^ and similar structures. It has also been reported that using DNA as a 

stabiliser can lead to the formation of chiral nanoparticles'^’.

However the use of DNA in nanotechnology has reached its most common application in its use in 

the formation of nanoassemblies. Some such assemblies are produced via the exploitation of the 

straight line like formation that can template the arrangement of nanoparticles into arrays on 

surfaces'^”.

The direct binding of DNA to nanoparticle surfaces has lead to the self assembly of these 

nanoparticles provided certain conditions are met'^'. Of particular interest is the controlled
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formation of nanoassemblies which are in possession of optical activity which can be switched on

and off by changing the temperature'^^ (Figure 1.11).

Reversible Plasmonic CD

Figure 1.11: Gold nanorods with DNA coating showing reversible formation into ordered

assemblies with heating or cooling. From Z. Tang et al'^^.

The most exciting application which has been exhibited for DNA mediated assembling involves the 

use of the formation of the assembly as sensors'^^’ The procedure involves binding a single 

strand of DNA of a certain sequence to a nanoparticle'^^. The addition of the complementary 

sequence would then lead to the hybridisation of the two strands and the linking of nanoparticles 

into a large assembly. This can be observed through the use of such techniques as DLS, UV-VIS 

spectroscopy or electrochemical methods'^^. By placing complementary strands onto two different 

types of nanoparticle the target strand can separate two different types of nanoparticles (Figure 

1.12). If the nanoparticles are QDs and metallic plasmonic nanoparticles, then the removal of the 

plasmonic component would lead to return of luminescence'^’.
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Figure 1.12:

(ii)

Emission
quenched

Mechanism for the action of QD gold nanoparticle DNA sensors. From Melvin et 

al'”.

Using DNA as a support and a stabiliser for nanoparticles leads to a wide variety of potential 

applications. These can range from sensing of DNA sequences and similar analytes to the 

controlled and reversible formation of nanoassemblies.

1.8. Titanium dioxide nanoparticles

Other materials that have been of particular interest to material scientists is titanium oxides or 

titania which have been shown to exhibit a range of interesting properties and applications'^*. 

Titania has been exploited for generating reactive oxygen species on surfaces'^’ ’'*'. These highly 

oxygenating species can also photooxidise possible organic contaminants which can then be 

washed away''*^. This process has found application in a range of coating s from “intelligent” paints

to self cleaning glass25
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Figure 1. 13: Routes to singlet oxygen generation on the surface of a titania nanoparticle. The 

process shows absorption of light leading to exciton formation (1), possible 

recombination of the electron and hole (2), adsorption of triplet oxygen on the 

surface, reduction of the oxygen to a superoxide radical (3), oxidation of the oxide 

by the hole to the singlet oxygen (4), and quenching of the singlet state on the 

surface of the Ti02 (5) followed by desorption. From Daimon et al'^^

These applications are highly important and have already produced marketable products and 

demonstrated the potential of photocatalytic properties of titania in photochemical reactions'**^’ '**'*. 

The ability of titania enables the generation of reactive oxygen species under sunlight. There is a 

large number of publications in this area'**^’ Of particular interest would be recent work where 

such particles were produced in the presence of a chiral stabiliser introducing chiral defects onto 

the surface of the nanoparticles'**^. This chiral morphology could alter the way in which potential 

reactants bind to the surface of the particles'*"* leading to the production of chiral products from 

normally achiral photooxidation reactions'^®.

Of particular interest would be the generation of gels of titanium dioxide which can then be used to 

coat a variety of surfaces'**® as would be the case with a number of sol gel methods and which it 

would be hoped would retain their optical activity as well as chemical reactivity. Some methods of 

producing gels have already exhibited a preferential binding of chiral molecules to the gel filrn'^”.
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It has already been shown that titania coatings show a strong antimicrobial effect upon irradiation 

with UV light'^*. This is also due to the generation of reactive oxygen species at the surface of the 

nanoparticles which have been shown to be damaging to bacteria and other microorganisms. A

variousnumber of experiments have been reported with concerning doping the titania with 

elements (e.g. nitrogen, transition metal etc.) leading to activity at lower light energies'^'’ This 

is particularly relevant if the materials can be made effective in visible light/sunlight. A number of 

commercial products have been produced with titania coatings ranging from fabrics and tiles with 

specific antimicrobial activity'^^.

Microorganisms may preferentially bind to any chiral Ti02 nanoparticles made as part of a surface 

coating. Such a coating may thus be more efficient in reduction of bacterial viability and may be a 

useful tool for disinfecting surfaces in the future.

1.9. Aims of the project

The main aim of this project is to develop new chiral nanomaterials using various chemical

approaches and investigate the properties of these materials.

The scientific objectives of the project are:

1. To synthesise and investigate nanoparticles of cadmium sulphide nanoparticles in the presence 

of penicillamine, DNA or a combination of both and characterise fully with special attention 

being made to the optical activity of the nanoparticles produced through CD spectroscopy.

2. To test penicillamine stabilised cadmium sulphide nanoparticles in selected cell cultures with 

specific attention being provided to differences in interaction between the two enantiomers of 

nanoparticles.

3. To prepare manganese, lead and copper doped nanoparticles of cadmium sulphide stabilised 

with chiral penicillamine stabilisers. To fully characterise these nanoparticles with special 

attention made to differences in properties from the original cadmium sulphide nanoparticles.
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4. To synthesise chiral nanoparticles of manganese sulphide, lead sulphide and copper sulphide 

and to then characterise them fully with special attention regarding the similarities with the 

doped cadmium sulphide nanoparticles.

5. To prepare and investigate the hydrolysis and sol-gel processing of titanium organometallic 

precursors in the presence of penicillamine and to fully characterise these nanoparticles with 

particular attention to their chiral properties (e.g. CD spectra).

6. To test the resulting titanium oxide based materials for the photodecomposition of selected 

dyes and for activity against microorganisms.

In overall, the main of this project is to extend the demonstration and investigation of chirality to 

new nanomaterials. Considering the high importance of chirality to biological systems, chemistry 

and medicines, the development of chiral nanomaterials should have a great impact on these fields. 

We expect that this project will result in new chiral nanomaterials, which could serve as potential 

bio-, chemo-sensors and catalysts in asymmetric synthesis and other important technological 

applications in the future.

1. R. P. Feynman, Journal of Microelectromechanical Systems, 1992, 1, 60-66.

2. S. Jeon, V. Malyarchuk, J. A. Rogers and G. P. Wiederrecht, OPTICS EXPRESS, 2006, 14, 
2300-2308.

3. S. Karmakar, S. Kumar, R. Rinaldi and G. Maruccio, Journal of Physics: Conference 
Series, 2011,292,012002.

4. P. Alivisatos, Nature Biotechnology, 2004, 22, 47-52.

5. W. J. Parak, D. Gerion, T. Pellegrino, D. Zanchet, C. Micheel, S. C. Williams, R.

Boudreau, M. A. Le Gros, C. A. Larabell and A. P. Alivisatos, Nanotechnology, 2003,14, 
R15-R27.

6. S. Foss Hansen, B. H. Larsen, S. I. Olsen and A. Baun, Nanotoxicology, 2007,1,243-250.

7. T. Tsuzuki and P. G. McCormick, Journal of Materials Science, 2004, 39, 5143-5146.

8. C. C. Koch, Reviews On Advanced Materials Science, 2003, 5, 91-99.

9. P. Garrigue, M.-H. Delville, C. Labrugere, E. Cloutet, P. J. Kulesza, J. P. Morand and A.
Kuhn, Chemistry of Materials, 2004, 16, 2984-2986.

10. S. Facsko, T. Dekorsy, C. Koerdt, C. Trappe, H. Kurz, A. Vogt and H. L. Hartnagel, 
SCIENCE, 1999, 285, 1551-1553.

27



Chapter 1 Introduction

11. Y. C. Kong, D. P. Yu, B. Zhang, W. Fang and S. Q. Feng, Applied Physics Letters, 2001, 

78, 407-409.

12. T. Trindade, P. O'Brien and N. L. Pickett, Chemistry of Materials, 2001,13, 3843-3858.

13. J. Turkevich, P. C. Stevenson and J. Hillier, Discussions of the Faraday Society, 1951, 11, 

55-75.

14. X. Wang, J. Zhuang, Q. Peng and Y. Li, Nature, 2005, 437, 121-124.

15. H. Yu, P. C. Gibbons, K. F. Kelton and W. E. Buhro, Journal of the American Chemical 

Society, 2001, 123, 9198-9199.

16. J. Rieger, T. Frechen, G. Cox, W. Heckmann, C. Schmidt and J. Thieme, Faraday 

Discussions, 2007,136, 265-277.

17. M. M. Maye, W. Zheng, F. L. Leibowitz, N. K. Ly and C.-J. Zhong, Langmuir, 1999,16, 

490-497.

18. C.-S. Lin, M. R. Khan and S. D. Lin, Journal of Colloid and Interface Science, 2006, 299, 

678-685.

19. M. Green, Journal of Materials Chemistry, 2010, 20, 5797-5809.

20. T. Zhu, K. Vasilev, M. Kreiter, S. Mittler and W. Knoll, Langmuir, 2003,19, 9518-9525.

21. R. Shenhar and V. M. Rotello, Accounts of Chemical Research, 2003, 36, 549-561.

22. Y. Xia, T. D. Nguyen, M. Yang, B. Lee, A. Santos, P. Podsiadlo, Z. Tang, S. C. Glotzer 

and N. A. Kotov, Nature Nanotechnology, 2012, 6, 580-587.

23. R. Anil Rugunanan and M. E. Brown, Combustion Science and Technology, 1993, 95, 101- 

115.

24. M. Rai, A. Yadav and A. Gade, Biotechnology Advances, 2009, 27, 76-83.

25. T. Kemmitt, N. 1. Al-Salim, M. Waterland, V. J. Kennedy and A. Markwitz, Current 

Applied Physics, 2004, 4, 189-192.

26. A. Verma, O. Uzun, Y. Hu, Y. Hu, H.-S. Han, N. Watson, S. Chen, D. J. Irvine and F. 

Stellacci, Nature Materials, 2008, 7, 588-595.

27. N. Nasongkla, E. Bey, J. Ren, H. Ai, C. Khemtong, J. S. Guthi, S.-F. Chin, A. D. Sherry,

D. A. Boothman and J. Gao, Nano Letters, 2006, 6, 2427-2430.

28. K. Cho, X. Wang, S. Nie, Z. Chen and D. M. Shin, Clinical Cancer Research, 2008,14, 

1310-1316.

29. P. Taneja, P. Ayyub and R. Chandra, Physical Review B, 2002, 65, 245412.

30. S. Nie and S. R. Emoiy, SCIENCE, 1997, 275, 1102-1106.

31. D. Aheme, D. M. Ledwith, M. Gara and J. M. Kelly, Advanced Functional Materials,

2008,18, 2005-2016.

32. D. Pissuwan, S. M. Valenzuela and M. B. Cortie, Trends in Biotechnology, 2006, 24, 62- 

67.

28



Chapter 1 Introduction

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

R. H. Kodama, Journal of Magnetism and Magnetic Materials, 1999, 200, 359-372.

C. B. Catherine and S. G. C. Adam, Journal of Physics D: Applied Physics, 2003, 36, 

R198.

S. J. Byrne, S. A. Corr, Y. K. Gun'ko, J. M. Kelly, D. F. Brougham and S. Ghosh, 

Chemical Communications, 2004, 2560-2561.

I. L. Medintz, H. T. Uyeda, E. R. Goldman and H. Mattoussi, Nature Materials, 2005, 4, 

435-446.

A. H. Latham and M. E. Williams, Accounts of Chemical Research, 2008, 41, 411-420. 

S.-J. Jeong, H.-S. Moon, J. Shin, B. H. Kim, D. O. Shin, J. Y. Kim, Y.-H. Lee, J. U. Kim 

and S. O. Kim, Nano Letters, 2010, 10, 3500-3505.

S. Kinge, M. Crego-Calama and D. N. Reinhoudt, Chemphyschem, 2008, 9, 20-42.

C. 6 Dalaigh, S. A. Corr, Y. Gun'ko and S. J. Connon, Angewandte Chemie, 2007,119, 

4407-4410.

S. Wittmann, A. Schatz, R. N. Grass, W. J. Stark and O. Reiser, Angewandte Chemie 

International Edition, 2010, 49, 1867-1870.

J. Dobson, Drug Development Research, 2006, 67, 55-60.

T. Kippeny, L. A. Swafford and S. J. Rosenthal, Journal of Chemical Education, 2002, 79, 

1094-1100.

F. Flerman, Reviews of Modern Physics, 1958, 30, 102-121.

S. R. Ovshinsky, Physical Review Letters, 1968, 21, 1450-1453.

G. T. Einevoll, Physical Review B, 1992, 45, 3410-3417.

S. Coe-Sullivan, W.-K. Woo, J. S. Steckel, M. Bawendi and V. Bulovic, Organic 

Electronics, 2003, 4, 123-130.

L. Brus, IEEE Journal of Quantum Electronics, 1986, 22, 1909-1914.

M. G. Bawendi, W. L. Wilson, L. Rothberg, P. J. Carroll, T. M. Jedju, M. L. Steigerwald 

and L. E. Brus, Physical Review Letters, 1990, 65, 1623-1626.

N. Chestnoy, T. D. Harris, R. Hull and L. E. Brus, Journal of Physical Chemistry, 1986, 

90, 3393-3399.

P. O. Anikeeva, J. E. Halpert, M. G. Bawendi and V. Bulovici , Nano Letters, 2009, 9, 

2532-2536.

P. Taroni, G. Vlentini, L. Marcu, D.-P. Hader, G. Jori, G. Palumbo and R. Pratesi, in 

Lasers and Current Optical Techniques in Biology, The Royal Society of Chemistry', 

Editon edn., 2004, vol. 4, pp. 259-328.

R. P. Raffaelle, S. L. Castro, A. F. Hepp and S. G. Bailey, Progress in Photovoltaics: 

Research and Applications, 2002, 10, 433-439.

W. C. W. Chan and S. Nie, SCIENCE, 1998, 281, 2016-2018.

29



Chapter 1 Introduction

55. B. Dubertret, P. Skourides, D. J. Norris, V. Noireaux, A. H. Brivanlou and A. Libchaber, 

SCIENCE, 2002, 298, 1759-1762.

56. F. Chen and D. Gerion, Nano Letters, 2004, 4, 1827-1832.

57. D. Maysinger, J. Lovric, A. Eisenberg and R. Savic, European Journal of Pharmaceutics 

and Biopharmaceutics, 2007, 65, 270-281.

58. A. M. Derfus, W. C. W. Chan and S. N. Bhatia, Nano Letters, 2003, 4, 11-18.

59. J. L. Pelley, A. S. Daar and M. A. Saner, Toxicological Sciences, 2009,112, 276-296.

60. L. Li, T. J. Daou, I. Texier, T. T. Kim Chi, N. Q. Liem and P. Reiss, Chemistry of 

Materials, 2009, 21, 2422-2429.

61. T. M. Jovin, Nature Biotechnology, 2003, 21, 32-33.

62. D. Bimberg, M. Grundmann, F. Heinrichsdorflf, N. N. Ledentsov, V. M. Ustinov, A. E. 

Zhukov, A. R. Kovsh, M. V. Maximov, Y. M. Shemyakov, B. V. Volovik, A. F. 

Tsatsul'nikov, P. S. Kop'ev and Z. I. Alferov, Thin Solid Films, 2000,367, 235-249.

63. Y. Yin and A. P. Alivisatos, Nature, 2005, 437, 664-670.

64. D. V. Talapin, S. Haubold, A. L. Rogach, A. Komowski, M. Flaase and H. Weller, The

Journal of Physical Chemistry B, 2001, 105, 2260-2263.

65. B. O. Dabbousi, J. Rodriguez-Viejo, F. V. Mikulec, J. R. Heine, H. Mattoussi, R. Ober, K. 

F. Jensen and M. G. Bawendi, The Journal of Physical Chemistry B, 1997, 101, 9463- 

9475.

66. K. Susumu, H. T. Uyeda, I. L. Medintz, T. Pons, J. B. Delehanty and H. Mattoussi, Journal 

of the American Chemical Society, 2007, 129, 13987-13996.

67. T. Pellegrino, L. Manna, S. Kudera, T. Liedl, D. Koktysh, A. L. Rogach, S. Keller, J. 

Radler, G. Natile and W. J. Parak, Nano Letters, 2004, 4, 703-707.

68. F. Dubois, B. Mahler, B. Dubertret, E. Doris and C. Mioskowski, Journal of the American 

Chemical Society, 2006, 129, 482-483.

69. H. T. Uyeda, I. L. Medintz, J. K. Jaiswal, S. M. Simon and H. Mattoussi, Journal of the 

American Chemical Society, 2005, 127, 3870-3878.

70. S. Jeong, M. Achermann, J. Nanda, S. Ivanov, V. I. Klimov and J. A. Hollingsworth, 

Journal of the American Chemical Society, 2005, 127, 10126-10127.

71. N. Gaponik and A. L. Rogach, Physical Chemistry Chemical Physics, 2010, 12, 8685- 

8693.

72. N. Gaponik, D. V. Talapin, A. L. Rogach, K. Hoppe, E. V. Shevchenko, A. Komowski, A. 

Eychmuller and H. 'NeWe.r, Journal of Physical Chemistry B, 2002, 106, 7177-7185.

73. A. Shavel, N. Gaponik and A. Eychmuller, The Journal of Physical Chemistry B, 2006,

110, 19280-19284.

30



Chapter 1 Introduction

74. S. J. Byrne, B. le Bon, S. A. Corr, M. Stefanko, C. O'Connor, Y. K. Gun'ko, Y. P. 

Rakovich, J. F. Donegan, Y. Williams, Y. Volkov and P. Evans, ChemMedChem, 2007, 2, 

183-186.

75. R. Vengrenovich, Y. Gudyma and S. Yarema, Semiconductors, 2001,35, 1378-1382.

76. M. Chen, Y. Xie, J. Lu, Y. J. Xiong, S. Y. Zhang, Y. T. Qian and X. M. Liu, Journal of 

Materials Chemistry, 2002,12, 748-753.

77. S. Kundu, H. Lee and H. Liang, Inorganic Chemistry, 2009, 48, 121-127.

78. L. Manna, D. J. Milliron, A. Meisel, E. C. Scher and A. P. Alivisatos, Nature Materials,

2003, 2, 382-385.

79. L. Manna, E. C. Scher and A. P. Alivisatos, Journal of the American Chemical Society, 

2000, 122,12700-12706.

80. D. Steiner, D. Katz, O. Millo, A. Aharoni, S. Kan, T. Mokari and U. Banin, Nano Letters,

2004, 4, 1073-1077.

81. M. Artemyev, B. Moller and U. Woggon, Nano Letters, 2003, 3, 509-512.

82. N. E. Hsu, W. K. Hung and Y. F. Chen, Journal of Applied Physics, 2004, 96, 4671-4673.

83. Q. Zhao, T. Xie, L. Peng, Y. Lin, P. Wang, L. Peng and D. Wang, The Journal of Physical 

Chemistry C, 2007, 111, 17136-17145.

84. O. Hamack, C. Pacholski, H. Weller, A. Yasuda and J. M. Wessels, Nano Letters, 2003, 3, 

1097-1101.

85. A. C. Balazs, T. Emrick and T. P. Russell, SCIENCE, 2006, 314, 1107-1110.

86. A. Fiore, R. Mastria, M. G. Lupo, G. Lanzani, C. Giannini, E. Carlino, G. Morello, M. De

Giorgi, Y. Li, R. Cingolani and L. Manna, Journal of the American Chemical Society, 

2009,131, 2274-2282.

87. S. Kumar and T. Nann, Small, 2006, 2, 316-329.

88. R. G. Xie, U. Kolb and T. Basche, Small, 2006, 2, 1454-1457.

89. N. J. Borys, M. J. Walter, J. Huang, D. V. Talapin and J. M. Lupton, SCIENCE, 2010, 330, 

1371-1374.

90. P. J. Thomas and P. O'Brien, Journal of the American Chemical Society, 2006, 128, 5614- 

5615.

91. D. J. Milliron, 1. Gurand A. P. Alivisatos, MRS Bulletin, 2005, 30, 41-44.

92. Z. Yi, L. Yunchao, Z. Haizheng, H. Jianhui, D. Yuqin, Y. Chunhe and L. Yongfang, 

Nanotechnology, 2006, 17, 4041.

93. C. Mauser, T. Limmer, E. Da Como, K. Becker, A. L. Rogach, J. Feldmann and D. V. 

Talapin, Physical Review B, 2008, 77, 153303.

94. L. Zhao, Q. Pang, S. Yang, W. Ge and J. Wang, Physics Letters A, 2009, 373, 2965-2968.

31



Chapter 1 Introduction

95. S. L. Teich-McGoldrick, M. Bellanger, M. Caussanel, L. Tsetseris, S. T. Pantelides, S. C. 

Glotzer and R. D. Schrimpf, Nano Letters, 2009, 9, 3683-3688.

96. H. Liu and A. P. Alivisatos, Nano Letters, 2004, 4, 2397-2401.

97. G. Z. Shen and C. J. Lee, Crystal Growth and Design, 2005, 5, 1085-1089.

98. R. Bentley, CHIRALITY, 2010, 22, 1-2.

99. L. D. Barron, Chemistry — A European Journal, 1996, 2, 743-744.

100. G. Wulff, Pure and Applied Chemistry, 1982, 54, 2093-2102.

101. J. K. Barton and E. Lolis, Journal of the American Chemical Society, 1985, 107, 708-709.

102. H. Caner, E. Groner, L. Levy and I. Agranat, Drug Discovery Today, 2004, 9, 105-110.

103. J. Zhang, M. T. Albelda, Y. Liu and J. W. Canary, CHIRALITY, 2005,17,404-420.

104. V. Kitaev, Journal of Materials Chemistry, 2008, 18, 4745-4749.

105. Y. Xia, Y. Zhou and Z. Tang, Nanoscale, 3, 1374-1382.

106. A. O. Govorov, Z. Fan, P. Hernandez, J. M. Slocik and R. R. Naik, Nano Letters, 2010, 10, 

1374-1382.

107. A. O. Govorov, Y. K. Gun'ko, J. M. Slocik, V. A. Gerard, Z. Fan and R. R. Naik, Journal 

of Materials Chemistry, 2011, 21, 16806-16818.

108. C. Gautier and T. Burgi, Journal of the American Chemical Society, 2008, 130, 7077-7084.

109. M. P. Moloney, Y. K. Gun'ko and J. M. Kelly, Chemical Communications, 2007, 3900- 

3902.

110. S. A. Gallagher, M. P. Moloney, M. Wojdyla, S. J. Quinn, J. M. Kelly and Y. K. Gun'ko, 

Journal of Materials Chemistry, 2010, 20, 8350-8355.

111. R. Zhou, K.-Y. Wei, J.-S. Zhao and Y.-B. Jiang, Chemical Communications, 47.

112. Y. Li, Y. Zhou, H.-Y. Wang, S. Perrett, Y. Zhao, Z. Tang and G. Nie, Angewandte Chemie 

International Edition, 2011, 50, 5860-5864.

113. A. Ben Moshe, D. Szwarcman and G. Markovich, ACS Nano, 2011, 5, 9034-9043.

114. S. D. Elliott M. P. Moloney and Y. K. Gun'ko, Nano Letters, 2008, 8, 2452-2457.

115. T. Nakashima, Y. Kobayashi and T. Kawai, Journal of the American Chemical Society, 

2009,131,10342-10343.

116. X. Lopez-Lozano, L. A. Perez and 1. L. Garzon, Physical Review Letters, 2006, 97,

233401.

117. N. Shukla, M. A. Bartel and A. J. Gellman, Journal of the American Chemical Society, 

2010,132, 8575-8580.

118. Y. K. Gun'ko, M. M. Moloney, S. Gallagher, J. Govan and C. Hanley, Micro- and 

Nanotechnology Sensors, Systems, and Applications II, Orlando, Florida, USA, 2010.

119. Y.-J. Kang, J.-W. Oh, Y.-R. Kim, J. S. Kim and H. Kim, Chemical Communications, 2010, 

46, 5665-5667.

32



Chapter 1 Introduction

120. H. Bonnemann and G. A. Braun, Chemistry-A European Journal, 1997, 3, 1200-1202.

121. M. Grell and D. D. C. Bradley, Advanced Materials, 1999, 11, 895-905.

122. D. Neher, Macromolecular Rapid Communications, 2001, 22, 1365-1385.

123. S. C. Erwin, L. Zu, M. 1. Haflel, A. L. Efros, T. A. Kennedy and D. J. Norris, Nature, 

2005,436,91-94.

124. A. M. Smith and S. Nie, Accounts of Chemical Research, 2009, 43, 190-200.

125. S. Santra, H. Yang, P. H. Holloway, J. T. Stanley and R. A. Mericle, Journal of the 

American Chemical Society, 2005, 127, 1656-1657.

126. S. Santra, H. Yang, J. T. Stanley, P. H. Holloway, B. M. Moudgil, G. Walter and R. A. 

Mericle, Chemical Communications, 2005, 3144-3146.

127. P. W. K. Rothemund, Nature, 2006, 440, 297-302.

128. V. Vijayanathan, T. Thomas and T. J. Thomas, Biochemistry, 2002, 41, 14085-14094.

129. O. K. Gabriel Shemer, Gil Markovich, Tatiana Molotsky, Irit Lubitz and and A. B. Kotlyar, 

Journal of the American Chemical Society, 2006,128, 11006-11007.

130. H. Li, S. H. Park, J. H. Reif, T. H. LaBean and H. Yan, Journal of the American Chemical 

Society, 2003, 126, 418-419.

131. G. P. Mitchell, C. A. Mirkin and R. L. Letsinger, Journal of the American Chemical 

Society, 1999, 121, 8122-8123.

132. Z. Li, Z. Zhu, W. Liu, Y. Zhou, B. Han, Y. Gao and Z. Tang, Journal of the American 

Chemical Society, 134, 3322-3325.

133. K. Sapsford, T. Pons, I. Medintz and H. Mattoussi, Sensors, 2006, 6, 925-953.

134. S. Cobbe, S. Connolly, D. Ryan, L. Nagle, R. Eritja and D. Fitzmaurice, The Journal of 

Physical Chemistry B, 2002, 107, 470-477.

135. G. K. Kouassi and J. Irudayaraj, Analytical Chemistry, 2006, 78, 3234-3241.

136. J. Zhang, S. Song, L. Wang, D. Pan and C. Fan, Nature Protocols, 2007, 2, 2888-2895.

137. L. Dyadyusha, H. Yin, S. Jaiswal, T. Brown, J. J. Baumberg, F. P. Booy and T. Melvin, 

Chemical Communications, 2005, 3201-3203.

138. A. Fujishima, X. Zhang and D. A. Tryk, Surface Science Reports, 2008, 63, 515-582.

139. T. Daimon and Y. Nosaka, The Journal of Physical Chemistry C, 2007, 111, 4420-4424.

140. Y. Nosaka, T. Daimon, A. Y. Nosaka and Y. Murakami, Physical Chemistry Chemical 

Physics, 2004, 6, 2917-2918.

141. L. Sun and J. R. Bolton, The Journal of Physical Chemistry, 1996,100, 4127-4134.

142. J.-M. Herrmann, Catalysis Today, 1999, 53, 115-129.

143. M. A. Gonzalez, S. G. Howell and S. K. Sikdar, JoMr«a/ of Catalysis, 1999,183, 159-162.

144. H. Yoshida, C. Murata and T. Hattori, Chemical Communications, 1999, 1551-1552.

145. 1. P. Parkin and R. G. Palgrave, Journal of Materials Chemistry, 2005, 15, 1689-1695.

33



Chapter 1 Introduction

146. K. Kabra, R. Chaudhary and R. L. Sawhney, Industrial & Engineering Chemistry 

Research, 2004, 43, 7683-7696.

147. G. A. Seisenbaeva, M. P. Moloney, R. Tekoriute, A. Hardy-Dessources, J.-M. Nedelec, Y. 

K. Gun'ko and V. G. Kessler, Langmuir, 2010, 26, 9809-9817.

148. A. Gabashvili, D. T. Major, N. Perkas and A. Gedanken, Ultrasonics Sonochemistry, 2010, 

17, 605-609.

149. R. A. Caruso and M. Antonietti, Chemistry of Materials, 2001,13, 3272-3282.

150. S. Fireman-Shoresh, D. Avnir and S. Marx, Chemistry of Materials, 2003, 15, 3607-3613.

151. D. Mitoraj, A. Janczyk, M. Strus, H. Kisch, G. Stochel, P. B. Heczko and W. Macyk, 

Photochemical & Photobiological Sciences, 2007, 6, 642-648.

152. G. Fu, P. S. Vary and C.-T. Lin, The Journal of Physical Chemistry B, 2005, 109, 8889- 

8898.

153. Y. Li, P. Leung, L. Yao, Q. W. Song and E. Newton, Journal of Hospital Infection, 2006, 

62,58-63.

34



Chapter 2 The production and characterisation of optically
active nanotetrapods

Chapter 2. The production and characterisation of optically active

nanotetrapods

2.1. Introduction

Recently there have been several reports on heteronanostructures of I1:VI semiconductor materials 

with various morphologies going from rods to stars and tetrapods’ *. These multidimensional nano

materials are of great interest to researchers as they would be in possession of optical properties 

that would vary from the zero-dimensional quantum dots which have been extensively investigated. 

There is a lot of the interest in these anisotropic nanoparticles with axes which would preferably 

absorb polarised light. It has also been shown that these QD nanostructures can in some cases be 

preferentially excited by polarised light along axes of polarisation^. It has been observed that this 

kind of excitation can be exploited for the purposes of producing lasing light in such 

nanostructures'”.

It was also found that QD heterostructures can be produced with more than one semiconductor 

material. This can promote an antennae effect that can be observed in some morphologies". By 

using different materials it can be observed that several different energy gaps can be placed in the 

one material leading to a number of transitions and a more complicated and thus more potentially 

useful spectra from these materials.

In addition, spherical nanoparticles could be bound to each other in arrays that can either be in two 

or even three dimensions. Such arrays can amplify the properties of nanoparticles which have been 

noted before enabling their utilisation on a larger scale. These arrays have already been utilised for 

light harvesting for solar cells, for electricity generation in solar cells'^ as well as for display 

technologies and electronic applications'”’'''.

Through the use of shaped faceted nanostructures certain regions of the surface of the nanoparticles

may be made more favourable for binding of the ligand allowing preferential attachment of ligand

to one side or face. Therefore, it would be possible to retain greater control of the arrangement of
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nanoparticles into arrays'^ These structures require a more nuanced synthesis than has been 

employed for the simple dot structures as it needs to employ preferential growth along certain 

facets of seed crystal. This may involve the use of a seed crystal of one material or use of a 

stabiliser that binds strongly to certain crystal surfaces this allowing the other surface to be open for 

allowing growth in one direction. Another method would be to bind nanocrystals together and to 

then fuse them to produce hybrid structures.

One of the most interesting and fascinating nanostructures that have been reported in a number of 

publications is the nanotetrapodal structure. This structure has been favoured by scientists as it 

would be one of the more symmetrical structures that can be produced. Nanotetrapods have been 

prepared for a number of materials such as CdS, CdSe ’ ’ ’ and CdTe as well as ZnO . A range 

of potential applications for the structures have been suggested from solar cells, electronics'^ to 

polymer reinforcement^".

A mechanism for the formation of nanotetrapodal nanostructures of II-VI materials has been 

reported in the literature'*. The mechanism involves first the formation of a core nanoparticle with a 

zinc blend core which serves as a seed for growth of arms with Wurztite structure resulting in 

tetrapodal morphology. It may be noted for materials such as CdSe or CdS the zinc blend core is 

the less stable and the crystals grow the Wurtzite structure preferentially. The faces of the 

tetrahedral crystal are of the (111) configuration which in the case of a number of materials are 

almost a perfect fit for the (0001) surface of the Wurtzite structure. In this way those faces 

specifically provide sites for the formation of the Wurtzite crystal which then grows out in a 

straight direction to form the arms. This has been confirmed by HRTEM images taken of 

nanotetrapods in a number of publications^''^^. These tetrapodal nanostructures can be considered 

as core-antenna systems which have great potential for energy harvesting.

The current methods for the production of these shaped nanotetrapodal materials normally involve 

the use of “forcing conditions” such as high temperature solvothermal synthesis and gas phase 

reactions. These synthetic procedures would be far from ideal as it would often be the case that the 

precursors used would be environmentally damaging and/or toxic. It could also be noted that using
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the high temperatures and specialist set-ups involved would have the effect of increasing the 

overall cost of the synthesis. While this may not be of great concern for preliminary investigations 

of these materials, it would have definite implications for the successful scaled-up synthesis of 

these materials. This would be important for the final utilisation of these materials for the novel 

technological applications that have been mooted for these materials.

The aim of this part of our work is to develop new chiral tetrapodal nanostructures. The chiral 

nature of these materials could be of use in the generation of novel forms of assemblies where the 

surface chiral-chiral interactions is used to produce structures that act to exploit the intrinsic 

photonic properties of this shape of nanocrystal. These nanomaterials potentially can be used as 

sensors were the chiral functionality or even just the chelating function of the materials is exploited 

to generate a signal change either in the UV-VIS, PL or CD spectra which can be detected 

indicating the presence of the analyte.

In addition, such chiral nanostructures may be of interest as an enhancement of the underlying 

polarised light emission properties of existing nanotetrapods^'*.

2.2. Synthesis and characterisation of quantum nanotetrapods

CdS nanotetrapods were prepared by reaction of cadmium chloride with thioacetamide in the 

presence of penicillamine stabiliser (Figure 2.1). The solution was heated under reflux for two 

hours (Figure 2.2).

D-Pen L-Pen

Figure 2.1: Chemical structure of D (S)and L(R) -penicillamine used in the synthesis of CdS

chiral nanotetrapods.
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Pencillamine 
5 equivalents

CdCl2

4 equivalents

Basic (11-12) pH 
with NaOH solution

Thioacetamide 
1 equivalent

Reflux2 hours

Figure 2.2: Reaction scheme for the production of CdS quantum nanotetrapods.

The purification of the produced nanotetrapods involved first the reduction of the volume of the 

solution under reduced pressure after which the unreacted precursors and smaller nanoparticles 

were removed through filtration and washing on ultra centrifuge filter systems with a cut-off of 

30kDa. The resulting nanoparticles were then re-dispersed in water and then stored under 

refrigerated conditions (+4°C).

These samples were analysed using a range of techniques including UV-VIS, PL and CD 

spectroscopy as well as by DLS, zeta-potential and fluorescent lifetime analysis.

UV-VlS examination of the nanotetrapod suspensions showed the presence of a band-edge at 

approx 370 nm (Figure 2.3). There was also a further absorbance increasing out towards 200 nm
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which corresponds to additional absorbencies of the nanocrystals as well as near UV absorbance of 

the ligand shell.

Wavelength (nm)

Figure 2.3: The UV-VIS absorption spectra of penicillamine stabilised CdS nanotetrapods

scanning from 200 to 500 nm with a magnified view of the band-edge region 

(insert) showing the D-Pen (black), Z,-Pen (red) and Rac-Pen (blue) stabilised 

particles.

Examination of the PL Spectra shows broad white emission with a emission maxima at 

approximately 500 nm. This c a large Stokes’ shift that would be indicative of defect luminescence 

(Figure 2.4). It may be noted that the emission is nonzero past the 710 nm end of the scan.
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Wavelength (nm)

Figure 2.4; The PL spectra of penicillamine stabilised CdS nanotetrapods, excited at 365 nm 

and scanning from 385 to 710nm. Showing the emission spectra for D-Pen 

stabilised nanotetrapods (black) Z,-Pen stabilised nanotetrapods (red) and Rac-Pen 

stabilised (blue).

Analysis of quantum yields of emission in comparison with the Rhodamine B standard in ethanol 

shows that they are quite low (usually under 10%) and highly variable. This was expected since in 

these CdS nanoparticles the emissive species involves defects in the crystal^^. Examination of the 

luminescence lifetimes was performed using the nano LED system as well as the bi-exponential fit 

for analysis of the data.
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Figure 2.5: Decay analysis of luminescence of penicillamine stabilised CdS nanotetrapods.

This system demonstrated the presence of one short lifetime which was usually in the tens of nano

second range and which is believed to correspond to the excitonic or intrinsic component of the 

luminescence. There is also a longer lifetime which can be anywhere up to 180 ns which is 

believed to be compo.sed of the defect states involved in the luminescence which take longer to 

decay and fluoresce (Table 2.1).

Table 2.1: Analysis of luminescence of penicillamine stabilised CdS nanotetrapods.

Sample Z)-Pen CdS £-Pen CdS Rac-¥en CdS

Q.Y. of luminescence 
(%)

3.2 ±0.05 10.3 ±0.1 10.1 ±0.2

Lifetime 1 (ns) 38.6 ±0.4 40.1 ±1.1 45.9 ±1.1

Lifetime 2 (ns) 187.3 ±1.4 169.7 ±1.3 179.2 ±1.3

value 1.06249 1.15559 1.009528

Examination of the CD spectra of D and L penicillamine stabilised samples showed the presence of 

optical activity in the region of the UV-VIS spectra from 200 nm to 450 nm, including bands 

between 300-450 nm where the band-edge for CdS is normally present (Figure 2.6). The D-Pen 

stabilised samples show the presence of a negative signal at around 380 nm and the Z,-Pen samples
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show a positive signal at approx the same wavelength these would crossover at around 320-310 

nm. Signals due to the presence of the ligand would be found below 300 nm and again there would 

be mirror images. As expected, Rac-Ven did not show any optical activity.

Figure 2.6:

Wavelength (nm)

CD spectra of penicillamine stabilised CdS nanotetrapods showing nanotetiapods 

stabilised with £)-Pen (black), Z,-Pen (red) and /?ac-Pen (blue).

The presence of defects seems to be important for the generation of a chiral response as 

suspensions with weak defect luminescence also appear to show low optical activity. This would 

enable us to conclude that chiral defects cause the optical activity^*.

Examination of the size distribution of the QDs by DLS was limited because these solutions are 

luminescent in the region of the spectrum where the detector is examining the signal from the 

sample (Table 2.2 and figure 2.7).
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Table 2.2: Table of DLS analysis of a representative sample of penicillamine stabilised CdS

nanotetrapods.

Sample Z)-Pen CdS L-Pen CdS Rac-Pen CdS

Z-Average nm 49.64 80.26 48.86

Peak 1 nm (%) 42.00 (80.8) 66.28 (41.7) 34.04 (85.8)

Peak 2 nm (%) 470.6(15.7) 17.49 (34.6) 128.1 (14.2)

Peak 3 nm (%) 5154 (3.5) 261.5 (23.6)

PDI 0.4 0.2 0.2

Note: in cases where t le table is blank the analysis generated less than three size distribution

maxima for the given sample.
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Figure 2.7: DLS analysis graph for a representative sample of penicillamine stabilised CdS

nanotetrapods showing results for D-Pen (black), L-Pen (red) and Rac-Pen 

stabilised particles.

The zeta potential analysis appears to be less effected than the sizing and it is often the case that 

these nanoparticles show a negative potential with a results over -20 mV not uncommon (Table 

2.3and figure 2.8). This surface charge would be essential for the stabilisation of these 

nanoparticles on suspension and as a result would be highly important for the stability of these 

suspensions.
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Table 2.3: Zeta potential analysis of a representative sample of penicillamine stabilised CdS

nanotetrapods.

Sample Z>-Pen CdS L-Pen CdS Rac-Pen CdS

Potential mV -42.4 -17.4 -42.3

Peak 1 mV (%) -42.5 (99.6) -24.1 (49.9) -42.3(100)

Peak 2 mV (%) -20.4 (0.4) -11.0 (48.1)

Peak 3 mV (%) 7.88(1.8)

^ deviation mV 6.03 9.67 6.59

Note the empty regions of the table are a result of analysis generating only less than three voltage 

values for surface charge for the given sample.

Zeta ft)tential Distribution

250000

200000
«3
3 150000
O
O

§ 100000 
I-

50000

-200 -100 100 200

Zeta Ftotential (rrW)

Record 10: CdSD-Ftenw ashed 1 Record 13: CdSL-Ftenw ashed 1 Record 16: CdSR-Rsnw ashed 1

Figure 2.8: Zeta potential graphs of penicillamine stabilised CdS nanotetrapods showing

results for O-Pen (black), Z-Pen (red) and Rac-Ven (blue) stabilised nanoparticles.

FTIR analysis was also conducted on the CdS nanotetrapods. Peaks at 3243 cm ’ can be assigned as 

either OH or NH groups^’. 2958 cm ’ can be assigned as C-H bonds in aliphatic carbons. 1565 cm’’ 

and 1404 cm ’ can be assigned as carboxylate groups and 1000 cm ’ can be assigned as a carbonyl 

stretch (Figure 2.9). This analysis would be indicative of the presence of penicillamine stabiliser on 

the surface of these nanotetrapods.
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Figure 2.9:

TEM images of samples show the presence of tapered tetrapodal nanostructures which have a 

central core surrounded by four arms, three of which are in the plane more or less of the TEM grid 

while another faces out of the grid (Figure 2.10). Size analysis was conducted on the arm length of 

the nanotetrapods. Mean arm lengths were found to be 17.3 nm for D-Pen, 13.7 nm for Z,-Pen and 

17.5 nm for Rac-Ven stabilised CdS nanotetrapods with standard deviations for the samples of 

5.425 nm, 3.712 nm and 5.467 nm respectively.
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100 nm 20 niti

Figure 2.10: TEM image of D-Pen stabilised CdS nanotetrapods showing a number of 

structures in the one grid (left) and a closer image showing two tetrapods.

High resolution images show the presence of crystallinity in the nanostructures. Close imaging of 

the samples was unable to observe a discontinuity of lattice between the core and the arms though 

the core was not readily visible in the nanostructure for comparison possibly due to size of the 

particle. It was the case that diffraction patterns from the whole particles shows a number of lattices 

with an analysis of the lattice spacings showing both the presence of the approx 3.4 A of the zinc 

blend structure and the 4 A of the wurtzite structure (Figure 2.11).
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Figure 2.11: FFT of TEM images of D-Pen stabilised CdS tetrapods showing evidence for two 

crystal structures.

Additional evidence for the crystallinity comes from XRD (Appendix 1) with the wide broad peak 

at approximately between 2 and 3 0 which would be indicative of the 111 cubic phase of cadmium 

sulphide^*. STEM analysis of the material shows a more three dimensional image of the 

nanoparticles with a tapered nanotetrapod being visible clearly out of the lacy carbon grid (Figure 

2.12). STEM also showed the structures more readily than would be the case for the TEM analysis 

as the negative contrast that it utilises better shows the nanoparticles against the grid.
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100
Figure 2.12: STEM images of Z)-Pen CdS nanoparticles showing the tetrapodal morphology and 

closer images showing nanocrystals.

Elemental analysis of the nanotetrapods was conducted using EDX. Strong peaks for cadmium and 

sulphur were detected confirming that CdS was the dominant material of these particles (Figure 

2.13).

Figure 2.13: EDX spectra of Z)-Pen stabilised CdS nanotetrapods.

Ligand presence was also determined using TGA which indicated that the ligand shell makes up 

approximately 3 % of the mass of the nanoparticles. This would be in line with the relative masses
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of the cadmium sulphide core and the thin stabiliser layer (Figure 2.14). The derivative of the 

weight drop shows a large mass drop at approximately 200 °C which would be indicative of 

combustion of the organic layer of the stabiliser (Figure 2.15). An additional drop in mass can be 

explained as evaporation of water molecules trapped in the ligand shell.

Temperature (Celsius)

Figure 2.14: TGA of D-Pen stabilised CdS nanotetrapods.

Figure 2.15: D-TGA of Z)-Pen stabilised CdS nanotetrapods.
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2.3. Reaction monitoring of the synthesis of nanotetrapods

A potential mechanism for the formation of nanotetrapods involves, as stated before, the generation 

of cores from which arms subsequently grow. It was decided to monitor the reaction of the 

synthesis of these nanoparticles and examine this mechanism. The reaction was conducted and 

samples for investigation were taken at different stages and examined using UV-VIS absorption, 

PL and CD spectroscopies. Looking at the samples shows a step-wise red shift of the band-edge 

(Figure 2.16) and emission maximum (Figure 2.18). There was also a shift in the CD bands from 

the CD spectra and a reduction in the strength of the signal this would appear to be due to the CD 

signal being generated from the surface of the particle and subsequently a reduction in the strength 

if these signals due to the increase in size of the particles.

Wavelength (nm)

Figure 2.16: The changing UV-VIS absorption spectra of with monitoring of the formation of 

L-Pen stabilised CdS nanotetrapods through an aqueous reflux. The strong 

absorption peak observed in the at approximately 330 nm at the samples taken 

after 10 min of reflux is reduced and additional signal at approximately 370 nm 

develops becoming more apparent at 2 hours of reflux. This indicates reduction in 

the numbers of small nanoparticles and generation of larger nanotetrapods.
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Wavelength (nm)

Figure 2.17: The changing CD spectra with monitoring of the formation of Z-Pen stabilised CdS 

nanotetrapods through an aqueous reflux.

Wavelength (nm)

Figure 2.18: Changing PL spectra with monitoring of the formation of Z-Pen stabilised

nanotetrapods through an aqueous reflux. Note all spectra were from samples 

excited at 365 nm. This may not have been the ideal absorbance for the given 

sample leading to the observed changes in emission spectra.
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Examination of the samples taken at stages during the reaction shows a progression from small 

spherical nanoparticles (Figure 5.19) at exhibited at lOminutes of reflux to the generation of 

nanotetrapods (Figure 5.20) after two hours of reflux.

50 nm
Figure 2,19: Representative TEM images of the changes that occur through the formation of 

Penicillamine stabilised CdS nanotetrapods showing spherical L-?Qn stabilised 

CdS nanoparticles after 10 minutes of aqueous reflux (left) and Z)-Pen stabilised 

nanotetrapod synthesis reaction after two hours of aqueous reflux (right).

Similar results were observed for D- and /?ac-Pen stabilised nanotetrapods (Appendix 1).

The time of reflux was also extended further to see the effect on the optical properties of the 

solutions produced. There was a gradual red-shift and reduction in the signals produced leading to 

the eventual loss of signal after approx 9 hours of reflux. It may be the case that as it is defects that 

are responsible for the signals in the CD as has been noted before it has been observed that the 

heating of the particles can have the effect of destabilising the defects and as such leading to a 

reduction in the number of and energy gap of the defects present in the samples it may be observed 

that there is a gradual reduction in the strength of both the PL emission and the CD signals while 

absorption in the UV-VIS is still observed (Figures 2.20 to 2.22).
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Wavelength (nm)

Figure 2.20: Changing UV-VIS spectra of formation of Z)-Pen stabilised CdS nanotetrapod with 

monitoring over an extended reflux.

Figure 2.21: Changing CD spectra of formation of Z)-Pen stabilised CdS nanotetrapods with 

monitoring over an extended reflux.
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Figure 2.22: Changing PL spectra of formation of D-Pen stabilised CdS nanotetrapods with 

monitoring of extended reflux excited at 365 nm.

Surprisingly, in the investigation of the solution produced after 9 hours of reflux it was observed 

that the nanotetrapod morphology still dominates the material produced (Figure 2.23). Size analysis 

was conducted on these nanoparticles and found a value for Z)-Pen stabilised particles of 23.0 nm 

with a standard deviation of 9.921 nm, for Z,-Pen stabilised particles of 16.4 nm with a standard 

deviation of 5.546 nm and for 7?ac-Pen stabilised particles of 16.3 nm with a standard deviation of 

5.021 nm. These deviations in values are in line with the values for the two hour synthesis 

described above. From analysis of the emission properties of the nanotetrapods it can be deduced 

that the source of the majority of the emission is also from defect states. The addition of additional 

energy to the nanotetrapods through the extended reflux leads to an effect on the population of 

these defects and their energy levels. Therefore, the changes in emission properties can be 

suggested to be due to changes in the defect states rather than the size of the nanotetrapods.
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Figure 2.23: TEM image of Z-Pen stabilised CdS nanotetrapods synthesised through an 

overnight reflux.

2.4. Investigation of pH variation on CdS nanotetrapods

Samples of nanotetrapods were produced and diluted in aqueous solutions that were with a range of 

pH values. This was conducted to determine the effect of pH on the luminescence signal of the 

samples. The pH of the solution can influence the charge on the nanoparticles and as such the 

stability of the suspension also as the pH lowers there would be the additional effect of chemical 

attack on the nanoparticles with the conversion of the S of the CdS into H2S. The desired pH was 

produced through the corresponding addition of HCl or NaOH solutions. These solutions were then 

scanned for any effect on the UV-VIS and PL spectra of the nanotetrapods.
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There is a change in the UV-band with increasing acidification (Figure 2.24). The band edge red- 

shifts as the ligand shell first becomes protonated reducing the electrostatic repulsion between 

nanoparticles, leading to aggregation. When the solution reaches a pH of 1 the nanoparticles 

themselves are degraded by the acid environment and as such there is no band edge in the UV 

scans with only some ligand visible.

Wavelength (nm)

Figure 2.24: UV-VIS spectra of Rac-Pen stabilised CdS nanotetrapods in changing pH.
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Examination of the two enantiomers and the racemate shows similar results (Figure 2.25).

pH of solution

Figure 2.25: Graph of change in visible absorbance at 430 nm with change in pH of solution.

There is total quenching of luminescence from pH 5 (Figure 2.26). There is also a more limited 

decrease of luminescence intensity as pH increases from neutral. This would indicate that there is 

an effect on the luminescence with an increasein the surface charge of the nanotetrapods in the case 

of increasing pH and with a decrease in pH there is an immediate quenching due to protonation of 

the surface ligands of the nanotetrapods followed by eventual degradation of the nanotetrapods. 

Again similar results were observed for all three enantiomers (Figure 2.27).

57



Chapter 2 The production and characterisation of optically
active nanotetrapods

Figure 2.26: PL spectra of Rac-Pen stabilised CdS nanotetrapods in changing pH medium 

excited at 365 nm.

pH of solution

Figure 2.27: Graph of changing luminescence intensity with changing pH in solution. Showing 

the results for changes with Z)-Pen (black), Z-Pen (red) and Rac-Pen (blue) 

stabilised nanotetrapods.

The conclusion of these experiments would be that these particular nanotetrapods are more stable 

and continue to retain their luminescence under basic conditions this process is reversible as
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nanotetrapods generated in a high pH medium retain luminescence after transfer to a pH neutral 

medium. The presence of acidic conditions first quenches the luminescence of the nanoparticles 

after which the nanoparticles would be degraded by the acids as indicated by the complete 

reduction in the presence of excitonic absorption in samples which have been suspended in a 

medium with low pH.

2.5. Investigation of the effect of salts on CdS nanotetrapods.

In many of the biomedical and sensing applications that had been proposed for the nanotetrapods it 

is necessary to use buffer solutions which would contain a number of salts. In some cases salts can 

have a negative effect on nanoparticles leading to quenching of luminescence or the complete 

degradation of the nanoparticles. Therefore it is necessary to investigate the effect of certain salts 

on the behaviour of nanotetrapods in these solutions. Suspensions of CdS nanotetrapods were 

produced in solutions ofNaCl and MgCl2with increasing concentration. These solutions were then 

investigated using UV-VIS absorption and PL spectroscopy. Specific attention was given to 

changes in the PL as this would be the best candidate for investigative techniques using these 

nanoparticles.

Sodium chloride salt is found in many buffer media and as such can be a good candidate for 

testing. Concentrations of 0.15M were looked at and the resultant solutions were shown to have 

relatively little effect on both the LfV-VIS absorption (Figure 2.28) spectra and the PL spectra 

(Figure 2.29) that were produced except the gradual reduction in intensity that would have occurred 

due to concentration effects. It would seem thus that there are limited effects on CdS nanotetrapods 

of NaCl solution in water.
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Wavelength (nm)

Figure 2.28: UV-VIS spectra of Rac-Y^en CdS nanotetrapods in increasing NaCI concentration.

Wavelength (nm)

Figure 2.29: PL spectra of /?ac-Pen stabilised CdS nanotetrapods in increasing NaCl 

concentration excited at 365 nm.

Another salt that may be found in reasonable concentrations in buffer media would be MgCl2 and it 

is possible that it may have a greater effect on the ligand shell of the CdS nanoparticles.
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MgCl2 solutions were produced in the presence of CdS nanotetrapods and examined using UV-VIS 

absorption and PL spectroscopy. As was mentioned above, effects could be noted in the LfV-VIS 

due to increased absorbance by the QDs in solution in the far UV (Figure 2.30). In the case of the 

PL spectra there is a clear reduction in signal at higher ion concentration which may be due to the 

interaction of the di-cations with the ligand shell acting to quench luminescence (Figure 2.31). 

Analysis of the other enantiomers produced similar results (Figure 2.32).

Figure 2.30: UV-VIS spectra of Rac-Pen stabilised CdS nanotetrapods in increasing MgCl2 

concentration.
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Wavelength (nm)

Figure 2.31: PL spectra of /?ac-Pen stabilised CdS nanotetrapods with increasing MgCl2 

concentration excited at 365 nm.

Figure 2.32: Graph of change in PL Max intensity with change in MgCl2 concentration.

Showing Z)-Pen (black), L-Pen (red) and /?ac-Pen (blue) stabilised nanotetrapods.
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2.6. Experiments on phase transfer of CdS nanotetrapods

Many of the technological applications that have been suggested for quantum dot materials require 

the nanoparticles to be suspended not in an aqueous media but rather in organic media^. As it is the 

case that the nanoparticles produced according to the syntheses above are in aqueous solvents it 

would be necessary to transfer the QD products to a different type of solvent. This process is 

known as a phase transfer. Interestingly the phase transfers have already been shown to, in some 

cases, allow for the retention of chirality of the nanoparticles^®. The methods used for phase 

transfer of nanoparticles are varied^’’^'' but can either involve the replacement of the bound ligands 

or the complexation of the outer layer of the ligand shell with a moiety that will more readily 

interact with the phase that it is desired that the nanoparticles are to enter into. Ideally this 

replacement would occur at room temperature though it is also the case that the application of 

energy might be required for the transfer. This should be minimised due to possible effects of the 

application of energy on the defects in the crystal structure of the particles.

The primary method that has been tried for the production of organic soluble chiral nanotetrapods 

involves the replacement of the chiral ligand with dodecanethiol as described in Nakashima et al^®. 

To guarantee the phase transfer of the nanoparticles to the organic phase, the application of energy 

in the form of heating under reflux was utilised.

The ligand exehange between aqueous penicillamine stabilised CdS nanotetrapods to toluene was 

performed using dodecane thiol stabiliser and the transfer was tracked by spectroscopic techniques. 

The UV-VIS spectra of the organic phase shows a gradual increase in the CdS absorbance band at 

around 400 nm indicating that material is being transferred (Figure 2.33). The increasing baseline 

observed may be due to the organic phase being more opaque as a result of some suspension of 

water in the organic solvent.
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Wavelength (nm)

Figure 2.33: UV-VIS absorption spectra of reaction monitoring of transfer of penicillamine 

stabilised CdS nanotetrapods to toluene using dodecane thiol. Examination of the 

organic phase shows an increasing band-edge.

PL monitoring of the transfer shows growth in luminescent intensity as material is transferred 

(Figure 2.34). It was observed that there was a lower level of luminescence and a red-shift as 

compared to the original aqueous nanoparticles. This may be suggested to be due to the thermal 

treatment necessaiy for ligand transfer removing defect states.
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Wavelength (nm)

Figure 2.34: PL spectra of reaction monitoring of the transfer of penicillamine stabilised CdS 

nanotetrapods to toluene using dodecane thiol excited at 365 nm.

As these defects are necessary for the CD signals from these samples, there is also a loss of 

chirality in the majority number of samples (Figure 2.35).

Figure 2.35: CD spectra of penicillamine stabilised CdS nanotetrapods transferred to toluene via 

ligand exchange. Showing particles originally stabilised with D-Pen (black), Z-Pen 

(red) and j?ac-Pen (blue).
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A limited number of penicillamine stabilised CdS nanotetrapods still retained a strong CD signal 

after phase transfer using dodecanethiol. For these samples it was the case that the samples were 

transferred with the minimum application of heat energy as that can be envisaged to have an effect 

on the defects in the crystal lattice (Figure 2.36).

Wavelength (nm)

Figure 2.36: CD Spectra of D-Pen stabilised CdS before and after phase transfer from water to 

chloroform using agitation showing the aqueous phase (black) and organic phase 

(red).

The samples all showed the same tetrapodal morphology after the transfer under TEM (Figure 

2.37). The size of the nanotetrapods was very close to that which had been observed for the 

aqueous nanoparticles. Size distribution analysis of these particles after transfer to toluene shows a 

mean size of 12.1 nm for the originally D- Pen stabilised nanotetrapods with a standard deviation 

of 3.184 nm, a mean size of 13.2 nm for the originally Z-Pen stabilised nanotetrapods with a 

standard deviation of 3.578 nm and a mean size of 10.1 nm for the originally Rac-Ven particles 

with a standard deviation of 1.937 nm. These values are within the standard deviations for the 

values described for the products of the aqueous synthesis described in the second section. This 

indicates that the phase transfer does not radically change the morphology of the nanotetrapods and 

enables the retention of chirality (chiral defects) when transfer is achieved at lower temperatures.
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200 nm
Figure 2.37: TEM image of /?ac-Pen CdS nanotetrapods after phase transfer to toluene using 

dodecane thiol.

2.7. Biological testing of CdS nanotetrapods

The cytotoxicity and rate of cellular uptake of aqueous soluble nanotetrapods have been 

investigated in this part of the work.

The cytotoxicity study was conducted using Murine NG108-15 neuroblastoma cells. These cells 

were incubated in the presence of nanotetrapods for a period of 24 hours after which the 

nanotetrapods were removed and an MTT assay was conducted in order to determine the viability
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of the cells in the samples. Through this method the relative toxicity to the cells under examination 

to the nanotetrapods was determined.

The uptake experiment was performed on HT1080 human fibrosarcoma cells. These cells were 

incubated in medium to which had been added CdS nanotetrapods for four hours after which the 

cells were washed to remove nanoparticles in solution. The cells as well as a control which had not 

been exposed were examined using a fluorescence microscopy exciting at 405 nm.

The results of the investigation of the cytotoxicity showed relatively high levels of cell viability 

after exposure to nanoparticles with slightly decreasing cell viability as the concentration of 

nanoparticles gradually increased by a factor of 100 (Figure 2.38). This would lead to the 

conclusion that the penicillamine functions to prevent exposure of the cells to the toxic cadmium 

present within the nanoparticles which would be expected as it is the case that penicillamine is used 

in chelation therapy.
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Figure 2.38: Graph of the levels of cell viability when exposed to penicillamine stabilised CdS 

nanotetrapods, the different enantiomers in different concentrations.

The analysis of HT1080 cells in the presence of penicillamine stabilised CdS nanotetrapods shows 

uptake of the nanoparticles into the cells (Figure 2.39). Cells in the presence of the Z)-Pen stabilised 

nanotetrapods show a strong luminescence, indicating heavy uptake. Conversely the T-Pen 

stabilised nanotetrapods show considerably less luminescence than the Z)-Pen stabilised. This 

would be a possible indicator of preferential uptake of Z)-Pen as opposed to i-Pen stabilised
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particles. It may also be noted that /?ac-Pen stabilised nanotetrapods showed an intermediate value 

compared to the other two and the control sample showed no luminescence (Appendix 1).

Figure 2.39: Fluorescent microscope image of HTl 080 Cells incubated with Z)-Pen (left) and L- 

Pen (right) stabilised CdS nanotetrapods.

Integrating the total luminescence shows the preferential uptake of D-Pen stabilised CdS 

nanotetrapods over L-Pen quantitatively (Figure 2.40).

Average integrated intensity
300

Sz
D-Pen average L-Pen average Rac-Pen average

Figure 2.40: Graph of the different integrated luminescence for the three enantiomers as 

recorded from HTl080 cells.

69



Chapter 2 The production and characterisation of optically
active nanotetrapods

2.8. Conclusions

From the results above the following conclusions can be made.

For the first time CdS nanostructures with a tetrapodal morphology were produced via an aqueous 

synthesis. These nanoparticles possess broad defect luminescence and optical activity in the band 

edge. The production of these nanostructures was observed to be reproducible however, due to the 

defect nature of both the emission states and the optical activity, exact matching of these properties 

in each successive synthesis is highly unlikely as this would involve generating the exact same 

defect states in the produced nanotetrapods.

Reaction monitoring of the synthesis has indicated that nanoparticle formation goes through a 

phase of small spherical nanoparticles that then grow arms to form the nanotetrapod structures. 

This is in line with the theory for the formation of nanotetrapods. Extending the length of time of 

the synthesis reduces the optical activity and red-shifts the luminescence, suggesting the defects in 

the particles are gradually reduced in energy.

These nanotetrapods show stability over a range of pH values but quenching and degradation at 

acidic pH. This was observed for the two different enantiomers of the stabiliser as well as the the 

racemate.

The nanotetrapods show stable absorbance and emission properties under increasing NaCl 

concentration. However, the emission of the nanotetrapods shows a reduction in values with 

increasing MgC^ concentration.

Ligand exchange replaced the penicillamine ligand with dodecane thiol converting the aqueous 

nanotetrapods to organic soluble particles. These particles retained luminescence as well as the 

tetrapodal morphology under TEM. However, optical activity was usually lost due to the effect of 

heating during the transfer process. On one occasion the optical was retained with ligand transfer 

involving a non-heating agitation approach, this proved difficult to reproduce.
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These nanotetrapods also demonstrated limited cytotoxicity when incubated with murine 

neuroblastomas. Most importantly, the Z)-Pen stabilised nanotetrapods exhibit preferential uptake 

into fibrosarcoma cells over the L and racemate stabilised nanotetrapods which has never been 

reported previously.

These nanoparticles are an interesting extension of existing work in the field of chiral 

nanoparticles.

The preferential cellular uptake of the Z)-Pen stabilised nanotetrapods rather than the Z,-Pen is not 

what would be expected as it is Z-penicillamine that is biologically active. This will require further 

detailed investigations.

In overall, the nanotetrapodal structures are very interesting and may find a number of potential 

applications.
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Chapter 3. CdS-DNA nanostructures

3.1. Introduction

Deoxyribonucleic acid (DNA) is a promising template and stabilising agent for the production of 

optically active nanoparticles'.

Firstly, DNA contains a number of functionalities including the nitrogenous donor groups on the 

bases as well as the anionic phosphate-sugar backbone. Therefore DNA possesses a multitude of 

binding sites that would readily envelop and stabilise nanoparticles^'^.

Secondly DNA is a chiral molecule. This chirality is derived from both the ribose sugar molecules 

within the backbone as well as the twisting of the double helix. This twist is characteristic of DNA 

and should be predicted to form in the presence of additional materials that could lead to the 

inducement of chirality in DNA bound materials'.

Thirdly the production of optically active nanoparticles stabilised with DNA has been previously 

reported. In this case the material was colloidal silver' which showed optical activity in the visible 

region of the spectrum. For reference the DNA used was specially produced oligo-nucleotides with 

defined base-pairs specifically high in guanidine and cytosine.

Additional work has also been reported on the synthesis of CdS DNA stabilised nanoparticles 

mainly with the production of nanoparticles* and of rods’ but little or no work has been done with 

regards to the examination of the circular dichroism (CD) of these materials as of the time of 

writing.

Therefore in our work we aim to develop new CdS-DNA nanocomposites with emphasis on testing 

the systems with regards to any optical activity in the band edge of these materials.

As has already been mentioned from the study of penicillamine stabilised CdS nanocrystals these 

systems can form tetrapodal nanostructures under reflux*. These kinds of nanostructures have been 

shown to have unusual emission properties^ as well as possible applications for electronics'" and 

the reinforcement of plastics" so it may be considered advantageous to produce a supra-molecular 

system which incorporates these nanocrystals into ordered assemblies using DNA as a cross-
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linking agent. The use of DNA for the production of nanoassemblies of nanoparticles^ and carbon 

nanotubes'^ has been demonstrated. Such assemblies may be of use for the harvesting of solar 

power'^ or for the production of light emitting devices for new display technologies''*.

In this part of the thesis we aim to perform the syntheses of CdS DNA penicillamine stabilised 

nanostructures and investigate the new nanomaterials by various instrumental techniques.

DNA has also been used as an agent for the controlled assembly of various nanomaterials into 

arrays'^ '*. To test the viability of DNA as an agent for the assembly of CdS nanotetrapods it was 

decided to test the effect of the presence of DNA of preformed CdS nanotetrapods.

3.2. Synthesis and characterisation of DNA-CdS nanocomposites

DNA stabilised CdS quantum dots have been prepared using DNA solution produced from salmon 

sperm DNA (Fluka) in Trizma base buffer. The DNA solution was added to Millipore water to 

which was added CdC^ solution and then thioacetamide solution. The solution was then heated to 

130°C under reflux for two hours. The purpose of this was to denature the DNA strands to improve 

the binding of the DNA to the forming CdS quantum dots. The strands would then recombine with 

cooling, binding to the quantum dots and stabilising them. Samples were taken from the solutions 

after each addition as well as after one and two hours of reflux. These were then diluted via the 

addition of Millipore water and characterised using UV-VIS, PL and CD spectroscopy. The solvent 

was removed via evaporation at reduced pressure to a concentrated solution which was 

subsequently passed through a G25 sephadex column and the resulting samples were used for 

additional spectroscopic studies and TEM.
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DNA
(Salmon Sperm or 

Calf thymus)

O

Thioacetamide

Figure 3.1; Reaction scheme for the production of DNA stabilised CdS nanoparticles.

The samples taken after the addition of the thioacetamide sulphur source and the reflux stages of 

the synthesis show the development of a band-edge region in the (300-450nm) UV-VIS absorption 

spectra which indicates the production of CdS nanoparticles’’ (See Figure 3.2).
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Wavelength (nm)

Figure 3.2: UV-VIS absorbance spectra of reaction monitoring of CdS DNA quantum dots,

note the band edge signal from 450-300 nm.

An examination under UV light confirms the presence of nanoparticles as there is a faint red 

luminescence produced from these samples. An examination using PL spectroscopy demonstrated 

the presence of a broad luminescence from 550-800nm (Figure 3.3).

Wavelength (nm)

Figure 3.3: PL spectra of CdS DNA after 1 hour of reflux, note the weak signal and the

characteristic wide signal of defect emission.
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The luminescence has the large Stokes shift and wide full width half max that are characteristic of 

defect emission in quantum dots^®'^^. The luminescence also possesses a low quantum yield (>1%) 

and is red-shifted in the spectrum.

Wavelength (nm)

Figure 3.4: CD spectra of reaction monitoring of the synthesis of CdS DNA quantum dots,

with a close-up of the band-edge region (insert).

The CD spectra of the material showed an alteration after the addition of the cadmium source to 

the original DNA solution (Figure 3.4). This would appear to indicate binding of the positively 

charged Cd^^ ions to the negatively charged DNA backbone^^.

An examination of the CD spectrum of produced CdS-DNA nanocomposites displayed no 

detectable activity in the band-edge region of these materials which from the UV-VIS would be 

approx 300-400 nm. Even in cases where the concentration was increased by evaporation of the 

solvent it was the case that these materials also showed no detectable signal from the band edge. 

Size analysis of the numerous ratios of DNA-Cd used to produce nanoparticles demonstrated a 

number of trends. Firstly it may be noted that two size populations were exhibited in these cases 

indicating that there was some aggregation in the case of the production of nanoparticles (Figure 

3.5 and table 3.1).
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Size Distribution by Intensity
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Figure 3.5: Size analysis of CdS stabilised with DNA with ratios of 1 to 1 (red), 2 to 1 (blue)

and 1 to 2 (green) of DNA to Cadmium.

Table 3.1: Sizing results of a representative sample of DNA CdS nanoparticles.

Sample Z-average Peak 1 (%) Peak 2 (%) Peak3(%) PDI

CdS DNA 1:1

ratio

88.82 110.4 (90.4) 19.04 (7.1) 5278 (2.5) 0.4

CdS DNA 2; 1

ratio

191.3 194.8(93.1) 35.19(6.9) 0.3

CdS DNA 1:2

ratio

119.5 149.4 (91.5) 18.11 (5.4) 5164 (3.0) 1

Additional evidence for the presence of DNA in the CdS QDs where found using FTIR analysis. 

Peaks assigned to the phosphate backbone and aliphatic carbons were observed^'* (Appendix 2).

The fluorescent quantum yields and lifetimes were also determined for these particles. The 

quantum yields were very low for these particles (> 1%) while the lifetime analysis shows the 

presence of two lifetimes indicating the excitonic and defect processes which have been known to 

occur in such nanoparticles^^.
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Table 3.2; Values for quantum yields and lifetime analyses for DNA stabilised CdS quantum 

dots.

Sample DNA: CdS 1:1 ratio DNA: CdS 2:1 ratio DNA: CdS 1:2 ratio

Quantum yield % 0.6 ±0.1 0.5 ±0.05 0.8 ±0.1

T 1 (ns) 48.65 ±5.6 17.3 ±27.3 18.68 ±2.6

T2 (ns) 403.76 ±18.5 234.7 ±251.3 237.63 ±7.6

1.151602 1.223641 1.233903

Analyses of two different samples were conducted and it may be noted to be the case that the 

samples that the structure showed the presence of crystalline highly aggregated nanoparticles 

possibly cross-linked by DNA (See figure 3.6). Size analysis of these nanoparticles gave a mean 

size for these nanoparticles of 3.6 nm with a standard deviation of 0.899 nm.

.::A’-

A

1000 nm

", iVi,'.' ;;' .

*. ' w.■ c i?- ,A.^

• <!-/_ - — . V J

- ■■

* ml ^ ‘

i_ ■' f ^ * y^ nm ^ *
Figure 3.6: TEM images of CdS DNA QDs from 2; 1 ratio synthesis showing nanoparticles

embedded in DNA polymer (A), and closer images of CdS nanoparticles showing 

a distinct lattice visible in the image (B and C).

The investigation of the fringes in the TEM images showed average lattice spacing of 3.6 A. This 

corresponds to the distance between the 111 planes of cubic CdS
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3.3. Synthesis and characterisation of DNA/penicillamine co-stabilised CdS nanotetrapods

The CdS DNA penicillamine stabilised nanotetrapods were prepared using a similar method for the 

production of the CdS pencillamine stabilized nanotetrapods as described in chapter 2. Millipore 

water and DNA solution in trizma base were mixed in a RBF. To this was then added either D, L 

and /?ac-Penicillamine solutions followed by CdCb solution. NaOH solution was added drop-wise 

to raise the pH followed by the addition of thioacetamide solution.

The solution was then heated to 130°C and was allowed to reflux for 2 hours after which samples 

were taken and stored overnight for analysis.

The samples were analysed using UV-VIS absorbance, PL and CD spectroscopy. The reaction 

mixture was purified via reduction in volume followed by solvent co-precipitation with propan-2- 

ol. The samples were then analysed spectroscopically and then dispersed on a copper formvar grid 

for TEM imaging.
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Figure 3.7; Reaction scheme for the synthesis of penicillamine and DNA co-stabilised 

nanotetrapods.

The UV-VIS of the DNA/penicillamine stabilised CdS nanoparticle suspensions shows strong 

absorption at approx 260 nm which would be characteristic for DNA (Figure 3.8). The rest of the 

spectra would be standard for penicillamine stabilized CdS QDs with a band-edge at around 

360 nm and further strong absorbencies closer to 200 nm.
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Wavelength (nm)

Figure 3.8: UV-VIS spectra of the enantiomers of DNA/penicillamine stabilised CdS

nanotetrapods showing D-Pen (black), L-Pen (red) and /?ac-Pen (blue) co

stabilisers. With magnified image of the band-edge region (insert).

The PL spectra of the samples showed a Stokes shift greater than 100 nm and a broad emission 

(greater than 100 nm wide at half the emission maximum) which would be characteristic of defect 

emission^°'^^(Figure 3.9). As can be seen from the PL spectra these samples demonstrated 

green/yellow luminescence when excitated with L'V-Light at 365 nm. The defect nature of this 

luminescence does mean that there is some variation in the intensity and energy of luminescence 

from these nanoparticles although in general the wide energy level and wide Stake’s shift remains 

the same.
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Wavelength (nm)

Figure 3.9: PL spectra of CdS DNA/penicillamine stabilised nanotetrapods all excited at 365

nm and scanning emission from 385 to 710 nm. Showed are particles co-stabilised 

with Z)-Pen (black), L-Pen (red), and Rac-^en (blue).

Examination of the samples with CD spectroscopy showed optical activity in the band edge region 

for the enantio-pure stabilised samples (Figure 3.10). However due to the presence of DNA there is 

strong optical activity from all of the samples below 300 nm though it may still be seen that there is 

no activity in the band-edge region for the Rac-?Qn stabilised samples.
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Wavelength (nm)

Figure 3.10: CD spectra of CdS DNA/penicillamine stabilised nanotetrapods and a close-up of 

the band edge region (insert). Showed are the D-Pen (black), Z,-Pen (red), and Rac- 

Pen (blue) co-stabilised nanotetrapods.

The size and zeta potential of these nanoparticles were also analysed.
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Figure 3.11: Representative DLS analysis of DNA/penicillamine stabilised CdS nanotetrapods.

Showing sizes for nanotetrapods stabilised with DNA and co-stabilised with D-Pen 

(red), T-Pen (green) and the racemate (blue).
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The DLS results showed Z-average values greater than had been observed for penicillamine 

stabilised nanotetrapods as described in chapter 2. This may be due to the DNA penicillamine 

nanotetrapods demonstrating more than one size population which would be indicative of there 

being individual nanoparticles which aggregate into larger assemblies. This aggregation may 

possibly be derived from the binding of DNA.

Table 3.3: Size analysis of representative sample of DNA/penicillamine stabilised CdS

nanotetrapods.

Sample DNA D-Pen CdS DNA Z-Pen CdS DNA J?ac-Pen CdS

Z Average 299.2 283.2 1167

Peak 1 (%) 173.5 (58.6) 29.07 (64.9) 353.2 (74.4)

Peak 2 (%) 32.93 (43.4) 200.5 (35.1) 13.93 (25.6)

PDI 0.6 0.4 0.8

j3
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Record 10: CdS DNA D-Ften dots 1 
Record 16: CdS DNA R-Ften dots 1

Record 14: CdS DNA L-Fisn dots 2

Figure 3.12: Zeta potential analysis of DNA/penicillamine CdS nanotetrapods showing values 

for particles co-stabilised with Z)-Pen (red), Z,-Pen (green), and Rac-Pen (blue).
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Zeta potential measurements also gave a negative potential on the surface of the particles which 

would be expected considering both the negative carboxylic acid on the penicillamine stabiliser and 

the negatively charged phosphate backbone of the DNA.

Table 3.4: Zeta potential analysis of representative samples of DN A/penicillamine stabilised

CdS nanotetrapods.

Sample DNA D-Pen CdS DNA T-Pen CdS DNA /?ac-Pen CdS

^ Potential -21.9 -25.6 -26.3

Peak 1 (%) -29.5 (72.4) -41.4 (73.1) -11.0 (58.6)

Peak 2 (%) -0.463 (27.4) 25.3 (23.2) -62.9 (20.8)

Peak 3 (%) -135(0.2) -10.2 (5.7) -31.0(12.4)

Deviation 15.9 28.3 22.1

Additional evidence for the presence of the DNA and penicillamine was found in FTIR analysis of 

the samples. Peaks assigned to the phosphate backbone, aliphatic carbons and possibly amine 

groups and thiols were observed^'' (Appendix 2).

The fluorescent quantum yield and lifetimes of the produced nanotetrapod DNA nanocomposites 

were also measured. As was the case with other defect emitting QDs it was observed that there 

were more than one lifetime corresponding to the excitonic and defect emission pathways.

Table 3.5: Table of quantum yield and lifetime analysis of DNA/penicillamine stabilised CdS

nanotetrapods.

Sample D-Pen DNA CdS T-Pen DNA CdS ifac-Pen DNA CdS

Quantum yield % 3.7 ±0.2 1.8 ±0.5 4.1 ±0.5

T1(ns) 48.5 ±2.4 49.2 ±2.6 49.9 ±3

T2 (ns) 173.5 ±2.4 171 ±3 168.9 ±1.9

1.007512 0.9669059 1.012984
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TEM images of the samples demonstrated tetrapodal nanostructures with a similar morphology and 

size to the particles which had been described in the earlier examination of CdS penicillamine 

stabilised nanotetrapods (See figures 3.13 to 3.15).

B

50 nm
Figure 3.13: TEM images of CdS DNA O-Pen stabilised nanotetrapods showing a wide field 

with a number of nano-particles (A) and a close up of a single nanotetrapod (B).

200 nm
Figure 3.14: TEM images of CdS DNA Z-Pen stabilised nanotetrapods showing a low 

magnification view with a large number of tetrapods (A) and a magnified image of 

a single tetrapod (B).
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Figure 3.15: TEM images of CdS DNA /?ac-Pen stabilised nanotetrapods showing a low 

magnification image of a number of particles (A) and a closer image of a single 

particle (B).

Size analysis was conducted on these nanoparticles and the mean arm lengths were found to be 

21.2 nm for the D-Pen DNA CdS nanotetrapods with a standard deviation of 15.283 nm, 17.2 nm 

for the Z,-Pen DNA CdS nanotetrapods with a standard deviation of 6.862 nm and 20.3 nm for the 

/?ac-Pen DNA CdS nanotetrapods with a standard deviation of 6.564 nm. These size ranges are in 

line with the values previously described for CdS nanotetrapods made without the presence of 

DNA which indicates that it does not have a major effect on the morphology of the resulting 

nanoparticles.

In addition, observations showed there was not any specific cross-linking or aggregation of 

nanotetrapods in linear assemblies or other forms of aggregates.

3.3. The study of addition of DNA to CdS nanotetrapods

The addition of DNA to CdS nanotetrapods produced without DNA was also tested. Specifically 

the effect if any on the CD spectra of the particles and the DNA as well as the effect on the 

cohesion of the DNA was examined.
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The addition of the DNA to the nanotetrapods was monitored by UV-VIS spectra where there is an 

additional band at 260 nm which corresponds with the DNA absorbance.

ID<
(0

<

/.-Pen tetrapods 
+25uL DNA 
+75uL DNA 
+125uL DNA 
+200uL DNA 
+250uL DNA

200 250 300 350 400 450 500 
Wavelength (nm)

Figure 3.16: UV-VIS spectra of T-Pen CdS nanotetrapods with added DNA solution.

The CD spectra displayed similar results with the strong DNA chiral signals dominating the CD 

spectra as the DNA additions increase (Figure 3.17).

/.-Pen Tetrapods 
DNA 1st addition 
DNA 2nd addition 
DNA 3rd addition 
DNA 4th addition 
DNA 5th addition

200 250 300 350 400 450 500 
Wavelength (nm)

Figure 3.17: CD spectra of T-Pen stabilised CdS nanotetrapods with added DNA solution.
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There was also an effect on the emission spectra with increasing DNA concentrations having a 

corresponding increase in the emission from the nanotetrapods.

Wavelength (nm)

Figure 3.18: PL spectra of Z)-Pen stabilised CdS nanotetrapods with additions of DNA solution 

excited at 365 nm.

A graph of the intensity of luminescence and the amount of DNA added to the suspension showed 

a clear linear increase at the concentrations of DNA added (Figure 3.19).
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Figure 3.19: Graph of luminescent intensity of Z)-Pen stabilised CdS nanotetrapods with 

changing concentration of added DNA solution.

The most plausible reason for this increase in luminescence may be associated with the coating of 

the surface of the nanotetrapods with DNA. This reduces the exposure of the environment to the 

surface of the QDs, reducing the potential for quenching. The functional groups of DNA may also 

efficiently cap free atoms protruding from the metalloid core and increase the rate of recombination 

by reducing the number of non-radiative pathways. There is some aggregation with addition of 

DNA, which was observed with DLS measurements (Figure 3.20).
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Figure 3.20: DLS analysis of Z)-Pen stabilised CdS nanotetrapods with additions of DNA.

According to DLS it can be observed that there was several distinct size regions described in the 

analysis. The larger peaks are may be observed to increase in intensity with greater additions of 

DNA solution which would indicate the formation of larger aggregations with the more DNA 

(Table 3.6).

Table 3.6: Table of DLS measurements for D-Pen CdS nanotetrapods to which was added

aliquots of 0.0013M DNA solution.

Sample D-Pen DNA

1 (25pL)

D-Pen DNA

2 (75 pL)

D-Pen DNA

3 (125pL)

D-Pen DNA

4 (200pL)

D-Pen DNA

5 (250pL)

Z average

(nm)

37.45 37.38 42.71 45.37 36.98

Peak 1 nm

(%)

52.77 (97.2) 38.26 (83.8) 32.94 (86.0) 34.36 (89.0) 33.47 (80.5)

Peak 2 nm

(%)

5237(2.8) 239.3 (13.4) 176.4(14.0) 194.7(11.0) 244.8(16.5)

Peak 3 nm

(%)

5206 (2.8) 5177 (3.0)

PDI 0.4 0.4 0.2 0.2 0.4
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Further cohesion was investigated through the use of a DNA melt which showed a decrease in 

stability with the addition of the nanotetrapods (Figure 3.21). This can be theorised as being due to 

the effect of the binding of the nanotetrapods to the DNA strand on the stability of the double helix.

Figure 3.21: DNA melts of calf thymus DNA with added Z,-Pen CdS nanotetrapods.

Examination using TEM showed some aggregation, which are similar results to that observed with 

DLS (Figure 3.22).

100 nm , '.1.
Figure 3.22: TEM images of D-Pen stabilised CdS nanotetrapods suspended with DNA 

solution.
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3.4. Conclusions

The following conclusions can be made from the results of the above experiments.

CdS nanoparticles stabilised with DNA have been successfully produced. These nanoparticles 

possessed broad defect luminescence with a low quantum yield. CD spectra of these nanoparticles 

show that they were not in possession of any optical activity in the band edge. TEM shows the 

nanoparticles having a spherical morphology and both TEM and DLS analysis show the 

aggregation of the nanoparticles due to crosslinking of DNA molecules.

CdS nanotetrapods co-stabilised with DNA and penicillamine were also produced successfully. 

These nanotetrapods demonstrated broad defect luminescence with quantum yields extending up to 

4% reported. CD analysis of the nanotetrapods with the D- or L- penicillamine co-stabiliser showed 

the presence of CD activity in the band-edge region of the spectrum. TEM analysis shows the 

nanoparticles possess tetrapodal morphology. DLS measurements indicated that these nanoparticles 

engage in some form of aggregation due to entanglement with the DNA strands.

Addition of DNA solution to suspension of penicillamine stabilised nanotetrapods resulted in an 

increase in luminescence intensity indicating an increase in the coating and stability of the 

nanotetrapods. DLS and TEM provide evidence for the aggregation of the nanotetrapods in the 

presence of DNA which would be expected as the long DNA strands can entangle many individual 

nanoparticles. DNA melt studies show that the presence of the nanotetrapods destabilises the DNA 

reducing its denaturing temperature.

In overall, DNA has shown to be a promising stabiliser which enables the production of 

nanoparticles with a high degree of stability. Although nanoparticles produced with just DNA as 

the stabiliser have a low quantum yield and no optical activity in the band edge, they were coated 

by a biologically relevant material. It can be suggested that if the quantum yield values can be 

increased for these than DNA stabilised nanoparticles may be of use for biological applications in 

the future.
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Also, it would be important to investigate in detail the use of DNA molecules to arrange

nanotetrapods into technologically useful assemblies and arrays. That could also be a subject of

future work.
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Chapter 4. CdS nanoparticles doped with metal ions

4.1.Introduction

Metal chalcogen based nanoparticles are important for a range of photonic and materials 

applications. The properties of these nanoparticles are often highly dependent on the particular of 

material. Nanomaterials can differ in a range of aspects such as energy band gaps, chemical 

reactivity and stability as well the crystal and particle morphologies that can be produced or are 

favoured in any given synthetic methodology. One such method would be the addition of dopants 

to the nanoparticle'. This approach enables the introduction of new energy states from the dopant 

atoms leading to changes in the band gap transitions of quantum dots. These new states will 

provide additional routes for excited states to recombine and lead to the extension of possible 

excited states. In some cases the doped energy states can be of use in reducing the overall energy 

levels of the band gap this can be of use in red-shifting the excited states of these systems leading 

to the generation of luminescent nanoparticles that may be excited at lower and less biologically 

damaging energies than have been previously exhibited. Additional investigations may be of use in 

also determining if there are other effects due to the presence of the dopants such as enhancements 

of luminescence or magnetic effects^.

These forms of nanoparticles would be of special interest for a range of biological and 

technological uses, as they can be excited at lower energies^.

This can be particularly useful with respect to materials that are non-toxic such as zinc sulphide 

which require excitation in the far UV that is unsuitable for use with biological samples but if the 

nanoparticles can be doped with metal ions such as manganese (Mn^^) then it would be plausible 

that these materials can be excited and emit at appropriate wavelengths and be safe to be used in 

cellular studies'*’

The main aim of this part of our work is to develop new chiral Mn-, Pb- and Cu- doped CdS QDs 

and to investigate their properties.
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4.2.Svnthesis and characterisation of Mn doped CdS nanoparticles

Manganese is a d-block metal with a number of oxidation states some of which exhibit magnetic 

properties such as paramagnetism in the two oxidation state^.

For manganese it has been demonstrated that the Mn(ll) ion can be inserted into the crystal 

structure of QDs leading to enhanced luminescence. It has been demonstrated that paramagnetic 

ions in such nanoparticles can significantly alter the emission properties of CdS nanoparticles’.

The paramagnetism of these nanoparticles can also act to locally alter the magnetic properties of 

nanomaterials as a result of doping.

Of particular interest is the effect on the magnetic relaxivity of protons in close proximity to the 

nanoparticles. This phenomenon is the basis of nuclear magnetic resonance and its medical 

counterpart Magnetic Resonance Imaging (MRI) which is a highly useful technique for biological 

imaging and diagnostics. The change in relaxivity can improve the clarity of images that can be 

generated in MRI and as “contrast agents” can be for great use for diagnostic medicine.

Such nanoparticles can also be readily functionalised with bio-molecules or other markers and can 

act to label specific organs or tissues enabling their more detailed investigation^. It is expected that 

due to the addition of more defect states as a result of the doping of these nanoparticles there will 

be a “red-shift” in the emission maximum of their luminescence*. The emission may therefore be 

extended to the near infrared which can allow the optical properties of these particles to be in the 

range of the ‘biological window’. This can also enable the production of ‘multimodal’ sensing 

nanoparticles with several functionalities (e.g. fluorescent and magnetic)’. Such nanoparticles may 

be of potential use for novel diagnostic techniques as well as providing nanomaterials that can have 

a number of unforeseen properties and applications.

In our project, the synthesis of Mn containing nanoparticles was conducted in the following manner 

(Figure 4.1). A solution (0.0IM) of penicillamine stabiliser was produced using degassed water. 

CdCh and Mn(N03)2 solutions (0.0 IM) in the appropriate ratios were then added and argon was 

bubbled through the solution to remove remaining oxygen. The pH of the solution was then raised 

using NaOH and thioacetamide solution (0.01m) was added as the sulphur source. Two separate
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treatment options were exercised, for preliminary examination of the effect of doping, the samples 

were heated with microwave irradiation, at 850W, for 70 seconds which has been shown to be 

sufficient to produce luminescent chiral quantum dots'** though without the morphology of the 

nanotetrapods. For examination of the effect on the eventual morphology of the resulting 

nanoparticles, the solution was heated to 130 °C and then allowed to reflux under argon. In some 

cases samples were taken of the solution at various stages of the reflux in order to monitor the 

changes that occur during the synthesis.

Penicillamine 

5 equivalents

Basic (11-12) pH with 
NaOH solution

Mn(N03)2

X equivalents

CdCl2
4-X equivalents

Thioacetamide 

1 equivalent

Microwave treatment 
or two hour reflux

Figure 4.1; Reaction scheme for the synthesis of Mn doped penicillamine stabilised CdS 

nanostructures.
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The plan of this research is to produce penicillamine doped CdS nanoparticles which have been 

doped with manganese II ions and then examine these nanoparticles to determine if they still 

exhibit the chirality and nanotetrapod structure.

The doped nanoparticles were analysed by a number of spectroscopic techniques UV-VIS 

absorption analysis showed similar results to the original CdS nanoparticles for the samples which 

had low amounts of Mn added to the reactions.

There would appear to be not any significant effect on the QD absorbance at low Mn^^ amounts 

which would appear to be limited to concentration effects (Figure 4.2).

Wavelength (nm)

Figure 4.2: UV-VIS absorbance spectra of Z)-Pen stabilised CdS doped with minimal

concentration of Mn ions.

There is a similar effect with the PL and CD spectra which would appear to be due to concentration 

effects (Figures 4.3 and 4.4).
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Wavelength (nm)

Figure 4.3: PL spectra of D-Pen stabilised CdS doped with minimal quantities of Mn ions

excited at 365 nm.

Wavelength (nm)

Figure 4.4: CD spectra of Z)-Pen stabilised CdS doped with minimal concentrations of Mn

ions.

But it may also be noted that as the concentration of Mn increased in the samples the UV-VIS 

spectra red-shifted and there was a less defined band-edge, it may also be noted that there was an
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increasingly high baseline most likely due to the precipitation of manganese oxides from the 

reaction mixture as well as the possibilty of degradation of tbe nanoparticles (Figure 4.5).

The luminescence spectra of the samples were also shown to be affected by the addition of 

manganese ions to the forming nanoparticles with observable red-shifts in the luminescence as well 

as a reduction in the intensity of the luminescence (Figure 4.6).

Wavelength (nm)

Figure 4.5: UV-VIS absorbance speetra of Z,-Pen stabilised CdS nanotetrapods to which had

been added various ratios of manganese dopants to the reaction.
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Wavelenght (nm)

Figure 4.6: PL spectra of L-Pen stabilised CdS nanotetrapods with added manganese excited at

365 nm. With normalised spectra in insert.

A number of reactions were conducted and investigated for their emission properties including 

lifetimes of luminescence measurements. They exhibited varying quantum yields with additional 

manganese added to the reaction mixture. The lifetime of luminescence was examined using a 

biexponential fitting function generating two lifetimes values, one generally shorter than the 

other.(Table 4.1). In general there was a reduction in quantum yields but some increase in 

luminescent lifetimes with increased concentration of Mn doping. This indicates a reduction in the 

number of defects and as a result a decrease in luminescent intensity with increased Mn II doping.

Table 4.1: Table of representative results of Mn doping of /?ac-Pen stabilised nanotetrapods.

Cd:Mn ratio 7:1 6.5:1.5 6:2 5:3

Quantum yield % 33.3 ±3 17.2 ±2 1.5 ±0.3 2.9 ±0.5

T 1 (ns) 27 ±2 58.7 ±2 54.7 ±2 67.9 ±2.4

T2 (ns) 111 ±3.6 184 ±4 201 ±2.3 222 ±15.5

1.01 1.018 1.052 1.009
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The CD spectra of the samples showed a similar trend with a gradual reduction in CD intensity 

with increasing addition of Mn ions to the reaction mixture which indicates a reduction in the 

number of chiral defects, which are responsible for the chiral response in CD spectra.

Figure 4.7: CD Spectra of I-Pen stabilised CdS nanotetrapods with increasing concentration of

Mn ions.

Mn doped CdS nanoparticles were also investigated by DLS and for zeta potential to examine if 

there was an effect of the doping on their properties.

Table 4.2: Table of representative results of DLS analysis of CdS nanotetrapods doped with

Mn at 6:2 ratio Cd to Mn.

Sample Z)-Pen CdMnS Z,-Pen CdMnS /fflc-Pen CdMnS

Z average (nm) 241.6 639.9 174.4

Peak 1 nm (%) 263.1 (93.4) 420.8(76.1) 204.2 (98.2)

Peak 2 nm (%) 60.58 (6.6) 92.61 (23.9) 5357(1.8)

PDI 0.4 0.7 0.3
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Figure 4.8: DLS analysis of penicillamine stabilised Mn doped CdS nanotetrapods at 6:2 ratio

cadmium to manganese showing size distributions for Z)-Pen (red), L-Pen (green), 

and /?ac-Pen (blue) stabilised particles.

The zeta potential results show the nanoparticles are in possession of a negative surface charge.

Table 4.3: Table of results of Zeta potential analysis of penicillamine stabilised Mn doped

CdS nanoparticles at 6:2 ratio Cd to Mn.

Sample D-Pen CdS Z,-Pen CdS /Jac-Pen CdS

^ Potential mV -45.6 -47.2 -47.8

Peak 1 mV (%) -45.6(100) -47.2(100) -47.8(100)

Peak 2 mV (%)

Peak 3 mV (%)

^ Deviation mV 5.84 6.03 5.13
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Figure 4.9: Zeta potential analysis results for penicillamine stabilised Mn doped CdS

nanotetrapods with 6:2 ratio Cd to Mn showing zeta potential values for particles 

stabilised with D-Pen (red), Z-Pen (green), and Rac-Pen (blue).

FTIR spectra were also produced for CdS nanotetrapods doped with Mn. Assignment of the peaks 

generated from the sample shows the presence of a broad peak at 3245 cm ' which can be assigned 

to hydroxy and amine groups. An additional peak at 2981 cm ' can be assigned to aliphatic C-H 

bonds while peaks at 1577 cm ' and 1393 cm ' can be assigned to the carboxylate group and 

1036 cm ' as due to another C-O bond". These peaks can be attributed to the presence of 

penicillamine stabiliser on the surface of the nanotetrapods.

Examination of probes taken at various stages of the reaction of the QDs showed an evolution in 

photonic properties as the particles initially form and then engage in growth as the heating 

continues (Figures 4.10-4.12).
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Wavelength (nm)

Figure 4.10: UV-VIS spectra of reaction monitoring of the synthesis of Z-Pen stabilised CdS

nanotetrapods doped with Mn at 6.5:1.5 ratio of Cd to Mn.

Wavelength (nm)

Figure 4,11: CD spectra of reaction monitoring of the synthesis of Z-Pen stabilised CdS

nanotetrapods doped with Mn at 6.5:1.5 ratio of Cd to Mn.
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Wavelength (nm)

Figure 4.12: PL spectra of reaction monitoring of synthesis of L-Pen stabilised CdS

nanotetrapods doped with Mn at 6.5:1.5 ratio of Cd to Mn excited at 365 nm.

As the relative concentration of manganese is increased with higher ratios of Mn^^ salts added to 

the solutions it could be observed that the emission of the samples changed and became more red- 

shifted and reduced it may also be noted to gradually become less stable over time as can be 

expected as there would be less cadmium present to shield the manganese from environmental 

oxidation. Particle synthesis of MnS produced a material with no luminescence and absorbance and 

CD activity which is indicative of the stabiliser molecules only (Figures 4.13 to 4.15).
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Wavelength (nm)

Figure 4.13: UV-VIS spectra of D- (black), L- (red), and Rac (blue)-penicinamine stabilised 

MnS with band transitions in insert.

Wavelength (nm)

Figure 4.14: PL spectra of D- (blue), L- (red), and Rac (blue)-penicillamine stabilised MnS 

excited at 365 nm.
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Wavelength (nm)

Figure 4.15: CD spectra of D- (black), L- (red), and Rac (blue) -penicillamine stabilised MnS.

The Mn doped CdS particles were examined using TEM. These images show the presence of 

nanotetrapods indicating the characteristics of these nanoparticles are retained with the addition of 

small quantities of Mn to the reaction mixture (Figure 4.16). Size analysis of these nanoparticles 

for the 6:2 Cd to Mn reaction generated mean sizes of 9.2 nm for D-Pen, 11.6 nm for Z,-Pen and 

12.605nm for /?ac-Pen with standard deviations of 2.461 nm, 3.043 nm and 4.201 nm respectively.
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Figure 4.16: TEM image of Z)-Pen stabilised CdMnS nanotetrapods doped with Mn at 6:2 ratio 

Cd to Mn (right) with a eloser image of a single Z-Pen stabilised CdMnS 

nanotetrapod doped at the same ratio (left).

The investigation of the lattice spacing of these particles provided a value of approximately 4 A 

which would be indicative of the wurtzite structure for the crystal (Figure 4.16).

Elemental analysis was also conducted of CdS nanotetrapods doped with manganese using EDX. 

The analysis shows strong peaks for cadmium and sulphur and only weak peaks for manganese 

which would be indicating that this makes up only a small percentage of the overall nanoparticle 

despite the relatively large quantities of dopant used for the reaction (Figure 4.17). This indicates 

that while the doping occurred the relative quantities of dopant is not in line with the level of 

dopant added to the
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Figure 4.17: EDX spectra of Z,-Pen stabilised CdS doped with Mn at 5:3 ratio of Cd to Mn.

4.3.Svnthesis and characterisation of Pb doped CdS nanoparticles

Lead is a metal that has great potential for the doping of CdS nanotetrapods. Lead sulphide 

nanoparticles have been reported to exhibit excitation and luminescence in the near-inffared'^. This 

property can be useful for the imaging of biological tissues as again these materials can emit in the 

‘biological window’ namely the region in the spectrum in which biological tissues are transparent. 

The excitation in the infrared is also interesting as it will enable this form of material to be used for 

in vivo studies as these wavelengths can pass through tissue relatively easily and has been shown 

for other types of quantum dots'^.

It is also to be noted that the relative toxicities of Lead based compounds may be considered to be 

less than that of cadmium so it can therefore be of greater benefit to use materials that contain this 

element rather than cadmium. However considering the status of lead as a poisonous heavy metal, 

this distinction may be of little merit.

A number of structures have been reported for PbS such as cubes''*, tetrapods'^, nanowires'^ and

ultrathin sheets'^. These morphologies can lead to the possible generation of a greater range of

potential structure based properties that can be combined with the existing properties of CdS. The

lead doping is also expected to shift the absorbance and the emission of the CdS to the red. Such a
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transfer of the emission of the already observed chiral particles into the visible and near IR would 

be of great benefit for the potential use of these materials for biological applications.

The addition of cadmium to lead has already been found to affect the energy and spectroscopic 

properties of the resulting nanoparticles'*.

In this work, we plan to produce nanoparticles of CdS with increasing levels of lead doping in 

order to determine the points in which the chirality and still occurs but where the Pb component 

can lead to generation of luminescence in the near IR.

The Pb doped CdS nanoparticles were produced through the following synthetic procedure. 

Solutions of either D- L- or i?ac-penicillamine were produced and further diluted in Millipore 

water. To this was then added a mixture of cadmium chloride (CdCb) and lead nitrate (Pb(N03)2) 

solutions in the intended ratio. The pH of these solutions was then raised through the addition of 

NaOH solution and thioacetamide solution was then added as the sulphur source. The water used 

for the production of the reaction mixture had argon bubbled through it in order to deoxygenate it. 

Two separate heating systems where utilised, in the starting cases, to observed the preliminary 

effect of doping, the solutions were heated with microwave radiation at 850W for 70 seconds. For 

production of larger, shaped nanoparticles, the solution was the heated to I30°C with reflux for two 

hours under argon. During this process samples were taken from these solutions and were then 

analysed to monitor changes in the absorbance or emission properties as the nanoparticles are 

produced.
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Penicillamine 

5 equivalents

Basic (11-12) pH with 
NaOH solution

Pb(NO,)j 
X equivalents

O
CdClj

4-X equivalents

Thioacetamide 

1 equivalent

Microwave treatment 
or two hour reflux

Figure 4.18: Reaction scheme for the production of penicillamine stabilised Lead doped CdS 

nanostructures.

The resulting suspensions were examined using a range of techniques including UV-VIS, PL, NIR 

and CD spectroscopy in order to determine the absorption, emission and optical activity of the 

samples.

At the lower concentration additions of Pb ions to the reaction mixture there was a gradual 

observable shift in the nature of the product observed. There was a blue shift in the UV-VIS spectra 

which is indicative of a decrease in particle size (Figure 4.19).
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Figure 4.19: UV-VIS spectra of Z-Pen stabilised CdS doped with minimal concentrations of Pb

ions.

A similar effect was also observed in the CD spectra of these samples which also show a blue shift 

in the main signals as well as a minor reduction in signal intensity (Figure 4.20).

Figure 4.20: CD spectra of Z-Pen stabilised CdS doped with Pb ions.
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The effect on the emission spectra, on the other hand was more pronounced. There was a red-shift 

in the emission as well as a reduction in intensity. There was also the generation of a new emission 

band which was observed in the normalised spectra (Figure 4.21).

Wavelength (nm)

Figure 4.21: PL spectra of Z,-Pen stabilised CdS doped with Pb ions excited at 365 nm with 

normalised PL spectra in insert.

In all three cases the doping with Pb (11) ions of CdS QDs resulted in a more pronounced change in 

the optical and emission properties than has been observed for doping with Mn (II) ions. This may 

be noted to have lead to the a blue-shifting of the absorbance and CD spectra as well as the 

generation of a new emission band in the PL spectra.

As there was limited Pb dopant added to the reaction in these cases it was also found that greater 

levels of doping would lead to a more pronounced effect. In the case of the UV-VIS Spectra 

similar results than had been observed with the manganese doping were noted, with some 

noticeable red-shifting in the main band (Figure 4.22).
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Wavelength (nm)

Figure 4.22: UV-VIS spectra of Z-Pen stabilised CdS nanotetrapods doped with Pb with band 

edge region in insert.

Similar values can be noted for the PL spectra of these samples as it can be noted that the values of 

emission max also red-shifts (Figure 4.23). The CD spectra also show a reduction in the strength of 

the band edge signals which may also be traced to coming from the addition of the Pb ions to the 

reaction mixture (Figure 4.24). We believe this is due to the doping with Pb (II) ions leading to a 

reduction in the CD activity of the resultant nanotetrapods.
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Wavelength (nm)

Figure 4,23: PL spectra of L-Pen stabilised CdS nanotetrapods doped with Pb excited at 365 nm 

with normalised spectra in insert.

Wavelength (nm)

Figure 4.24: CD Spectra of Z-Pen stabilised CdS nanotetrapods doped with Pb.

Reaction monitoring of the production of nanotetrapods in the presence of Pb dopants shows 

alteration in spectra over the course of the heating under reflux (Figures 4.25 to 4.27).
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Figure 4.25: UV-VIS spectra of reaction monitoring for the synthesis of Z-Pen stabilised CdS 

nanotetrapods doped with Pb at 7:1 ratio of Cd to Pb.

Figure 4.26: CD spectra of reaction monitoring of synthesis of Z-Pen stabilised CdS 

nanotetrapods doped with Pb at 7:1 ratio of Cd to Pb.

120



Chapter 4 CdS nanoparticles doped with metal ions

Wavelength (nm)

Figure 4.27: PL spectra of reaction monitoring of synthesis of Z-Pen stabilised CdS 

nanotetrapods doped with Pb at 7:1 ratio of Cd to Pb excited at 365 nm.

Monitoring of the addition of dopant to the nanotetrapods also demonstrated a change in lifetimes 

with increasing doping along with a significant decrease in quantum yield. This can be traced to a 

change in the defect states of the QDs due to the presence of the dopant.

Table 4.4: Table of results of Pb doping of Z-Pen stabilised CdS nanotetrapods.

Cd: Pb Ratio 7.5:0.5 7:1 6.5:1.5

O.Y. (%) 4.6 ±0.2 1.8 ±0.2 0.4 ±0.05

Ti (ns) 18.6±1.6 11.3 ±0.5 67 ±0.2

12 (ns) 107.6 ±2.3 149.8 ±6.5 150.6 ±2.7

1.796699 2.908149 5.825535
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FTIR analysis was also conducted on CdS nanoparticles doped with Pb. The hydroxyl peak at 

3279 cm"', aliphatic carbon at 2969 cm"', carboxylate at 1611 cm"' and 1417 cm"' as well as a 

possible C-O stretch at 1013 cm ' all of which would be indicative of the presence of penicillamine 

molecules bound to the nanoparticles.

The analysis of the particles using NIR fluorescence showed the presence of emission in the 

detection limits of the NIR detector. Surprisingly it is the case that the emission detected from the 

samples with the lower concentration of lead present demonstrated the greater levels of emission in 

the NIR. This can be explained by the fact that the excitation wavelengths utilised for these 

samples were in the blue region of the spectrum which was closer to the band-gap of CdS (Figure 

4.28).

Wavelength (nm)

Figure 4.28: NIR emission spectra of Z-Pen stabilised CdPbS nanotetrapods exciting at 420 nm.

Thus the spectroscopic analysis showed that there was likely an effect on the absorbance and 

emission properties through addition of lead ions to the reaction mixture.

Oddly enough there was no ready effect observable in the NIR spectra of these nanoparticles when 

exciting in the visible region of the spectrum.
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DLS examination of the nanoparticles made with small quantities of Cd compared to Pb shows low 

polydispersity. This could be surmised as being due to the presence of PbS nanoparticles as 

opposed to doped CdS QDs (Table 4.5) as it could be the case that the PbS may not exhibit 

excitation followed by emission by the DLS laser leading to erroneous reading and thus deviations 

in the observed size values.

Table 4.5: Table of results of DLS analysis of representative sample of Z)-Pen stabilised

nanoparticles with majority component of Pb.

Sample 4:4 Cd:Pb 2:6 Cd:Pb PbS particles

Z average (nm) 142.5 108.4 146.4

Peak 1 nm (%) 154.1 (100) 131.3 (100) 159.1 (100)

Peak 2 nm (%)

PDI 0.1 0.2 0.1
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10 100 

Size (d.nm)

Record 16: 4:4 F 2hour 1

1000 10000
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Figure 4.29: DLS analysis result of Z)-Pen stabilised nanoparticles made with majority Pb 

added.
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Nanotetrapods produced in the presence of Pb ions were also examined by electron microscopy. 

TEM has shown differences in the morphology of these nanoparticles with increasing Pb content. 

The nanoparticles with the lower levels of Pb dopant lead to tetrapodal nanostructures with the 

same general morphology as the original CdS nanotetrapods. The arm length of these 

nanotetrapods in the case of Z)-Pen shows a mean length of 10.9 nm at the 7:1 ratio of Cd to Pb and 

11.8 nm with the 4:4 ratio with standard deviations of 3.398 nm and 3.379 nm respectively. When 

the concentration of lead exceeds half the total amount of the particles it may be noted that there is 

a shift from the tetrapodal structures to that of cubic particles which would be commonly observed 

for PbS'^ (Figure 4.31). The resulting size of these particles shows an average particles size of 

70.072 nm with a standard deviation of 33.985 nm. This would indicate a substantial change in the 

particle size and morphology with increasing lead loading.

Figure 430: TEM images of Z)-Pen stabilised CdS nanotetrapods doped with Pb at 7:1 ratio Cd. 

to Pb.
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Figure 4.31: TEM image of i)-Pen stabilised PbS nanoparticles.

Elemental analysis was conducted of CdS nanoparticles doped with Pb ions using EDX. As was the 

case with manganese doping, the cadmium and sulphur peaks dominate the spectrum with the lead 

peaks showing much lower intensity (Figure 4.32). This would be indicative of relatively low 

incorporation of lead into the nanoparticles, similar to what was observed for the Mn(n) doped CdS 

nanotetrapods. Additional elements detected such as copper, iron and aluminium may be traced as 

coming from impurities in the SEM stub used to deposit the sample for analysis.
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Figure 4.32: EDX spectrum of Z,-Pen stabilised CdS nanoparticles doped with Pb at 7.4:0.6

ratio of Cd to Pb.

Elemental analysis was also conducted of the PbS produced without cadmium present using EDX. 

Peaks for lead and sulphur dominate the spectrum confirming its chemical composition (Figure 

4.33). Additional peaks may be assigned to impurities in the SEM stubs used for analysis.

12 3 4
Full Scale 143630 cts Cursor: 3.291 (1907 cts)

Figure 4.33: EDX spectrum of Z)-Pen stabilised PbS nanoparticles.
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4.4.Svnthesis and characterisation of Cu doped nanoparticles

Another ion which has been shown to lead to interesting possible effects on the photophysical

properties of nanoparticles would be copper. The doping with copper ions has been reported

leading to either enhancement or red-shifting of the luminescence of the resulting nanoparticles^®.

21-Nanoscale copper sulphide in its own case has been found in some cases to possess luminescence 

as well as interest as an agent for hyperthermal therapy^'’. It has also been observed that addition 

of copper ions to CdS nanoparticles would lead to changes in the energy state of nanoparticles due 

to binding of the ions to the surface of the nanoparticles and their subsequent oxidation^^. Such 

enhancement of luminescence would be a target for the production of a range of nanoparticles and 

can be of use for a number of applications in both technological and sensing areas, 

ft has also been reported that copper sulphides can produce a range of shapes as well as self- 

assemble into microscale structures from hexagonal structures to wires, vesicles and flower-like 

structures^^’^*.

Our plan was to perform the doping of CdS QDs with copper ions in the presence of chiral 

stabilisers and to investigate the properties of these nanostructures.

The preliminary microwave synthesis was conducted as follows. Into 100ml RBFs under argon 

flow was placed the following water penicillamine solution, NaOH solution, Cu(CH3(X))2 solution, 

CdCb solution, and thioacetamide. The mixture was irradiated with microwaves at 850MW for 70 

seconds and the resulting solution was then covered in aluminium foil and stored until the material 

was analysed. The respective ratios of copper to cadmium could be altered in order to produce the 

desired level of doping or material and in specified cases where the sample produced was to be 

copper sulfide then there was no cadmium added to the reaction mixture.

127



Chapter 4 CdS nanoparticles doped with metal ions

Penicillamine 
5 equivalents

Basic (11-12) pH with 
NaOH solution

Cu(CH3COO) 

X equivalents

CdCl2
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Thioacetamide 
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O
Microwave treatment 

or two hour reflux

Figure 434: Reaction scheme for the synthesis of penicillamine stabilised Copper doped CdS 

nanostructures.

A reflux synthesis of the above was also conducted using a three necked lOOmL through which 

argon was continuously flowed. The resulting samples were then refluxed for two hours, then 

wrapped in aluminium foil and allowed to cool over an extended period.

CdS nanoparticles doped with Cu made through a microwave aqueous synthesis were examined 

using a number of techniques.
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In comparison with both undoped CdS and CuS particles, the doped nanoparticles show different 

bands which would be indicative of it being a separate species as opposed to a mixture of the two 

species (Figure 4.35).

Wavelength (nm)

Figure 4.35: UV-VIS spectra of Z)-Pen stabilised CdS, CuS and Cu doped CdS.

The samples showed a strong band edge with an additional band appearing with the addition of 

more copper, blue shifted to the original (Figure 4.36).
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Figure 4.36: UV-VIS absorption spectra of D-Pen stabilised CdS nanoparticles doped with Cu 

ions with close-up of band-edge region in inset.

The microwave synthesis products showed a narrow emission band indicative of the nanoparticles 

forming a novel reaction product. Addition of copper ions also lead to a detectable blue-shift in the 

emission max which can be best observed using a normalised spectrum (Figure 4.37)
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Wavelength (nm)

Figure 4.37: PL spectra of D-Pen stabilised CdS nanoparticles doped with Cu excited at 365 nm 

with normalised PL spectra in insert.

Analysis of the lifetimes of the doped nanoparticles showed an increase in the values with 

increasing levels of doping. This can be traced to the increase in the number of defect states within 

the nanoparticles.

Table 4.6: Table of representative results for D-Pen stabilised CdS doped with Cu.

Cd:Cu ratio 7.9:0.1 7.8:0.2 7.7:0.3 7.5:0.5

Q.Y. (%) 2.5 ±0.1 5.2 ±0.5 1.6 ±0.1 5.9 ±0.1

T| (ns) 4.1 ±2.6 10.7 ±3.8 16.4 ±2.3 32.8 ±14.2

12 (ns) 50.9 ±3.3 68.4 ±2.7 85.2 ±13.1 108.3 ±4.3

'i 1.125921 1.025668 1.19918 1.213289

131



Chapter 4 CdS nanoparticles doped with metal ions

CD spectra also show interesting properties with the optical activity of the produced nanoparticles 

in some cases showing an enhancement with the smaller additions of copper followed by a strong 

reduction in the intensity of the signal (Figure 4.38). This could be a possible indication of an 

enhancement of the optical activity due to an increased number of chiral defects.

Wavelength (nm)

Figure 4.38: CD Spectra of D-Pen stabilised CdS doped with copper ions.

FTIR spectra were produced of CdS nanoparticles doped with Cu. Characteristic peaks at 

2969 cm ’, assigned to aliphatic carbon hydrogen bonds, 1588 cm ' and 1393 cm ', assigned to 

carboxylate ions and 1039 cm"', assigned to carbonyl stretches which would be indicative of the 

presence of penicillamine stabiliser on the surface of the nanoparticles".

Elemental analysis was also conducted of CdS nanoparticles doped with Cu using EDX. As was 

expected, the dominant peaks were cadmium and sulphur. A reduced signal for copper was also 

detected but this may be due to trace impurities in the SEM stub as opposed to the sample. The 

result though would appear to indicate that it is present in relatively small concentrations, as was 

seen in both lead and manganese doping (Figure 4.39).
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Figure 4.39: EDX spectrum of D-Pen stabilised CdS nanoparticles doped with Cu at 7.5:0.5

ratio of Cd to Cu.

One property of these nanoparticles which was a serious hindrance to their further analysis was 

their low stability. It was observed that the nanoparticles which had the even the lowest quantity of 

copper doping of the resulting nanoparticles still exhibited aggregation and precipitation of material 

from the produced nanoparticles and a corresponding complete quenching of any resulting 

luminescence. This was observed to take place on average within 24 hours of the production of the 

Cu (II) doped nanoparticles.

Pure CuS nanoparticles without the presence of cadmium were also produced. These suspensions 

were a dark brown in colour. UV-VIS examination may be noted to also be in possession of a 

band-edge indicating that some of the material is plasmonic in nature (Figure 4.40).
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Wavelength (nm)

Figure 4.40: UV-VIS spectra of D- (black), L- (red), and Rac (blue)-penicillamine stabilised 

CuS nanoparticles produced via reflux reaction.

No luminescence of the nanoparticles was observed in aqueous suspension. Examination of the CD 

spectra of the nanoparticles showed strong CD signals which are also in the band edge region of the 

spectrum (Figure 4.41).
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Wavelength (nm)

Figure 4.41: CD spectra of D- (black), L- (red), and Rac (blue)-penicillamine stabilised CuS 

nanoparticles produced via reflux reaction.

The dried samples of penicillamine stabilised CuS nanoparticles were investigated using FTIR. 

Peaks characteristic of penicillamine were detected with assignments of NH for 3262 cm 'and 

1623 cm ', the carboxylate ion at 1560 cm ' and 1400 cm ' and the CH aliphatic carbons at 

2963 cm 'which is in agreement with expected values" (Figure 4.42).
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Figure 4.42: FTIR absorbance spectrum of Z-Pen stabilised CuS particles dried.

These CuS penicillamine stabilised nanoparticles were examined using DLS analysis. This analysis 

showed a number of peaks indicating that the nanoparticles were aggregating in suspension (Table 

4.7 and figure 4.43). These may also be traced to the strong absorbance observed from these 

nanoparticles. Similar as to what was observed with the Mn (II) doped nanotetrapods.

Table 4.7: Table of DLS analysis of penicillamine stabilised CuS particles.

Sample CuS D-Pen CuS Z-Pen CuS /fac-Pen

Z average (nm) 1148 1478 212.9

Peak 1 nm (%) 1456(100) 8.031 (53.6) 9.958 (56.3)

Peak 2 nm (%) 131.3 (46.4) 442.3 (37.9)

Peak 3 nm (%) 5372 (5.8)

PDI 0.2 1. 0.3
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Figure 4.43: DLS analysis of penicillamine stabilised CuS particles. Showing size distributions 

for Z)-Pen (red), i-Pen (green), and Rac-Pen (blue) stabilised particles.

Zeta potential measurements of these nanoparticles also showed the presence of a negative charge 

on the surface of these nanoparticles indicating that they retain a negative charge and should be 

stable in solution (Table 4.8 and figure 4.44). This is similar to what was observed for both the Mn 

(II) and Pb (II) containing nanoparticles discussed earlier. It may be considered as additional 

evidence for the presence of a negatively charged stabiliser on the surface of these nanoparticles.

Table 4.8; Table of Zeta potential analysis of penicillamine stabilised CuS particles.

Sample Z)-Pen CuS L-Pen CuS Rac-Pen CuS

^ Potential mV -32.8 -18.8 -8.62

Peak 1 mV (%) -27.4 (61.5) -19.1 (98.7) -19.0 (56.4)

Peak 2 mV (%) -41.7 (38.5) 8.05(1.3) 4.85 (43.6)

^ Deviation mV 8.71 6.79 12.5
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Figure 4.44: Zeta potential analysis of penicillamine stabilised CuS nanoparticles. Showing 

zeta-potentials of D-Pen (red), Z,-Pen (green), and /?<afc-Pen (blue).

TEM analysis of the samples demonstrated the presence of nanoparticles (Figure 4.45) with mean 

sizes for the CuS nanoparticles of 6.4 nm for the D-Pen nanoparticles, 5.7 nm for the Z,-Pen 

nanoparticles and 11.1 nm for the /?ac-Pen nanoparticles with standard deviations of 1.336 nm, 

1.543 nm and 2.941 nm respectively.

Figure 4.45: TEM image of T-Pen stabilised (on left) and D-Pen stabilised (on left) CuS 

nanoparticles.
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Elemental analysis was conducted of the CuS nanoparticles using EDX. Strong peaks were 

detected for copper and sulphur with additional elements detected as possible trace impurities on 

the SEM stub used for the deposition (Figure 4.46).

SpectruiTi 1

0 12 3 4
-u« Scale 71515 cts Cursor: 3.799 (1434 cts)

5 6 7 8 9 10 11
keV

Figure 4.46: EDX spectrum of /?ac-Pen stabilised CuS nanoparticles.

4.5.Conclusions

The following conclusions can be derived from the results described in this chapter.

CdS nanostructures were successfully doped with manganese, lead and copper ions.

At low manganese levels there was limited effect on the emission and optical properties of the 

resulting nanoparticles. At higher manganese there is a reduction in the intensity of luminescence 

and optical activity as well as a reduction in the stability of the resulting nanoparticles. TEM 

analysis still shows the presence of nanotetrapod structures at high manganese loading. Elemental 

analysis confirms the presence of manganese at low levels in the nanotetrapods. Attempted 

production of pure manganese sulphide resulted in a material with no luminescence, optical activity 

or a detectable band-edge.
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At low doping levels of lead there is a detectable change in the optical and emission properties of 

the resulting material. Increasing the level of doping leads to a further change in the emission and 

optical properties of the nanoparticles including the red-shifting of luminescence and the reduction 

in CD signal. TEM analysis shows the presence of nanotetrapod-like structures. Elemental analysis 

confirms the presence of small concentrations of lead in the produced nanoparticles. Pure PbS 

stabilised with penicillamine generated large cube like structures which were in possession of no 

optical activity.

Cu doped CdS nanostructures showed both red-shifting and alteration of CD signals for these 

materials. Elemental analysis provides evidence for the presence of copper in the produced 

nanoparticles. Pure CuS stabilised with penicillamine was produced and showed much greater 

stability. These nanoparticles demonstrated a plasmon band and corresponding strong optical 

activity. TEM imaging of these materials showed spherical nanoparticles.

From these results we can conclude that doping of CdS nanostructures with metal ions is possible 

and that it leads to alterations in the nanoparticles’ properties. Doping has also been observed to 

affect the stability nanoparticles depending on the conditions.

For future work it may be suggested to investigate other dopant ions and to also extend the material 

being doped to other semiconductors.
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Chapter 5. Development of TiOi based chiral nanoparticles and

their potential applications.

5.1. Introduction

Titanium dioxide has been widely utilised as a surface coating agent and additive for paints. Titania 

possesses unique photocatalytic properties which enables the oxidation of various organic species 

under light. These properties have been used in the fabrication of‘self cleaning’ surfaces where any 

organic contamination can be oxidised and removed. In addition titania can serve as an oxidant for 

many potential microbial contaminations, which could be removed under light'”^. These properties 

are related to an intrinsic ability of titania to photogenerate reactive oxygen species which would 

lead to oxidative attack on and degradation of the contaminant material as well as elimination of 

bacteria^'.

These highly reactive species are generated through the following process. Titania is a 

semiconductor with a band-gap of that has an energy gap equal to the energy of UV light. This 

energy boost would then lead to the generation of high energy electrons within the lattice that 

would next proceed to interact with nearby oxygen and water molecules leading to the generation 

of various oxidative species such as OH, 02^, and '02^ which can then react with the various 

pollutants and species that are bound or in close proximity to the surface of the material. The 

addition of doping molecules to titania can also lead to a change in its energy levels allowing these 

reactions to occur under visible light irradiation, which can be more useful for antimicrobial 

activity’.

While this process has found a number of potential applications it can also be noted that it is

inherently random with multiple oxidations of the target molecules leading to eventual

mineralisation of the target compound as carbon dioxide and nitrogenous materials. This is

perfectly applicable with regards to the total oxidation of pollutants and similar methods for the

removal of unwanted components from an environment. However, there are a range of reactions
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involving radical oxygen species which are synthetically useful*. The possibility of utilising a 

titanium dioxide medium to generate these reactive species in the presence of feedstock and using 

only light could be of interest for the development of new “green chemistry” methods.

From the understanding of how such materials engage in photocatalysis currently’’ ^ the process is 

highly uncontrolled due to the irregular surface morphology of Ti02 films or the irregular surface 

defects of particulate Ti02. In either case it can be noted that the reactant can approach to interact 

with the surface from any direction leading to attack by the generated reactive species from any 

angle and thus a host of possible reaction methods and products. Controlling this can be best 

achieved through use of surface functionalization of the material which can have the effect of 

forcing the surface atoms to be arranged in patterns.

The main aim of this part of the project is to utilise selected chiral molecules to modify the surface 

of titania nanoparticles. It is expected that this will lead to the introduction of chirality in titania 

particles via a possible alteration of the surface of the nanoparticles’. In this chapter we describe 

the synthesis of Ti02 nanoparticles in the presence of chiral amino acid stabilisers with a view to 

produce chiral nanoparticles which can then be tested for chiral effects in their photocatalytic 

activity. The resulting nanoparticles are to be characterised using a range of techniques such as CD 

spectroscopy, DLS, zeta-potential measurements and TEM.

5.2. Synthesis of TiO? particles by sol gel processing

The first method that was utilised for the synthesis of Ti02 nanoparticles involved a simple 

hydrolysis and sol-gel processing of a metallorganic titanium precursors. A 0.0 IM solution of 

Ti(THD)2(OiPr)2 in dry ethanol was added to a solution of penicillamine in dry ethanol and water 

to which had been added approximately O.lg NaOH as a base. The solution was then allowed to stir 

for approximately 30minutes.
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Figure 5.1: Chemical structure of Ti(THD)2(0'Pr)2 used in synthesis of Ti02 nanoparticles

The white precipitate produced was cleaned with a mixture of water and ethanol.
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Figure 5.2: Reaction scheme for the synthesis of Ti02 nanoparticles through base hydrolysis of 

titanium precursor.

The produced nanoparticles were initially examined using UV-VIS and CD spectroscopy, DLS and 

zeta potential analysis of aqueous suspensions of the nanoparticles. The UV-VIS spectra showed 

the presence of a major absorbance at approximately 280 nm which would be indicative of the 

presence of titania. The three enantiomers show a similar absorbance pattern indicating that they 

are roughly similar in the energy of their absorbancies. The CD spectra of these samples showed 

weak signals generated near the 300-400 nm region but which has not been observed differing with 

opposite enantiomer or the racemate of the stabiliser. This could well be an intrinsic effect of the 

nanoparticles as it had not been observed in the baseline spectra made with water in a cuvette.

145



Chapter 5 Development of Ti02 based chiral nanoparticles 
and their potential applications

Wavelength (nm)

Figure 5.3: UV-VIS absorption spectra of D- (black), L~ (red), and /?nc(blue)-penicillamine

stabilised Ti02 nanoparticles.

Wavelength (nm)

Figure 5.4: CD spectra of D- (black) and L- (red) penicillamine stabilised Ti02 nanoparticles.
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The samples were also investigated using FTIR which showed a number of strong peaks with the 

assignment of 3346 cm ' and 887 cm ' to an amino group and 1634 cm 'and 1330 cm ' to 

carboxylate groups'" both of which indicate that the penicillamine is still present on the 

nanoparticles.

Figure 5.5: FTIR spectra of Z)-Pen stabilised Ti02 sol made from precursor hydrolysis.
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Figure 5.6: DLS spectra for D- (red), L- (green), and Rac- (blue) penicillamine stabilised Ti02

nanoparticles made by hydrolysis of precursor in ethanol.
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Figure 5.7: Zeta potential of penicillamine stabilised Ti02 nanoparticles made by hydrolysis of

titanium precursor in ethanol. Showed are Z)-Pen (red), Z-Pen (green), and Rac-Pen 

(blue) stabilised particles.

DLS methods provided values for the size and size distribution for nanoparticles. It can be noted 

that nanoparticles with a broad size distribution have been produced (Figure 5.6 and table 5.1). The
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resulting size of nanoparticles has been difficult to identify clearly due to problems with the 

scattering from the sample. It may also be due to problems associated with the sedimentation of 

nanoparticles and large variations in size.

Table 5.1: Table of DLS results of a representative sample of penicillamine stabilised Ti02

nanoparticles synthesised via hydrolysis of titanium precursor in ethanol.

Sample /)-Pen TiOz L-Pen Ti02 /Jac-Pen TiOj

Z average nm 1174 929 936.9

DLS Peak nm (%) 568.8(100) 974.9(100) 521(100)

PDl 0.7 0.03 0.7

The zeta potential results however show a high degree of uniformity all exhibiting approximate 

value of -40mV which can be considered as sufficient to prevent them from forming aggregates 

and precipitation (Figure 5.7 and table 5.2).

Table 5.2: Results of Zeta potential analysis of a representative sample of Ti02 nanoparticles

made via hydrolysis of a titanium precursor in ethanol.

Sample Z)-Pen Ti02 Z,-Pen Ti02 ifac-Pen Ti02

^ potential mV -34.6 -38.3 -40.0

Peak (%) -34.6(100) -38.3 (100) -40.0(100)

deviation 4.40 4.52 4.57

TEM imaging of these samples showed nanoparticles with a range of sizes and an irregular 

morphology. Size distribution analysis of a representative sample of these nanoparticles showed a 

mean size of 14.2 nm for Z)-Pen stabilised Ti02, 14.1 nm for Z,-Pen stabilised and 19.9 nm for the 

/?ac-Pen stabilised nanoparticles with standard deviations of 5.215 nm, 3.865 nm and 9.476 nm 

respectively (Figure 5.8).
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Figure 5.8: TEM images of Z)-Pen stabilised Ti02 sol made with water in the synthesis from

the start (Left) and without water at the start of the synthesis (right).

Samples of the Ti02 sol were also investigated using SEM analysis. According to SEM, the sample 

consists of nanoparticles with a mean size of 111 nm and a standard deviation of 41.95 nm (Figure 

5.9).
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Figure 5.9: SEM image of Z)-Pen stabilised Ti02 sol from hydrolysis of Ti(THD)2(0'Pr)2.

Samples were also investigated by Raman spectroscopy. It may be noted that imaging using the 

microscope of the Raman machine showed that there had not been complete coverage of the 

material over the glass slide. The sample exhibited only very weak Raman scattering (Figure 5.11). 

However, after sintering at 600 °C we observed a clear well defined Raman spectrum (Figure 5.12). 

Assignment of Raman peaks indicated crystal phases such as Brookite" accounting for the peaks at 

122 cm ', 202 cm ', 250 cm ', 630 cm ', and Rutile'^ accounting for 420-470 cm ' and 820 cm '. The 

broadness of these peaks would be indicative of the small nanoparticulate nature of this material 

and its largely amorphous nature.
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36.25|jm
Figure 5.10: Optical microscope image of Z)-Pen stabilised Ti02 sol deposited on glass slides.

As shown (figure 5.10) the samples show an irregular powder on the slide surface showing some 

materials on the surface with irregular distribution.

Figure 5.11: Raman spectra of D-Pen stabilised Ti02 sol before sintering. The lack of structure

is indicative of a small size and amorphous nature of this material.
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Figure 5.12: Raman spectra of Z)-Pen stabilised Ti02 sol after sintering at 600°C.The strong 

peaks indicate the presence of brookite and rutile crystal phases.

Elemental analysis was also conducted using EDX on the sample. Strong peaks for titanium and 

oxygen were observed. The aluminium and copper peaks which were also observed can be traced 

to the stub used to hold the sample for analysis (Figure 5.13).

0 12 3 4
Full Scale 18059 cts Cursor: 3.901 (224 cts)

Figure 5.13: EDX spectra for Z)-Pen stabilised Ti02 sol synthesised via hydrolysis of 

Ti(THD)2(0'Pr)2.
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5.3. Microwave synthesis in ethanol

There are number of potential energy sources that could be used for the generation of nanoparticles, 

including heating under reflux, sonication and microwave treatment. The primary microwave 

irradiation methods would involve a Starr system heating with the aid of a reflux condenser system.

Penicillamine

Irradiated 100% 
30sec or Imin

Figure 5.14: Reaction scheme for the ethanol microwave synthesis of penicillamine stabilised 

titanium dioxide.
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The investigation of the synthesis of Ti02 using the high powered microwave gave the following 

results. In the case of the penicillamine stabilised Ti complex there was a red-coloured solution 

produced which was quickly converted to an orange colour while in the case of the cysteine 

addition there was a pale yellow coloration of the solution. The attempt to use aspartic acid for the 

same reaction produced no colouration and the stabiliser remained at the bottom of the reaction 

vessel.

The products of the reactions were investigated using UV-VIS and CD spectroscopy.

In the case of The Z,-Cys stabilised sol we can observe that there is a strong absorption in the far 

near UV region of the spectrum unfortunately it is also the case that the solvent used in this case, 

ethanol absorbed strongly in that region and although a background of the solvent was removed it 

still was problematic to see the region of the spectrum below the solvent window.

Wavelength (nm)

Figure 5.15: UV-VIS spectra of Z-Cys stabilised Ti02 solutions with both dry solvents and 

water added.

As shown (Figure 5.15) it is also the case there is a strong absorbance into the near UV. The level 

of absorbance is similar for all four samples.
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Figure 5.16: CD spectra of L-Cys stabilised Ti02 solution made with both dry solvents and after 

the addition of water.

This was also the case for the CD spectra of these samples as shown (figure 5.16) it can be noted 

that the samples to which water had been added did not show a sharp rise in CD intensity prior to 

the close of the solvent window. There were different effects for the same reaction on the solution 

after the addition of D- and L- penicillamine. It can be noted from the UV-VIS spectra (see figure 

5.17) that the strong colour of these solutions was due to a strong absorbance in the visible, blue 

region of the spectrum. This absorbance also has an effect on the CD spectra of these samples 

(figure 5.18). There are strong CD signals that are at the same wavelengths as the absorbance bands 

which would be indicative of an inducement of the CD signal from the penicillamine to the 

absorbance of the Ti metal centre.
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Wavelength (nm)

Figure 5.17: UV-VIS spectra of D-(black) and L- (red) penicillamine stabilised Ti02 sols made 

in ethanol.

Wavelength (nm)

Figure 5.18: CD spectra of D-(black) and L- (red) penicillamine stabilised Ti02 sols made in 

ethanol.

The stored samples were then left to stand for a period of not less than two weeks and after this 

length of time it may be noted that the formerly liquid contents of the vessel had been converted to
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a semi-solid gel (figure 5.19). This was observed for the samples to which water had been added at 

the start of the synthesis and in the case of samples to which no water had been added it may be 

noted that the material gradually changed in appearance becoming whiter and more particulate in 

the case of the penicillamine added solutions and a dark material in the case of cysteine.

Figure 5.19: Photograph of Penicillamine stabilised Ti02 sol that has converted to a gel after a 

period of 2-3 weeks in storage. Note the gelatinous, semisolid nature of the 

material.

Samples of this gel were re-dispersed in ethanol and investigated using UV-VIS and CD 

spectroscopy. As shown (Figures 5.20 and 5.21 ) the product has the same kind of absorbance and 

CD spectra that have been observed before indicating that the original chiral interaction between 

the amino acid and metal centres has been retained in the semi-solid form.
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Figure 5.20: UV-VIS spectra of D-(black) and Z,-(red) penicillamine stabilised Ti02 sol gel re

dispersed in ethanol.

Wavelength (nm)

Figure 5.21: CD spectra of D-(black) and L- (red) penicillamine stabilised Ti02 sol gel re

dispersed in ethanol.

Samples of these materials were then taken and spread over quartz shards, allowed to dry and were 

examined using UV-VIS and CD spectroscopy. The resulting UV-VIS spectra still exhibited
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absorbance visible region of the spectra (Figure 5.22) while there is only a weak CD signal 

observable in the corresponding region of the CD spectrum (Figure 5.23).

Wavelength (nm)

Figure 5.22: UV-VIS spectra of Z)-(black) and L- (red) penicillamine stabilised Ti02 sol gel 

deposited on quartz.
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Wavelenqht (nm)

Figure 5.23: CD spectra of D-(black) and L~ (red) penicillamine stabilised Ti02 sol gel 

deposited on quartz. The prescence of optical activity shows that this activity is 

retained when the film is deposited on quartz.

The resulting samples were also investigated using FTIR spectroscopy. Spectra obtained show 

peaks at 3234 cm ' which may be assigned to an amino group, 2954 cm ' which may an aliphatic 

backbone and finally 1635 cm ', 1319 cm ' and 1098 cm ' which may be assigned to a carbon 

oxygen groups such as carboxylates and carbonyls. All of which indicate the presence of

penicillamine stabiliser10
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Figure 5.24: FTIR spectrum of Z,-Pen stabilised Ti02 sol gel.

The gel films were also investigated using Raman spectroscopy and optical microscopy. Optical 

microscope images show the material, which has a cracked appearance after drying on the glass 

(Figure 5.25). Initial Raman examination of the sample showed no discernible scattering peaks.

Figure 5.25: Optical microscope image of Z)-Pen stabilised Ti02 sol gel dried on glass for 

analysis.
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Figure 5.26: Raman spectrum of D-Pen stabilised Ti02 sol-gel dried on a glass slide. The lack 

of sharp peaks would be indicative of the amorphous nature of the gel.

Samples of the gel were also examined using TEM and some highly aggregated nanoparticulate 

material was observed in all cases. Examination of this particulate material showed a mean size of 

17.8 nm for D-Pen stabilised gel and 28.2 nm for the L-Pen gel with standard deviations of 6.9 nm 

and 9.6 nm respectively.

On some of the images it may also be noted that the samples also exhibit possible semisolid films 

which is also a possible indication of the material forming a gel-like substance. Some of these 

materials show a holey pattern, indicative of the evaporation from semi-liquid samples (Figure 

5.27).
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Figure 5.27: TEM images of penicillamine stabilised Ti02 sol gel showing Z)-Pen stabilised 

(left, top and bottom) and Z-Pen stabilised (right, top and bottom).

Samples of penicillamine Ti02 sol gel were also analysed using SEM. According to SEM the 

samples consisted of an amorphous coating cracked due to the effect of the vacuum.
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Figure 5.28; SEM image of /.-Pen Stabilised Ti02 sol gel.

After the samples were sintered at 450 °C for 1 hour the clear, slightly coloured film was noted to 

have converted to a grey/white powder film. UV-VIS spectra of these materials showed none of the 

bands that had been observed in the previous examination (Figure 5.29). There was also a reduction 

in the strength of the CD signals that had been observed previously in the dried samples (Figure 

5.30).
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Figure 5.29: UV-VIS spectrum of Z)-Pen stabilised Ti02 gel after sintering at 450 °C. The lack 

of structure is indicative of the thermal treatment altering the gel film from a 

semitransparent film to a white-grey powder material.

Wavelength (nm)

Figure 5.30: CD spectrum of D-Pen stabilised Ti02 gel after sintering at 450166°C. The lack of 

signals is indicative of the loss of optical activity after burning off of the ligands 

and a decrease in the amount of defects present in the material.
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Optical microscopic examination of the samples shows that there was a change in coating 

morphology after sintering (Figure 5.31). After the sample was sintered at 600°C Raman analysis 

has shown several detectable scattering peaks detected at 141 cm ', 396 cm ', 514 cm ' and 

637 cm', which would be indicative of the anatase phase of titanium dioxide'^ (Figure 5.32).

Figure 5.31: Optical microscope image of Z)-Pen stabilised Ti02 sol gel after sintering at 

600 °C.
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Figure 5.32: Raman spectrum of Z)-Pen stabilised Ti02 sol gel after sintering at 600 °C. The 

sharp peaks are indicative of the presence of the anatase crystal structure of Ti02.

Elemental analysis of the gel by EDX shows the presence of titanium and oxygen from Ti02 but 

also the presence of carbon, and sulphur which would possibly be due to the presence of 

penicillamine in the gel (Figure 5.33).

Figure 5.33: EDX analysis of Z-Pen stabilised Ti02 sol gel.
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5.4. Microwave synthesis in hexane

In order to improve the efficiency of precursor decomposition and reduce the risk of explosive 

heating we decided to perform the reaction in a non-polar solvent which would not be heated by the 

microwaves and so will not boil in the reaction vessel. The ligands and titanium precursors as well 

as the water added to the reaction mixture are polar and therefore will be heated by microwave 

irradiation promoting the reaction directly without ‘unnecessary’ heating of solvent. In this case, 

non-polar aliphatic solvents such as hexane or heptane would be the most suitable for this process.

Penicillamine

Figure 5.34: Reaction scheme for synthesis of Ti02 sol in hexane.
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The product was a clear liquid with a strong yellow or orange colour with unreacted solid 

remaining in the reaction vessel. This product was investigated using UV-VIS, CD and Raman 

spectroscopy. Where necessary these investigations were conducted on diluted samples.

The analysis of the samples showed a better defined absorbance spectrum (Figure 5.35) which also 

coincide with optical activity( Figure 5.36) indicating the binding of the chiral ligand to the metal 

centre. Interestingly this absorbance profile and optical activity has been retained as well when the 

sample is dispersed and dried on a glass slide (Figures 5.37 and 5.38).

Wavelength (nm)

Figure 5.35: UV-VIS spectra of T)-(black) and L- (red) penicillamine stabilised Ti02 sol from 

hexane.
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Wavelength (nm)
Figure 5.36: CD spectra of D-(black) and L- (red) penicillamine stabilised Ti02 sol from

hexane.

Figure 5.37: UV-VIS spectrum of D-(black) and L- (red) penicillamine stabilised Ti02 sol from 

hexane deposited on glass slides.
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Figure 5.38: CD spectra of Z)-(black) and L- (red) penicillamine stabilised Ti02 sol from hexane 

deposited on glass slides.

TEM images of the sol showed a highly grainy material deposited on the grid in some cases too 

thick to properly image. Examination of the size distribution of these nanoparticles gave a large 

range of sizes with a mean of approximately 317 nm and a very large standard deviation of over 

370 nm.

Figure 5.39: TEM images of Z)-Pen stabilised Ti02 sol from hexane.
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Samples of the hexane sol were analysed using SEM analysis.

According to SEM of the dried liquid samples produced an image of a thick plaque. Circular holes 

in the samples were suggested to be produced as a result of drying effects (Figure 5.40).

'

' * ^ • '/■ • ■ //V* - */* f ̂
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Figure 5.40: SEM image of Z,-Pen stabilised Ti02 sol from hexane deposited on SEM stub.

Some samples were observed under SEM to contain a large number of long wide crystals which 

are suggested to be unreacted penicillamine. In addition smaller roughly spherical nanoparticles 

with a mean size of 418.94 nm and a standard deviation of 161.838 nm (Figure 5.41) were 

observed coating the crystals.
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Figure 5.41: SEM image of £)-Pen stabilised Ti02 sol from hexane deposited on SEM stub.

Dried samples of the sol were also investigated by FTIR spectroscopy showing the presence of a 

broad peak at 3222 cm'' which can be assigned to the amino or alcohol groups'", a strong peak at 

2965 cm ' which can be assigned to the aliphatic groups of both the penicillamine and left over 

hexane, a possible thiol peak from the penicillamine at 2521 cm ' and various stretches from the 

carboxylate group of the penicillamine at 1576 cm', 1377 cm' and 1063 cm' (Figure 5.42).
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Figure 5.42: FTIR spectra of Z)-Pen stabilised Ti02 sol from hexane deposited on glass.

Samples of the Ti02 sol were investigated using Raman spectroscopy. These showed strong Raman 

scattering values that were attributed as having come from the presence of non-reacted 

penicillamine (Figure 5.44).

Figure 5.43: Optical microscope image of a Z)-Pen stabilised Ti02 sol from hexane.
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Wavenumber (cm'^)

Figure 5.44: Raman spectrum of Z)-Pen stabilised Ti02 sol from hexane deposited onto a glass 

slide. Some of the sharp peaks may be attributed to penicillamine in the material.

X-Ray diffraction analysis was also conducted on the deposited sol. A number of peaks were 

observed which can be attributed to the presence of unreacted penicillamine in the deposited film. 

This result is in keeping with the experimental result generated from the Raman and SEM analysis 

of the films.
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Figure 5.45: Powder X-Ray diffraction pattern of Z)-Pen stabilised Ti02 sol from hexane

deposited on glass.

Elemental analysis of a sample of the sol was also conducted using EDX. Peaks for titanium and 

oxygen indicate the presence of Ti02 while sulphur and carbon indicate the presence of 

penicillamine in the sample. The aluminium, copper and iron peaks can be traced to the stub used 

to mount the sample (Figure 5.46).

Figure 5.46: EDX analysis of Z-Pen stabilised Ti02 sol from hexane deposited on a SEM stub.
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As was the case with the gel, thermal treatment of the product resulted to a change both in its 

microscopic appearance and optical properties. At 450 °C the sample turned black and activity in 

the CD spectra and UV-VIS spectra were lost (Figures 5.47 and 5.48).

Figure 5.47: UV-VlS spectra of D-(black) and L- (red) penicillamine stabilised Ti02 sol from

hexane deposited on glass and thermally treated at 450 °C. Note the lack of the 

visible absorption at approx 400 nm indicating that the film has gone from yellow 

to white, grey.
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Wavelength (nm)

Figure 5.48: CD spectra of penicillamine stabilised Ti02 sol from hexane deposited on glass 

and thermally treated at 450 °C. Note the lack of optical activity indicating the 

removal of the ligand from the surface of the film and a consequent reduction in 

the number and extent of chiral defects.

Raman analysis was also conducted of the resulting samples after thermal treatment to 300 °C. 

Raman scattering was observed from the samples at 150 cm ’, 415 cm ', and 605 cm ’ with a weak 

additional band at 262 cm ’. Assignment these peaks is difficult indicating a low degree of 

crystallinity of the sample. Raman spectra conducted after heating to 600 "C shows more intense 

scattering at 141 cm ’, 390 cm ', 514 cm ’ and 637 cm ' which would be characteristic of the 

anatase crystal phase of Ti02'^ (Figure 5.49).
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Figure 5.49: Raman spectra of penicillamine stabilised Ti02 sols from hexane thermally treated 

at 300 °C and 600 °C. The sharp peaks observed would be indicative of the 

presence of the anatase crystal phase of Ti02.

X-Ray analysis of the thermally treated samples showed a weak scattering pattern with a single 

sharp peak at 26 20 indicative of anatase structure''*. The weak signal may be attributed either to the 

thinness or to the lack of crystallinity of the deposited films (Appendix 4).

5.5. Test of photocataivtic activity

The samples were tested for the degradation of methylene blue in water under UV irradiation at

254 nm. We have monitored the corresponding reduction in the absorbance of the sample due to

the degradation of the dye. The Ti02 sol from hydrolysis of Ti(THD)2(OiPr)2 produced a

detectable decrease in the absorbance peak for the dye due to possible degradation of the sample

(Figure 5.50). A number of control experiments were also conducted in order to determine the

effect of the presence of Ti02 in solution of dye without irradiation. In both of these cases the rate

of degradation of dye was lower than that for that with irradiation as well (Appendix 4). It can also

be noted that when the relative quantities of Ti02 were increased there was an alteration in the
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shape and the intensity of the absorbance which can be suggested as originating from the 

adsorption and binding of the dye molecules on the surface of the nanoparticles as well as changes 

in pH due to the large amount of charged ligands on the surface.

Figure 5.50: UV-VIS absorption spectra of methylene blue with /?ac-Pen stabilised TiOa 

nanoparticles under UV irradiation over time with exponential fit of change in the 

absorbance at 664 nm band over time (insert).

Photocatalytic analysis was also conducted using the products of the microwave synthesis. For the 

case of the sol in hexane, there is a clear reduction in the main band of the methylene blue (Figure 

5.51). The rate of reduction of the band intensity also appears to follow an exponential curve 

(Figure 5.51 insert).
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Wavelength (nm)

Figure 5.51: UV-VIS absorption spectra monitoring photocatalytic degradation of methylene 

blue with D-Pen stabilised Ti02 sol from hexane with reduction in band intensity 

(insert).

Examination of the penicillamine stabilised Ti02 sol gel observed a gradual increase in band and 

general absorbance intensity which is suggested to be due to increasing opacity of the solution with 

the release of sol nanoparticles into suspension. When this is accounted for through zeroing of the 

spectra there is also an eventual reduction in the methylene signal noted (Figure 5.52).
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Figure 5.52: Adjusted UV-VIS absorption spectra of photocatalytic test on methylene blue 

using D-Pen stabilised Ti02 sol gel with graph of decrease in band absorption 

(insert).

From the above it can be shown that the Ti02 particles as produced in the syntheses described 

above can act as photocatalytic agents and succeed in degrading organic chromophores in an 

aqueous solution when irradiated with ultra violet light.

5.6. Antimicrobial testing

The selected samples of penicillamine stabilised gel were analysed for their activity against E-Coli 

ATCC25922 upon irradiation with incandescent light. The tests were performed in comparison 

between untreated glass slides and glass slides on which penicillamine stabilised Ti02 gel had been 

deposited. The viability of bacteria at two time stamps of 6 hours and 12 hours was investigated. 

While the controls show a log reduction in bacterial viability at 6 and 12 hours of 1.4 and 1.8 

respectively, the L-Pen stabilised Ti02 gel exhibits a log reduction of 3.5 after 6 hours and no 

viability after 12 hours and the Z)-Pen gel samples exhibit no activity after both 6 and 12 hours 

(Table 5.3).
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Table 5.3: Table of representative results for testing of antimicrobial activity of Ti02

penicillamine gels deposited on glass.

Sample Number Dilution Colony Count Mean

Colony

Count(N)

Number of viable

bacteria recovered per

specimen (N x 5 x

dilution factor x 10)

Control 2 (6

hours)

C2(6) 1 X 10“ TNTC TNTC 1.087 X lO^cfii

1 X 10' 209,226 218

1 X lO'" 19, 25 22

1 X 10'' 2,5 3.5

/.-enantiomer 1

(6 hours)

LI (6) 1 X 10“ 2,0 1 50 cfu

1 X 10' 0,0 0

1 X 10'^ 0,0 0

1 X 10'^ 0,0 0

D-enantiomer

1 (6 hours)

Dl(6) 1 X 10" 0,0 0 0 cfu

1 X 10' 0,0 0

1 X 10'^ 0,0 0

1 X 10" 0,0 0

Control 1 (12

hours)

Cl(12) 1 X 10" TNTC TNTC 4.65 X 1 O'* cfu

1 X 10' 94,91 93

1 X 10'^ 9,7 8

1 X 10'" 0,0 0

/.-enantiomer 1 LI (12) 1 X 10" 0,0 0 0 cfii
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(12 hours)

1 x 10' 0,0 0

1 x 10'" 0,0 0

1 X lO'" 0,0 0

D-enantiomer

1(12 hours)

D1 (12) 1 x lO" 0,0 0 0 cfu

1 x 10' 0,0 0

1 x 10'^ 0,0 0

1 x 10'" 0,0 0

Multiple controls and samples were examined for antimicrobial activity all of which show similar 

results (Appendix 4)

These results indicate that both of the enantiomers show strong antibacterial activity but the D-Pen 

stabilised gel shows the marginally stronger activity. The most plausible explanation for this is the 

preferred interaction of microorganisms with D-Pen stabilised Ti02 gel which provides for more 

efficient photooxidation of bacteria.

5.7. Conclusions

The following conclusions can be derived from the above results of the investigation.

The Ti02 nanoparticles produced via the direct hydrolysis of Ti(THD)2(0'Pr)2 showed limited 

optical activity within the wavelengths that were investigated. The nanoparticles had a large size 

distribution and possible irregular morphology as it was determined using TEM, SEM and DLS. 

Raman spectra showed evidence for the formation of Brookite and Rutile crystal phases. The Ti02 

nanoparticles exhibited moderate photocatalytic activity against methylene blue under UV 

irradiation.

The ethanol phase, microwave synthesis lead to the production of a coloured solution which is 

optically active its band-edge region. This material was noted to solidify into a gel over 2-3 weeks.
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This gel retained its chirality in the band-edge when dispersed in solvent and also retained optical 

activity in the band-edge region of its spectrum when distributed over a glass substrate. However 

thermal treatment leads to the loss of any optical activity as well as other absorbance effects. 

Investigation using TEM also shows that the material consists of nanoparticles. FTIR analysis of 

the gel shows the presence of stabiliser as well as the possible presence of bound ethanol within the 

gel. Raman spectroscopy of the gel showed that the material it gave clear signals for the anatase 

crystal structure when sintered at 600°C. Photocatalytic studies of the gel showed moderate 

photocatalytic activity against methylene blue. This gel has also exhibited strong antibacterial 

activity when irradiated with visible light and has been shown to exhibit stronger antibacterial 

activity with the Z)-Pen stabilised gel than with the T-Pen gel.

The hexane phase microwave synthesis also leads to the production of coloured material which is 

optically active in its band-edge region. When dried onto a surface the optical activity in the band- 

edge region is also observed. TEM analysis of this material shows nanoparticles. SEM, FTIR, XRD 

and Raman analysis of deposited samples of this material shows strong indicators for the presence 

of unreacted penicillamine in the material. Thermal treatment of this material has lead to the loss of 

optical activity in the band-edge. Raman analysis of this thermally treated material shows evidence 

for the anatase crystal phase. Photocatalytic studies of this material showed very weak activity in 

oxidation of methylene blue.

In overall, a number of new titania based materials have been prepared. Some of these materials 

showed reasonable photocatalytic activity under illumination with UV light. Antimicrobial testing 

demonstrated a possible chiral bias with regards to the activity of the gel under visible light 

illumination. This bias, where the Z)-enantiomer is favoured is opposite what would be expected 

namely that the T-enantiomer would have the stronger interaction.

Such activity would be of great interest for a number of potential applications and should be within 

the scope of further detailed investigations of these materials.
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Chapter 6. Experimental

6.1. Synthesis and preparation of particles

Unless otherwise stated, all chemicals were purchased from Aldrich and used as received. Water 

used in the synthesis was filtered through a Millipore system and had a resistivity of ]8.2Mf2. 

Solvents used in the syntheses were obtained from the Trinity College Dublin hazardous materials 

facility solvent stores and used as received unless additional treatments were stated.

6.1.1. Synthesis of quantum dots

6.1.1.1. Penicillamine stabilised CdS nanotetrapod synthesis

40 ml of water was placed into a 100 mL RBF, this followed by further additions of penicillamine 

solution (10 mL 0.01 M) (either Z)-penicillamine, Z,-penicillamine, or a 50/50 mixture of D-and L- 

penicillamine for the /?ac-penicillamine stabiliser) in water, NaOH in water (0.3 mL, 2 M) ,to 

increase the pH to approximately 11, CdCl2 solution (8 mL 0.01 M) in water and thioacetamide 

(2 mL 0.01 M). The solution was then heated at 130 °C with stirring for two hours under reflux. 

The resulting solution was observed to turn a yellow colour. The solution was then removed from 

heating. Then the RBF was wrapped in aluminium foil and stored for further analysis and work-up.

6.1.1.2. DNA stabilised CdS OD synthesis

DNA solution for the production of these particles was prepared via sonication of solid calf thymus 

DNA (0.304 g) in an appropriate buffer solution (Trizma base buffer with HCl added to pH 7). 

Concentration of the DNA was determined through UV-VIS absorbance at 260 nm to be 0.003M'. 

Into a 150mL RBF was placed 40mL of water, DNA solution (15 mL, 0.003 M) and CdC^ solution 

(5 mL, O.OIM). NaOH solution was added dropwise to raise the pH to approximately 12 followed 

by thioacetamide solution (2 mL, 0.01 M).
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The solution was heated to 130 °C under reflux with stirring for two hours after which the flask was 

taken and was kept wrapped with aluminium foil for analysis and further testing.

6.1.1.3. DNA/penicillamine co-stabilised CdS nanotetrapods

A DNA solution for use in this synthesis was produced via the dissolution of approximately O.lg of 

salmon sperm DNA was dissolved in trizma base buffer with HCl at pH 7 with sonication. DNA 

concentration was determined using UV-VIS to be approximately 0.008 M‘. Into a 150 mL RBF 

was placed water (40 mL), DNA solution (10 mL, 0.008M), CdCla solution (8 mL 0.01 M), 

penicillamine solution (10 mL, 0.01 M) (of either D or L enantiomer or a 50/50 ratio for the Rac 

enantiomer), NaOH solution (dropwise) to raise the pH to 12 and thioacetamide (2 mL 0.01 M).

The solution was heated to 130 °C under reflux with stirring. The solution was then wrapped in 

aluminium foil and was stored for further analysis and work-up.

6.1.1.4. Production of doped CdS nanoparticles, microwave synthesis

40mL of water was placed into a 100 mL RBF. Argon was bubbled through the water via a gas 

inlet for the duration of solution preparation. To this was added penicillamine solution (10 mL, 

0.01 M either the D, L enantiomer or a mixture for the racemate),NaOH (0.3 mL, 2 M), the metal 

dopant solution (Cu(CH3COO)2 or CuCl2 for copper doped, Mn(N03)2 for manganese doped or 

Pb(N03)2 of Pb(CH3COO)2 for lead doped) (X mL, 0.01 M), CdCh (8-X mL, 0.01 M) and 

thioacetamide (2 mL, 0.01 M).

The solution was placed in a microwave and irradiated with standard emission power of 850 W for 

110 seconds. The solution was then sealed with grease and parafilm and covered in aluminium foil 

to await analysis and further work-up.

The “X” refers to the variable volumes of dopant addition used for the reaction which in the case of 

the microwave reaction extend from 0 to 0.5 mL.
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6.1.1,5. Production of doped CdS nanotetrapods. reflux synthesis

40mL water was placed into a 100 mL 3-necked RBF. Argon was bubbled continuously through 

the container during the production of the solution. To this was added penicillamine (10 mL, 

0.01 M, either the D, Z-enantiomer or the racemate), the metal dopant (either Mn(N03)2 for 

manganese doping, Cu(CH3COO)2 for copper doping or Pb(N03)2 for lead doping)(X mL, 0.01 M), 

CdCl2 solution, NaOH solution (0.35 mL, 2 M) and thioacetamide solution (2 mL, 0.01 M).

The solution was heated under argon with stirring to 130 °C under reflux for two hours. The 

solution was then allowed to cool under argon flow after which the RBF’s were sealed with 

parafilm and grease and stored wrapped with aluminium foil for analysis and further work-up.

The “X” refers to the volume of dopant added to the reaction mixture which in the case of the 

reflux synthesis extended from 0.5 mL up to 8 mL with a corresponding reduction in the amount of 

CdCl2 solution used.

6.1.2. Cleaning and isolation of CdS nanoparticles

6.I.2.I. CdS small quantum dots and nanoparticles

The solution was reduced via evaporation under reduced pressure after which was added propan-2- 

ol and the cloudy suspension was centrifuged. The resulting pellet was washed with a mixture of 

propan-2-ol and water and was then re-dispersed in water. Traces of propan-2-ol were evaporated 

under reduced pressure and the suspension was then placed in a sample vessel and stored under 

refrigerated conditions.

6.I.2.2. CdS nanotetrapods and larger particles

The solution was reduced via evaporation under reduced pressure. The solution was then 

centrifuged from one to three minutes to remove larger aggregated material. The solution was then 

pipetted in 400pL aliquots into a 30kDa ultracentrifuge filter then passed through using 3250RPM 

for 15minutes. The resulting pellet was washed twice with water and then re-dispersed in water and 

transferred to an appropriate vessel and stored under refrigerated conditions.

190



Chapter 6 Experimental

6.1.3. Titania particle synthesis

6.I.3.I. Synthesis of TilTHDl^lO'Prl?

This precursor was produced using a method described in Errington et aP. Into a dry three necked 

RBF was placed dry hexane (5 mL dried over sodium), titanium (IV) isopropoxide (0.55 mL) and 

2,2,6,6,Tetramethylheptane-3,5-dione (0.9 g) the solution was then stirred in a cool water bath 

under argon for twenty minutes. Solvent was removed under vacuum until the beginning of 

crystallisation after which the material was sealed and then stored in freezing conditions at 

approximately -25 °C and was stored overnight to aid complete crystallisation. The resultant 

crystals were then collected via Hirsch filtration and the solid was dried under vacuum then 

weighed. Yield= 0.1165 g (8.9 %).

6.I.3.2. Titania nanoparticles produced in the presence of penicillamine without heating

Basic penicillamine solution (10 mL 0.01 M in ethanol dried over CaO with 0.05 g NaOH per 

20 mL either the D, L, or the 50/50 racemate), and Ti(THD)2(0'Pr)2 solution (10 mL 0.005 M in 

ethanol dried over CaO) was placed into a 25 mL RBF. This was stirred and to it was added water 

(0.5 ml). The cloudy solution was then allowed to settle. Then the nanoparticle suspension was 

taken and centrifuged. The resulting pellet was repeatedly washed with a mixture of ethanol and 

water and was then re-dispersed in water through the use of sonication.

6.1.3.3, Microwave synthesis of TiO? sol in ethanol

Penicillamine (D, or Z,-enantiomer, 0.34 g), triethylamine (0.4 mL), ethanol (25 mL, dried over 

sodium), titanium (IV) butoxide (0.85 mL) and water (0.5 mL) were placed into a clean dry 

200 mL microwave flask which was purged with argon. The mixture was irradiated with 

microwave radiation in the Starr system microwave at 100 % power for between fifteen seconds 

and one minute under reflux. For longer irradiation times, breaks had to be taken due to the risk of 

efflux of the solution out of the reaction vessel. The resulting coloured solution was then decanted 

off into a sample tube.
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6.I.3.4. Synthesis of TiO? sol in hexane

Penicillamine (0.4 g), triethylamine (0.5 mL), hexane (20 mL, dried over sodium), titanium (IV) 

butoxide (0.75 mL) and water (0.5 mL) were placed into a clean dry 200 mL microwave flask 

which had been purged with argon. The solution was then placed in a Starr system microwave and 

was irradiated at 100 % for between one and two minutes. The yellow coloured solution was then 

taken and decanted off into a sample tube.

6.1.4. Li2and exchange and phase transfer reactions

The procedure used for the ligand exchange was similar to that described in Nakashima et al^. A 

sample of aqueous chiral nanotetrapods were taken and then placed in a 5 mL RBF. To this was 

then added dodecanethiol (400 pL) and toluene (0.5 mL to 1 mL). This mixture was then heated to 

100 °C under reflux for one to five hours. The heavier aqueous phase was then separated from the 

lighter organic phase via centrifugation and stored for further analysis.

In additional cases the resulting organic phase was treated with an alcohol non-solvent in order to 

remove unbound dodecane thiol. The precipitating nanoparticles were then sedimented using 

centrifugation and then re-dispersed in toluene for further investigation and treatments.

6.1.5. Thermal treatment

All samples were deposited on glass slides then heated in a Bamstead Thermolyne 1400 furnace to 

the required temperature. The sample was then maintained at the required temperature for 

approximately two hours after which the furnace was turned off and slowly allowed to cool in air.

6.2. Analysis techniques

In order to determine the nature of the nanoparticles that have been produced the samples were 

investigated using a range of analytical techniques.
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6.2.1. Absorption spectroscopy

UV-VIS spectroscopic examination was conducted on either a Shimidazu UV-2401PC or a Cary 50 

UV spectrophotometer. The UV-2401PC utilises a dual beam set-up which allows continuous 

scanning of both the samples and a reference. In all cases the samples were measured in a Quartz 

cuvette with a 1 cm band pass. Baselines in an appropriate solvent were obtained prior to 

acquisition of spectra.

UV-VIS was utilise to determine quantum dot concentration through the use of the relationship 

described by Xiaogang Peng et al'' where the extinction coefficient of a semiconductor nanocrystal 

can be determined through its main absorption band and size via the following relation.

E=5500AE(Df^

Where 8 refers to the extinction coefficient, AE refers to the transition energy of the first exciton 

band and D which refers to the size of the nanoparticle which can be determined through TEM.

6.2.2. CD spectroscopy

Circular dichroism spectroscopy was conducted using a JASCO J-810 spectropolarimeter. All 

liquid samples were contained in a quartz cell for analysis. Solid samples and films were analysed 

using either quartz shards or glass slides. Standard analysis involved running a baseline of the cell 

or support with an appropriate solvent or air. Standard analysis involved a scan speed of 

200 nm/min with four to six accumulations. Resulting spectra where first opened in JASCO 

spectrum analysis software and smoothed using the adaptive smoothing function then exported for 

further analysis.

Concentration of the sample is important for the reliability of the characterisation of the sample and 

sample absorbance of lower than 1.5 AU is usually required in order to ensure an accurate reading. 

Due to the presence of various bands with different intensity in the sample run, standard procedure 

was to run one spectra of a sample at a high concentration in order to observe weak absorbing 

bands and then to dilute the sample with an appropriate solvent and run an additional scan to 

observe more strongly absorbing peaks.
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6.2.3. Luminescent spectroscopy

Photoluminescence experiments in the UV-VIS region where performed using a Cary Eclipse 

fluorescence spectrometer. Samples were contained in a quartz cuvette for analysis in an 

appropriate solvent. Wavelength filters were used when scanning over wavelength regions greater 

than twice the excitation wavelength in order to eliminate Rayleigh scattering. There was however 

a reduction in the observed luminescent intensity in these cases. Photoluminescence spectra which 

had been conducted on samples in the Near Infrared region were conducted using a Horiba Jobin 

Yvon Flurolog FL3-211 spectrometer using a liquid nitrogen cooled detector.

Quantum yields of luminescence were determined through comparison with a standard with a well 

defined quantum yield as described by Lavabre et al^. The procedure involves determining the 

absorbencies of the sample and standard at the wavelength of excitation followed by integrating the 

emission of both the sample and the standard that would then be entered into the following 

equation to calculate quantum yield or 0:

0(X) — (As /Ax)(F\ /Fs)(nx /«s)20(S)

In the above relation A refers to the absorbance, F to the integration values and n to the refractive 

index of the solvent in which the material is kept with subscript s referring to the standard and x 

referring to the sample. The main quantum standard used for this thesis was rhodamine B in 

ethanol which has a reported quantum yield of 65 %®. Coumarin 153 was also used in some cases 

but there were a number of values given for the quantum yield in the literature from a high of 

90 and a low of 38 %*. The refractive indices of solvents used were quoted from recognised 

sources’.

Lifetimes of luminescence were determined using a Horiba Jobin Yvon Flurolog FL3-211 in a total 

correlation single photon counting configuration. Excitation of the samples for this measurement 

was conducted using a NanoLED laser excitation source attachment. Further analysis of resultant 

decay curves was through data analysis software. Bi-exponential fits were produced for the decays 

using the following fitting function
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F(t)=A+ B|exp(-t/T|)+B2exp(-t^T2)

Where x i and T2 are the shorter and longer lifetimes respectively and B| and B2 are pre-exponential 

factors which should equal to 1.

The value was used to determine the best fit.

6.2.4. Raman spectroscopy

Raman spectroscopy was performed using a Renishaw In Via Raman microscope using a 756 nm 

excitation laser. Calibration of the Raman shift values was conducted using the 520 cm ’ line of 

silicon. Samples were deposited onto glass slides for analysis. Images of sites of interest were taken 

using the microscope camera and spectra were then taken using 10 % laser power with five 

accumulations as standard.

6.2.5. FTIR spectroscopy

FTIR analysis of samples was conducted using a Perkin Elmer Spectrum 100 FTIR infrared 

spectrometer. The ATR diamond tip attachment was utilised for the analysis of solid samples. Solid 

powder was placed on the diamond surface and pressure was applied using a screw to ensure 

uniform contact of the samples with the detection beam. Liquid samples were also used for solution 

phase analysis. Four to ten accumulations were used as standard.

6.2.6. Dynamic light scattering and zeta potential measurement

Dynamic light scattering was conducted using a Malvern Nano series Zetasizer. The samples were 

contained in a plastic sizing cuvette and three measurements were conducted per sample with the 

scan number and additional factors determined automatically by the operating software.

Zeta potential analysis of samples was conducted also using the Malvern Nano series Zetasizer. For 

zeta measurement a 1 mL disposable zetapotential cell was utilised. Three measurements were 

conducted per sample with scan numbers and rates determined automatically.
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6.2.7. Transmission electron microscopy and STEM

TEM analysis was performed using a JEOL JEM-2100 electron microscope for the majority of 

images shown with additional analysis conducted using a FEl Titan transmission electron 

microscope. Liquid suspensions of samples were deposited onto an appropriate TEM grid via drop 

casting and the samples were allowed to air dry overnight prior to imaging. In some cases, the 

samples were dried under vacuum in order to improve imaging quality. STEM analysis of samples 

was conducting using a FEI Titan transmission electron microscope. The lattice spacing of 

observed particles were analysed using the fast Fourier transform function of the analysis software.

6.2.8. Scanning electron microscopy

SEM analysis was conducted using a Mira TESCAN scanning electron microscope. Samples were 

prepared by drop casting onto an aluminium SEM stub and where required were gold coated to 

prevent charging of the samples. Elemental analysis of samples was also conducted using the 

TESCAN with an Oxford Inca X-Ray analysis attachment. For elemental analysis the sample was 

either examined uncoated or carbon coated.

6.2.9. Thermogravimetric analysis

Analysis of the samples was conducted using a Perkin Elmer Pyrus 1 TGA. A temperature setting 

maximum of 450 °C was used as standard. Samples for TGA were dried under vacuum prior to the 

measurement. The analysis software was used to determine the differential rate of thermal loss of 

the sample.

6.2.10. X-Ray powder diffraction

Powder X-ray diffraction analysis for these samples was performed using a Siemens D500 XRD X- 

Ray Diffractometer. Samples were analysed using a 12 hour analysis cycle. Samples were prepared 

by drying onto a glass slide and when necessary, thermally treating before analysis.
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6.2.11. DNA melt

These examinations were conducted using a CARY 300 UV-VIS spectrometer with an added 

thermal control mechanism. A single heating cycle was utilised with a maximum temperature was 

set at 70 °C with a heating rate of 5 °C orl °C per minute. The sample and reference were contained 

in quartz cells for analysis.

6.3. Photocatalytic studies of TiO? nanoparticles

Onto the inner side of a quartz fluorescence cuvette was deposited a layer of the Ti02 material to be 

tested which was left to dry over night. To the cuvette was then added water (2.5 mL) and 

methylene blue solution (2 pL, 0.0108 M). A small stirrer bar was placed in the cuvette and the 

mixture was stirred for several minutes to ensure mixing. The solution absorbance was the 

measured using UV-VlS spectroscopy. The cuvette of solution to be tested was then placed under a 

UV lamp at excitation wavelength of 285 nm and was stirred under constant irradiation. The 

cuvette was removed from under the lamp at periodic times and the absorbance was again taken. 

The resulting spectra were then compared and extent of degradation of methylene blue was 

determined.

6.4. Biological testing

6.4.1. Cell culturing of CdS nanotetrapods

The analysis of the incorporation and viability of penicillamine stabilised CdS tetrapods in live 

mammalian cells was conducted by Valerie Gerard and Edward Jan on behalf of the author.

The cytotoxicity study was conducted as follows.

Murine NG108-15 neuroblastoma cells were cultured at 37 °C and under 5 % CO2 atmosphere in 

Dulbecco’s Modified Eagle’s Medium (DMEM) without sodium pyruvate supplemented with 0.1 

mM hypoxanthine, 400 nM aminopterin, 0.016 mM thymidine, 10 % fetal bovine serum, 100
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units/ml penicillin, and 100 pg/ml streptomycin. For cell viability study, cells suspended in 0.5 ml 

of medium were seeded in each well of a 24-well plate and allowed to attach for 24 h at 37 °C. The 

medium was then replaced with fresh medium containing CdS-penicillamine nanotetrapods at 

various concentrations (0.4 gg/ml, 4 p.g/ml, and 40 p-g/ml). The cells were cultured for another 24 h 

at 37 °C, after which the medium was removed, the cells were washed twice with phosphate 

buffered saline, and the cells were incubated with fresh serum-free and phenol red-free DMEM 

containing 1 mg/ml of MTT for 3 hours at 37°C. The medium was then removed and centrifuged to 

separate and obtain the dark formazan product formed by reduction of MTT by the mitochondrial 

reductase of viable cells. The formazon product was then dissolved in DMSO, producing a violet 

solution whose absorbance at 570 nm (reference at 690 nm) was measured and correlated with the 

number of viable cells.

The nanotetrapods infiltration to cells was conducted as follows.

HT1080 (from human fibrosarcoma) were seeded on glass-bottomed petri dishes (10^ cells/dish) 

and incubated overnight to adhere. Four hours before treatment with nanoparticles, half of the 

medium was replaced by serum-free medium. D/L/Rac-Pen CdS nanoparticles were added to the 

cell cultures at a final concentration of 10'*mol/L in DBFS, along with a control culture in DPBS 

without nanoparticles. After four hours of incubation, the DPBS was aspirated out and the cells 

were washed three times.

The cells and nanoparticles were imaged with a confocal microscope, using a 405nm excitation 

laser and a 475nm dichroic mirror filter.

6.4.2. Antibacterial testing of penicillamine stabilised TiO^ gel

An investigation on the effect of titanium dioxide gel films on the viability of bacterial suspensions 

of Escherichia coli ATCC25922 was performed in the Airmid healthgroup laboratory facilities by 

in-house microbiological staff.

Samples were prepared by sonication of gel in ethanol to disperse. The suspensions were then 

deposited on glass slides and dried. Additional layers were deposited were necessaiy.
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The investigation was conducted as follows.

1. Prior to testing, all samples were sterilised with in the presence of U.V light for 4 hours

2. Each glass sample was suspended in a sterile petri-dish containing sterile filter paper. A 3 ml 

aliquot of sterile water was placed in each sample to humidify the environment.

3. A 100 p.1 aliquot of the E.coli inoculum was aseptically dispensed onto the centre of each glass 

slide at the top centre location. Sterile cover slips were then placed over the inoculum.

4. All samples were immediately incubated in a Laminar Cabinet. The samples were exposed to the 

standard light source and an incandescent bulb for 6 hours and 12 hours.

5. Following incubation, each glass slide was placed in a 50 ml centrifuge tube containing 10 mis 

Tryptic Soy Broth containing 0.01% (v/v) Tween 80.

6. To extract the inoculum, the tile, cover slip and PBS were mixed thoroughly using a vortex 

mixer for 2 minutes, ensuring that the cover slip and the tile completely separated from each other.

7. Serial dilutions (lO ' - 10'^) were performed on the extraction solution. A 200 pi aliquot of each 

dilution in addition to the non-diluted extraction solution was aseptically dispensed into a sterile 

petri plates (in duplicate).
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Chapter 7. Conclusions and future work

7.1. Conclusions

In this work a number of new chiral nanomaterials have been developed and investigated. 

Penicillamine stabilised CdS nanotetrapods have been successfully produced by an aqueous reflux 

synthesis. This is the first example of quantum nanotetrapod structures which have been generated 

through an aqueous synthesis. These nanostructures possess broad defect type luminescence and 

show optical activity in the band-edge region of the spectrum. Reaction tracking of the synthesis of 

these nanotetrapods shows that their formation involves the growth of arms from “seed” 

nanoparticles. Biological testing of CdS nanotetrapods shows limited cytotoxicity and there is 

preferential uptake of Z)-penicillamine stabilised nanotetrapods over Z,-penicillamine stabilised 

nanotetrapods. Phase transfer has also been conducted successfully on these nanoetetrapods with a 

loss of optical activity in the majority of cases.

CdS QDs stabilised with DNA have been successfully produced. These nanoparticles are stable and 

possess a weak luminescence but exhibit no optical activity in the band-edge region of the 

spectrum. The attempt to prepare CdS nanoparticles co-stabilised with both penicillamine and 

DNA also resulted in nanotetrapods which are optically active in the band-edge region. There is 

some evidence that DNA acts to bind the CdS nanotetrapods into aggregates. Addition of DNA to 

CdS nanotetrapod suspensions also provides evidence for binding of DNA to the nanotetrapod 

surface as well as the formation of aggregates.

The addition of dopant ions to CdS nanoparticles as expected led to a red-shifting of absorbance 

and luminescence bands as well as a reduetion in luminescent intensity. With the possible 

exception of copper there is also a reduction in optical activity of the nanoparticles. Particles made 

of MnS and PbS do not exhibit optical activity in the band-edge region of the spectrum. CuS 

nanoparticles exhibit strong optical activity, though no visible luminescence.
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Chiral Ti02 sols and sol gels stabilised with chiral penicillamine ligands were produced using a 

microwave synthesis. The chiral gel and sol both exhibited optical activity when deposited onto 

glass slides. In both cases the materials exhibited photocatalytic activity against methylene blue 

dye. In addition the Ti02 sol gel was found to possess antibacterial activity under visible light 

illumination. The Z)-penicillamine stabilised gel showed moderately greater levels of antibacterial 

activity than the /.-penicillamine stabilised gel. Thus the /)-penicillamine stabilised Ti02 gel 

enabled more efficient photooxidation of bacteria than the /.-penicillamine stabilised sample. To 

the best of our knowledge this is the first example of enantiomeric selectivity in the photooxidation 

of biological species by metal oxide based catalysts. This research opens up novel, very exciting 

opportunities for applications of chiral Ti02 nanoparticles in biomedicine and potentially in 

photocatalysis.

In conclusion, we believe that this research will contribute to the further development of 

chemistry as well as nano and biotechnology.

7.2. A note on the reproducibility of nanoparticle experiments

While it may be noted that the results described herein did show reproducible results in so far as it 

was possible to re-conduct the described experiments, it may be noted that there is an inherent 

variability in the nature and quality of results that may be exhibited in nanoparticle synthesis. The 

sources of these variations are many and varied and through by no means an exhaustive list may 

include subtle variations in the materials used for the synthesis, impurities on equipment and 

glassware, and slight differences the length of time for the synthesis. These differences result in in 

somecases drastic changes in the observed properties of the produced nanoparticles.

Of particular interest in this regard would have to be the specific properties of defects in the 

quantum dots made of CdS which feature in this thesis. Strong evidence has been presented which 

indicates that it is these defects which are responsible for both the luminescence and optical 

properties which have been observed from these quantum dots. It can be deduced in that case that 

in order to exactly replicate many of the results exhibited by these nanostructures it would be
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necessary to replicate the number and nature of defects in the crystal as well. This is currently 

beyond the capacity of the synthetic chemistry of nanoparticles so it would be the case that many of 

the exact properties of these particular nanomaterials, such as the strength of emission or degree of 

optical activity may be easily differ from sample to sample by virtue of the nature of the resulting 

nanomaterials. It may be noted though that while the exact nature of the material differs over the 

number of samples, the intrinsic properties are retained, such as the tetrapodal morphology or the 

presence of defects in the first place.

In overall, while exact details of the properties of the particles produced may have some variation, 

the basic nature of the particles as described, i.e. morphology, size, the presence of defect as 

retained on average. These experiments would thus provide a suitable basis for the further 

investigation of these materials and the development of potential applications in the future.

7.3. Future work

A number of additional avenues for future work may be suggested from the results of this thesis.

The nanotetrapod has been shown to have a wide range of possible applications in electronic 

devices’ and emission technologies^. These applications require the formation of nanotetrapods into 

aggregates with an ordered structure. The attempted use of other polymers in the aqueous phase 

may enable better control of the aggregation of the nanotetrapods. Preliminary work involving the 

addition of PAH and PSS to nanotetrapods shows different effects depending on the charge of the 

polymer used (Figures 7.1 and 7.2). In the case of PSS there was limited effect on emission and 

little aggregation was observed under TEM. In the case of PAH the addition of the polymer leads to 

strong quenching of the emission and the formation of aggregates. The identification of a polymer 

that would both promote the formation of controlled aggregates and would maintain the emission 

properties would allow the development of new applications for nanotetrapods.
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Wavelength (nm) Wavelength (nm)

Figure 7.1: PL spectra showing the effect of adding PSS and PAH to the emission of CdS

nanotetrapods stabilised with Z)-(left) and Z,-(right) penicillamine.
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Figure 7.2: TEM images of Z,-Pen stabilised CdS nanotetrapods with added PSS (left) and

PAH (right).

There are a wider range of polymers available that are soluble in organic solvents and it is 

suggested that the nanotetrapods that have been transferred into organic solvent through the phase 

transfer reaction may be used to form novel nanocomposites.

CdS nanoparticles have been shown to possess a wide range of possible emission and optical 

properties as well as a number of possible of morphologies. However this type of nanoparticle is 

unsuitable for biological applications due to the toxicity of cadmium. To generate nanoparticles 

which are in possession of the same emission and optical properties but made of a biocompatible
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material would open the door for a whole range of applications in sensing and biological 

applications. One such example would be Cd free QDs such as zinc sulphide (ZnS) or zinc selenide 

(ZnSe) based QDs, which are expected to be non-toxic.

In our preliminary work, penicillamine stabilised ZnS nanoparticles have already been successfully 

prepared via an aqueous synthesis and showed strong optical activity (Figure 7.3).

O)
0)

E “

8 -M /^1 \j
-9-1

200 250 300 350 400 450 500 
Wavelength (nm)

Figure 7.3: CD spectra (left) and PL spectra (right) of D-Pen stabilised ZnS made with various

ratios of stabiliser to zinc.

Although normally excitonic ZnS QDs emit near the UV region, we can see that these chiral ZnS 

QDs exhibit a very broad emission band that extends into the visible region (600 nm).We believe 

that this approach can provide a route for the development of optically active biocompatible QDs 

with emission of visible light for a range of biological and photonics applications.

Our chiral titania nanoparticles have been shown to be photocatalytic. These tests were conducted 

on achiral molecules. An interesting future experiment would be to investigate catalytic activity 

(e.g. asymmetric photooxidation) against chiral molecules. We expect that one enantiomer of 

nanoparticle may interact more favourably than the other with an increase in reaction activity. It 

may also be of interest to investigate the optical activity of products as chiral titania nanoparticles 

may favour the generation of one chirality of product as opposed to achiral products.

Further elucidation of the nature of the interaction of chiral nanoparticles with biological systems 

will be of interest for future work. Studies of interactions with biomolecules and other chiral
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systems will help better define the nature of the interaction and may help to develop novel chiral- 

based sensing and investigative techniques.

In overall, these studies have shown that chiral nanoparticles of many different materials can be 

produced in the presence of chiral stabilisers. We believe that similar approaches can be used to 

develop a range of chiral materials with potential applications in such widely diverse fields as 

sensing, displays, solar energy conversion and asymmetric catalysis.

1.

2.

S. L. Teich-McGoldrick, M. Bellanger, M. Caussanel, L. Tsetseris, S. T. Pantelides, S. C. 

Glotzer and R. D. Schrimpf, Nano Letters, 2009, 9, 3683-3688.

L. Zhao, Q. Pang, S. Yang, W. Ge and J. Wang, Physics Letters A, 2009, 373, 2965-2968.
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Appendices

Appendix 1. Additional results for chapter 2

XRD analysis was also conducted for CdS nanotetrapods deposited onto glass. The primary peak 

observed was at an angle of 26 degrees 20 which would be indicative of the (111) cubic plane of 

cadmium sulphide (Figure 1.1).

2500-1

2000

<1500

^1000
o

~ 500-

20 40 60
Degrees (20)

Figure 1.1: Powder XRD pattern of Z)-Pen stabilised CdS nanotetrapods.

The additional peaks observed in the diffraction pattern may be assigned as coming from 

penicillamine crystals in the solid powder.

Reaction monitoring was conducted of the synthesis of both the Z)-Pen and Rac-Pen stabilised CdS 

nanotetrapods were investigated and show similar red-shifting over the course of the reflux 

(Figures 1.2 to 1.7).
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Wavelength (nm)

Figure 1.2; PL spectra of D-Pen stabilised CdS nanotetrapods reaction monitoring excited at 

365 nm and scanning from 385-710 nm.

Wavelength (nm)

Figure 1.3: UV-VIS absorbance spectra of Z)-Pen stabilised CdS nanotetrapods reaction

monitoring with band edge in insert.
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Figure 1.4:

Wavelength (nm)

Figure 1.5: PL spectra of /?ac-Pen stabilised CdS reaction monitoring exciting at 365 nm and

scanning from 385 to 710 nm.
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Wavelength (nm)

Figure 1.6: UV-VIS absorbance spectra of /?ac-Pen stabilised CdS nanotetrapods reaction

tracking with band edge in insert.

Figure 1.7:

Wavelength (nm)

CD spectra of Rac-Pcn stabilised CdS nanotetrapods reaction monitoring.

Examination of optical microscope images of human fibrosarcoma cells after incubation with Rac- 

Pen stabilised CdS nanotetrapods show an intermediate level of uptake when compared to D-Pen
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(higher) and L-Pen (lower) nanotetrapod uptake as described in chapter 2. The control sample to 

which nanotetrapods were not added showed no luminescence confirming that the luminescence is 

not due to an intrinsic process in the cells being examined (Figure 1.8).

I

, t 1 1 ,1

Figure 1.8: Optical microscope images of cells which have been incubated with Rac-?ex\ CdS

nanotetrapods (left) and the control cells which have not been incubated with 

nanotetrapods (right).

Appendix 2. Additional results for chapter 3

IR analysis was also conducted on solutions of DNA stabilised CdS quantum dot and DNA- 

penicillamine co-stabilised CdS. In order to remove the strong water absorbance the sample were 

analysed with a water baseline. The CdS DNA QDs shows strong peaks at 1042cm ' and 1215cm ’ 

which may be assigned to the phosphate backbone of the DNA, a peak at 2987cm ‘ which may be 

assigned to the aliphatic carbons in the DNA.
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Figure 2.1: FTIR spectrum of DNA stabilised CdS QD solution with a water baseline.

The DNA/penicillamine co-stabilised nanotetrapods showed some similar peaks with two at 

1090 cm ' and 1216 cm ' which may be attributed to the phosphate back bone, additional peaks at 

1488 cm ' and 1382 cm ' which correspond to the carboxylate on penicillamine and additional 

peaks at 1653 cm ' and 1571 cm ' which may correspond to amines possibly both on the nucleic 

acid and penicillamine. There is also an enigmatic peak at 2340 cm ' which has been difficult to 

assign but may be a bound thiol indicating that the thiol has bound to the surface of the particle.
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Figure 2.2: FTIR spectrum of D-Pen DNA stabilised CdS nanotetrapod solution with a water

baseline.

Appendix 3. Additional results for chapter 5

XRD analysis was conducted on Ti02 sol from hexane deposited on glass and sintered. Scattering 

was noted to be weak in this case due to the thinness of the sample and a possible lack of 

crystallinity (Figure 3.1).
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Figure 3.1:
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XRD spectrum of Z-Pen stabilised Ti02 sol from hexane deposited on glass and 

sintered at 600 °C.

Control experiments were conducted for the photodegradation of methylene blue using both light 

conditions with no Ti02 nanoparticles and stirring under darkness with Ti02 nanoparticles. In both 

cases the methylene blue showed much less reduction in absorbance than had been observed for the 

samples with Ti02 with irradiation.
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Figure 3.2: UV-VIS absorbance spectra of methylene blue with D-Pen stabilised Ti02 stirring

in dark.

Figure 3.3: UV-VIS absorbance spectra of methylene blue under UV-VlS irradiation without

Ti02 particles present.

The Ti02 sol gels were examined for antibacterial activity. Each enantiomer of the stabilised gel 

was examined in triplicate for the two time points of six and twelve hours in comparison with a 

control. A representative data sample was placed in chapter 5 (Table 3.1).
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Table 3.1: Graph of results of investigation of antimicrobial activity of Ti02 gel under

incandescent light.

Sample Number Dilution Colony Count Mean Colony

Count(N)

Number of

viable bacteria

recovered per

specimen (N x

5 X dilution

factor X 10)

t = 0(l) TOl 1 X 10” TNTC TNTC 2.6 X lO^cfu

1 X 10' TNTC TNTC

1 X 10'^ TNTC TNTC

1 X 10'^ 61,43 52

t = 0(2) T02 1 X 10® TNTC TNTC 3.025 X lO^cfu

1 X 10' TNTC TNTC

1 X 10'^ TNTC TNTC

1 X 10'^ 61,60 60.5

t = 0(3) T03 1 X 10“ TNTC TNTC 2.75 X lO^cfu

1 X 10' TNTC TNTC

1 X 10" TNTC TNTC

1 X lO'" 48,62 55

Control 1 (6

hours)

Cl (6) 1 X 10“ TNTC TNTC 9.725 X lO^cfu

1 X 10' 214, 175 195

1 X 10'^ 25,20 22.5

1 X 10'^ 4, 1 2.5
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Control 2 (6

hours)

C2(6) 1 X 10" TNTC TNTC 1.087 X lO'cfu

1 X 10'' 209,226 218

1 X 10'" 19, 25 22

1 X 10'^ 2,5 3.5

Control 3 (6

hours)

C3(6) 1 X 10“ TNTC TNTC 1.13 X lO^cftj

1 X 10'' 226,227 226.5

1 X 10"^ 25,28 26.5

1 X 10'^ 3,5 4

L-enantiomer 1

(6 hours)

LI (6) 1 X 10“ 2,0 1 50 cfli

1 X 10' 0,0 0

1 X 10’^ 0,0 0

1 X 10’^ 0,0 0

L-enantiomer 2

(6 hours)

L2(6) 1 X 10“ 0,0 0 0 cfii

1 X 10"' 0,0 0

1 X 10'^ 0,0 0

1 X 10'" 0,0 0

L-enantiomer 3

(6 hours)

L3 (6) 1 X 10“ 1,0 1 50 cfii

1 X 10'' 0,0 0

1 X 10'^ 0,0 0

1 X 10'^ 0,0 0

D-enantiomer 1

(6 hours)

Dl(6) 1 X 10“ 0,0 0 0 cfii
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1 X 10' 0,0 0

1 X 10'^ 0,0 0

1 X 10"* 0,0 0

D-enantiomer 2

(6 hours)

D2 (6) 1 X 10® 0,0 0 0 cfu

1 X 10' 0,0 0

1 X 10'^ 0,0 0

1 X 10'^ 0,0 0

D-enantiomer 3

(6 hours)

D3 (6) 1 X 10“ 0,0 0 0 cfu

1 X 10' 0,0 0

1 X 10'^ 0,0 0

1 X lO'" 0,0 0

Control 1 (12

hours)

Cl(12) 1 X 10® TNTC TNTC 4.65 X 10“ cfu

1 X 10' 94,91 93

1 X 10'^ 9,7 8

1 X 10'" 0,0 0

Control 2(12

hours)

C2(12) 1 X 10" TNTC TNTC 4.25 X 10“ cfu

1 X 10' 86, 83 85

1 X 10'^ 8, 10 9

1 X 10'" 0,0 0

Control 3(12

hours)

C3(12) 1 X 10" TNTC TNTC 3.85 X 10“*cfu

1 X 10'' 71,83 77
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1 X 10'^ 8, 11 9.5

1 X 10'^ 1,0 1

L-enantiomer 1

(12 hours)

LI (12) 1 X 10" 0,0 0 0 cfu

1 X 10' 0,0 0

1 X 10'^ 0,0 0

1 X 10'" 0,0 0

L-enantiomer 2

(12 hours)

L2(12) 1 X lO" 0,0 0 0 cfu

1 X 10' 0,0 0

1 X 10'" 0,0 0

1 X 10'' 0,0 0

L-enantiomer 3

(12 hours)

L3 (12) 1 X 10“ 0,0 0 0 cfu

1 X 10' 0,0 0

1 X 10'^ 0,0 0

1 X 10'^ 0,0 0

D-enantiomer 1

(12 hours)

D1 (12) 1 X 10“ 0,0 0 0 cfu

1 X 10"' 0,0 0

1 X 10‘^ 0,0 0

1 X lO"" 0,0 0

D-enantiomer 2

(12 hours)

D2(12) 1 X 10“ 0,0 0 0 cfu

1 X 10' 0,0 0

1 X 10'" 0,0 0
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1 X 10‘" 0,0 0

D-enantiomer 3

(12 hours)

D3 (12) 1 X 10“ 0,0 0 0 cfu

1 X lO ' 0,0 0

1 X 10"= 0,0 0

1 X 10'^ 0,0 0
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